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CumynupaHe Ha pa6oTa Ha naporeHepaTop Tun N 62 ¢ YacTU4YHO NoACyLEeHO
ropuso

AtaHac [JesHos, dnmutsp MNonos

B rniocnneGHume 200uHu eodewu KomraHuu e cghepama Ha eHepzaemukama paspabomeam
CbBPEMEHHU 8ucoKoegphekmusHU U be3onacHu CywurnHu 3a npedsapumerniHo nodcywasaHe Ha
ebenuwa. Tosa e eOuH om Memoodume 3a rnosuuiasaHe Ha e(hbeKmueHoOCMImMa Ha rnapozeHepamopu
usrondsawjuy mebpo0o 20puBo C sucoka enaxHocm. OcHOg8Hama ues Ha cuMyauyuume e edHa
MbpeOHayasiHa OUueHKa Ha 8b3MOXHocmma 3a paboma Ha napozeHepamop mur 162 ¢ nodcyweHo
eopuso. [lpu cumynupaHemo usfonsgeaxme eepuguuupaH MamemamuyeH Modesn Ha
napoeeHepamop mun 1 62.

Knio4yoBu gymu: M-62, matemaTnieH mogen, NMMrHATHN BbIMMLWa, NOACYLEHN BbInmLa
Simulating the operation of a steam generator type P 62 with partially dried fuel
Atanas Deyanov, Dimitar Popov

In recent years leading companies in the field of energetics have been developing modern high-
performance and safe dryers for pre-drying of coal. This is one of the methods for increasing the
efficiency of steam generators using solid fuel with high water content. The primary objective of the
simulations is an initial assessment of the operation of a P 62 type steam generator with partialy
dried fuel. In the simulation we used a verified mathematical model of steam generator type P 62.

Key words: P-62, mathematical model, lignites, dried coal

BbBepeHue

MpegBapuTenHo noAcyllaBaHe Ha BbIMMLWA Beye ce W3nosnea OT MHoro roavHu B TEL
.bpvken“, a B MMHanoTo ce e msnonseano n B TEL, ,Mapuua WUstok 2 HO npunaraHute B Te3u
LeHTpanu TEXHONOrM1 nMaT oTpuLaTenHo BN1sHUE BbpXy ePeKTUBHOCTTA Ha LieHTpanarta Tbi kaTo
3a noacylwaBamMeTo Ce MU3NoSi3Ba BUCOKOMOTEHUManHa TonfvHa U B CbLIOTO Bpeme 3acTpaluasaT
fesonacHocTTa M 34paBeTO Ha MepcoHana nopagu ornacHoCcTTa OT B3pMB M MNOBULLIEHATa
3anpaLleHocT.

CbuwumHcKa YacT

3a cbCTaBsHETO Ha MaTeMaTuUyHMs Moaen e usnossaH codptyepa Ha Steag GmbH ,,EBSILON
Professional“ kato MogensT e BepudmumpaH Ypes cpaBHABaHe Ha pe3ynTtaTute oT cumynaumm npu
pasnuyHn pexmMmn Ha pabota ¢ onepaTuBHu gaHHu oT TEL ,KoHTyplno6an Mapuua WMsTtok 3°.
HanpaseHu 6s1xa cumynaumm npu pabota Ha HommHaneH (100 %), cpeneH (80 %) u MMHMManeH (65
%) ToBap c ropmeo ¢ W' = 51 %, 50%, 49 %, 48 %, 47 % n 40 %.

3a npeusuyncneHve Ha eneMeHTHUS CbCTaB Ha ropMBOTO CMEe M3No3nBanu crnegHarta dopmyna:

.

M2=MIXM,%, (1
100w,

KbAeTo: Ml - MPOLUEHTHO MacoBO y4aCTne Ha CbOTBETHUA eNieMeHT npean noacylwaBaHeTo, %
]M2 - NPOUEHTHO MacoBO y4acCThe Ha CbOTBETHUA €JieMEHT cre NnoAcyllaBaHeTO, %

W - BnarocbAbpxaHue Ha paboTHa Maca npeav NpeaBapuTENIHOTO NOACYLLBaHe, %
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VV; - BnarocbabpXaHue Ha pa60THa Maca cnea npegBapuUTenHoTo noacyliBaHe, %

CumynupaHe npu 100 % HaToBapBaHe M MPOMSIHA Ha BRNarochbAbPXaHUETO Ha
ropueoTo

B Tabnuua 1 ca nokasaHu pesynTaTWTe OT HanpaBeHWTe cuMynauuu npu paboTa Ha
naporeHepaTopa C NoACYLUEHO ropu1BO.

Tabnuua 1
PesyntaTtn ot cumynauuu npu 100 % HaToBapBaHe
Bb3npueTta TonnuHa, MWt
52 % 51 % 50 % 49 % 48 % 47 % 40 %
EkpaHu 178,5509 | 183,524 | 187,638 | 191,5491 | 195,1902 | 199,1217 | 209,556
Py 43,77273 | 43,77698 | 43,54008 | 43,20147 | 42,87858 | 42,70611 | 41,41525
Trn 24,96692 | 25,02886 | 24,92659 | 24,77473 | 24,63291 | 24,56754 | 23,94829
Lrn 46,03247 | 46,36664 | 46,39858 | 46,33303 | 46,25562 | 46,28405 | 45,73027
Krr i 45,80097 | 45,54639 | 44,78757 | 43,90449 | 43,09863 | 42,52238 | 39,60236
M i 55,88001 | 55,65184 | 53,7261 | 52,33015 | 51,29153 | 49,84341 | 45,39581
KM | 49,5853 | 49,51055 | 49,09653 | 48,41808 | 47,78531 | 47,60449 | 46,14547
MM | 22,75361 | 22,42986 | 24,95265 | 26,04863 | 26,536 | 28,51754 | 33,07032
EKO I 30,92447 | 30,54842 | 29,2052 | 28,10749 | 27,25698 | 26,21358 | 22,94418
EKO I 42,34908 | 41,40053 | 39,2647 | 37,42278 | 35,93545 | 34,30529 | 29,35708
MBI 67,1729 | 65,4264 | 62,48961 | 59,78524 | 57,541 | 55,42756 | 46,46723
Mo-BaXXHM BENUYMHU U NapameTpu
KA 83,47% 83,7% 84,0% 84,2% 84,3% 84,5% 86,1%
Q. 82,30455 | 81,36473 | 80,01094 | 78,60417 | 77,37163 | 76,3979 | 69,33501
”°3|z'|;‘gf' "8 | 350% | 350% | 40,0% | 430% | 450% | 50,0% | 67.0%
Peuvpkynauus
4 Hpa Er 4 - - - - - - 5,00%

*KPB e GawvinaceH knanaH, KONTO Ce WM3MOM3Ba 3a perynMpaHe Ha TemnepaTypaTa Ha
MEXOMHHO nperpsaTarta napa, pecnektMeHo Bb3npuetarta ot MMl TonnuHa.

Ot Tabnuuata ce BwWxAa, Ye MpU HamansiBaHe Ha BMaroCbObpXXaHWETO Ha rOpPUBOTO
HapacTBa paguauMoOHHUAT TOMNOOOMEH 3a CMeTKa Ha KOHBEKTMBHMSA. B nonypagvaumoHHuTe
HarpeBHN MNOBBLPXHOCTM Cce HabngaBa HapacTBaHe Ha TOMMMHATA, Bb3NpueTa Ypes paguauus u
HamansBaHe Ha TONMMHATa Bb3npueTa Ype3 KOHBEKTUBEH TOMMOOOMEH, HO OBLLOTO KONMMYECTBO
Bb3MpueTa TONMMHa ce U3MEHS B MHOIO TECHU FPaHuULM.

Monoxutenuute edekTn OT npenBapuUTeNHOTO MOAcylaBaHe ca HapactBaHe Ha K,
ObKallo ce NpeanMHO Ha HamansiBaHeTo Ha 3arybute ¢ naxogsuwim razose Q.. Ha dwmrypa 1 ca
n3obpaseHun npomsiHaTta Ha KINO un Q2 BbB OyHKUMSA OT BNAroCbAbpKaHNETO Ha rOpMBOTO.

KaTto HegocTaTbuM MOXe Aa MOCOYMM HaMansiBaHeTO Ha KOHBEKTUBHUSA TOMSIOOOMEH KaTo
npuv no-gbN6oKO NoAcyLlaBaHe Ha ropuBOTO TemnepaTypaTta Ha MEXAUHHO nperpstata napa naga
nog 530 °C, KoeTo oka3Ba HeraTMBHO BNUsIHME BbpXy paboTaTta Ha napHata TypbvuHa u TepMUYHUSA
KMNA Ha napotypbuHHata nHctanaumsa. C uen nogobpsBaHe Ha KOHBEKTUBHWUSI TOMMOOOMEH cMe
CUMynupanu peumpkynaumsi Ha 4Yact ot aumHuTe rasose cneg EKO | kbm newHa kamepa, KoeTo
okasBa 6n1aronpuATHO BMSIHME 1 BbPXY TEMMNEpPaTypuTE Ha M3xo4a OT NeLiHa kamepa.
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52% 51% 50% 49% 48% 47% 40%
BnarocbabpxaHue
durypa 1: ilameHeHne Ha Kl n Q2 npy npomsiHa Ha BNaroCbAbpXXaHWETO Ha rOPMBOTO Npw
HOMWHanHa MOLLHOCT
CumynupaHe npu 80 % HaToBapBaHe M NPOMSAHA Ha BfaroCbAbpPXKaHMETO Ha
ropusoTo
B Tabnuua 2 ca nokasaHw pesyntatute OT HanpaBeHWTe cuMmynauum npu paboTta Ha
naporeHeparopa ¢ noacyLueHo ropuso n mowHocT 80 %.
Tabnuua 2
PesyntaTn ot cumynauum npu 80 % HaToBapBaHe
Bb3npueTta TonnuHa, MWt
wr 52% 51% 50% 49% 48% 47% 40%
EkpaHu 162,5373 | 166,0072 | 170,4527 | 174,2374 | 177,412 | 181,691 | 183,7142
P4y 36,63736 | 36,24386 | 36,3319 | 36,20851 | 35,77142 | 35,74632 | 34,99515
Thn 20,71884 | 20,54205 | 20,64378 | 20,61168 | 20,413 | 20,45575 | 20,09706
L 39,05603 | 38,87596 | 39,13352 | 39,15447 | 38,86433 | 39,01359 | 38,58662
KM 33,06265 | 32,12959 | 32,07507 | 31,62581 | 30,72035 | 30,51952 | 29,28905
M i 36,13324 | 34,8476 | 34,60393 | 33,46635 | 32,78639 | 32,88256 | 32,63531
KM 1 36,67146 | 36,07436 | 36,36668 | 36,37617 | 35,67593 | 35,7143 | 35,07004
M | 34,50911 | 35,46839 | 35,73227 | 37,30035 | 37,00293 | 36,31759 | 35,18918
EKO I 20,46684 | 19,41435 | 19,126 | 18,29102 | 17,5758 | 17,44074 | 17,00499
EKO | 28,86627 | 27,07523 | 26,39525 | 25,02547 | 23,74363 | 23,30222 | 22,54334
MBI 44,89872 | 42,35839 | 41,55505 | 39,9249 | 38,12671 | 37,39008 | 33,7516
Mo-BaXHM BeNUYMHU U NapameTpm
Krna 83,56 83,85 841 84,29 84,48 84,74 85,66
Q2 66,35274 | 64,66923 | 64,48114 | 63,67273 | 62,45033 | 61,94998 | 56,58999
'_'032;""5" Ha | 750% | 82,0% | 850% | 950% | 100,0% | 100,0% | 100,0%
Peunpkynauus o
wa A - - - - - - 7,00%

M npu pabota ¢ 80 % MOLIHOCT TeHAEHUMsTa 3a YyBeNM4aBaHe Ha paguauMoHHUS

TONNOOOMEH 3a CMEeTKa Ha KOHBEKTUBHMSA Ce 3ana3sa

kKaTo OT Tabnuuata ce BWXAa,

ye

Bb3MOXHOCTTa 3a perynupaHe Ha TeMneparyparta Ha MeXOUMHHO nperpdata napa C KPIT ce

n3yepnear.
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Kng —e—Q2

KMA, % Q,, MWt

68
85.5 66
85 - 64
84.5 62
84 - 60

83.5 - 58

83 - 56

52% 51% 50% 49% 48% 47% 40%
BrnarocbabpkaHue

durypa 2: NameHeHne Ha KIMO n Q2 npu npomsiHa Ha BnarocbAbpXXaHeTo Ha ropusoTo npu 80 %
MOLLHOCT
CumynupaHe npu 65 % HaTtoBapBaHe M MNpPOMsSiHA Ha BNaroCbAbpXaHMETO Ha
ropuBoTO
B tabnmua 3 ca nokasaHu pesyntatuTe OT HanpaBeHuTe cumynauumn npu pabota Ha
naporeHeparopa ¢ NoAcyLLEeHO ropuBO U MOLLHOCT 65 %.

Tabnuuya 3
Pesyntatn ot cumynaumm npu 65 % HaToBapBaHe
Bb3npueta TonnuHa, MWt
52% 51% 50% 49% 48% 47% 40%
EkpaHu 151,2411 | 153,0486 | 153,4563 | 154,4218 | 155,152 | 156,8598 | 159,4364
P4y 31,93702 | 32,19013 | 31,8745 | 31,80524 | 31,80294 | 32,00186 | 31,73343
Tnn 17,96552 | 18,13002 | 17,97197 | 17,9525 | 17,96502 | 18,09788 | 18,01079
Lrn 34,13583 | 34,48451 | 34,2266 | 34,22762 | 34,28294 | 34,57724 | 34,60011
KM 25,32611 | 25,68872 | 25,16093 | 25,02232 | 25,00526 | 25,28269 | 24,84864
MM i 25,3147 | 25,5188 | 25,41192 | 25,43531 | 25,48176 | 25,65422 | 25,76186
KM | 29,81401 | 30,40204 | 29,91719 | 29,89422 | 29,9952 | 30,4665 | 30,6302
MMM | 34,38851 | 34,60837 | 34,04687 | 33,83436 | 33,78112 | 33,92136 | 33,49046
EKO I 17,08138 | 17,2668 | 17,00799 | 16,94455 | 16,94723 | 17,08509 | 16,95532
EKO | 23,91346 | 24,15345 | 23,66467 | 23,4999 | 23,47353 | 23,62616 | 23,33383
MBI 31,66397 | 31,6049 | 30,54838 | 29,97761 | 29,63642 | 31,25942 | 27,23915
Mo-BaXXHU BenUYMHU N NapameTpu
Krna 83,06 83,36 83,53 83,68 83,90 84,08 85,11
Q2 58,41248 | 58,02282 | 56,72504 | 55,83424 | 55,28815 | 54,6458 | 50,86861
KPB 100,0% 100,0% 100,0% 100,0% 100,0% 100,0% 100,0%
Pe”t‘;“ﬁ”ra””“ 1,25% | 2,50% | 3,70% | 450% | 625% | 12,00%

Mpn TO3M pexmm Ha paboTa KOHBEKTUBHUSA TOMMNOOOMEH M Han-BMnoOLWeH Tbi kaTo gebuta u
CbOTBETHO CKOPOCTTa Ha AMMHUTE rasoBe e Han-Hucka. Tbi kaTo kanauuTeTa Ha KPIT e nsyepnaH
CMe CUMynupanu peLupkynauusa Ha QUMHU ra3oBe Npu BnarocbAbpXKaHne Ha CypoBOTO ropmBO Noj
51 % kaTo TyKk € MOMEHTa ga KaxeM, Ye o 47 % kotena mMoxe ga pabotu u 6e3 peumpkynauuns
npeaBua CpaBHUTEMHO HUCKUTE TeMnepaTypu Ha M3xoda OT MellHa kamepa W Temnepatypa Ha
MeXOWHHO nperpdararta napa ot okono 530 °C
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Kna, % —O—KNA —e—Q2 Q,, MWt
85.50 - 59

- 58

85.00 L 57
- 56
- 55
- 54
- 53
F 52
- 51
- 50

84.50

84.00

83.50

83.00
52% 51% 50% 49% 48% 47% 40%

BnarocbabpxaHue

®urypa 3: NameHeHne Ha KIMO n Q2 npu npoMsiHa Ha BnarocbAbpXXaHMETOo Ha ropueoTo npu 65 %
MOLLHOCT

AHanusu n ussoamu
MoBuwasaHeTo Ha edpekTmBHOCTTA € okono 0,2 % Ha Bcekn 1 % noOHWXKaBaHe Ha
BnarocbabpxaHMeTo. ToBa MOXe Aa ce Buaun Ha durypa 4.

—80—52% 51% 50% 49% —@—48% —0—47% —@—40%

Krgd, %
86.5
86
85.5
85
84.5

I

84

83.5

83 \0

82.5
60% 65% 70% 75% 80% 85% 90% 95% 100%

HatoBapBaHe

[

®urypa 4: KN Ha naporeHepaTopa npy NpoMsiHa Ha MOLLHOCTTa U BNaroCbAbpXaHNeTo Ha
Bbravwara

Bb3moOxHM ca ekcnnoaTauMoHHM npobrnemu npu pabota C HOMWHANHA MOLUHOCT U
BnarocbabpxaHne 40% Ha nU3rapsstHOTO ropuBo B CNeACTBME Ha LUNakoBaHe Ha nellHa kamepa u
razo3abopHu waxtu. Npn HamaneHa MOLLHOCT TeMnepaTtypuTe B neLiHa Kamepa HamanseaT, HO B
cnefctBne Ha HamaneHuss obemeH OebGUT Ha AMMHM ra3oBe HamansiBa W KOHBEKTMBHMS
TOMNNoobMeH, KOeTo BOAM A0 MOHWXaBaHe Ha TeMnepaTypaTta Ha MeXauHHO nperpaTa napa. Tesu
HeraTMBHM ePeKkT MoraT Aa Cce HeyTpanuanpar 4Ypes OCbLLEeCTBABaHEe Ha peuupKynaumns Ha AUMHN
rasose oT 3oHaTa cneq EKO | kbm MK, CbLo Taka Npy HUCKO BNaroCbAbpXaHWe N HUCHK pasxos
Ha BbrMua e Bb3MOXHO TemnepaTypuTe crnej Menewmte BEHTMRnaTopu Aa ce MoBULLK Haf
npegenHo AOonycTUMUTE CTOMHOCTM, KOETO Aa Hanoxu paboTa ¢ 3 npaxonpuroTBALLM CUCTEMM,
KOeTO € HeJonycTumo.
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OT nony4yeHuTe pe3ynTat MOXe Aa 3aknioymM, Yye paboTa ¢ ropuso ¢ BnaxHoct 4o W= 47%
€ Bb3MOXHa NpU BCUYKU PEXUMU Ha paboTa 6e3 cepuosHa NpoMsiHa B KOHCTPYKUMSATA Ha caMusi
KoTen, Ho TpsitBa [la ce 0GMUCTI U3rpaXKaaHEeTo Ha cucTemMa 3a peuupkynalus Ha AMMHUTE rasose,
Tbi KaTO B MOAENbT ca 3anoXeHW WU3YUCIUTENHUTE MAOLWM Ha HarpeBHUTE MOBLPXHOCTU, a C
TeuyeHune Ha BpeMeTo Te3u MNIoLLyY ce NPOMEHSAT B CrieICTBME Ha aBapun, KOETO MoXe a AoBefe /10
npo6nemu Haii-Bede C TemnepaTtypaTta Ha MexauHHO nperpsaTa napa.

npod. A-p uHx. Oumutbp [Monos, TY-Codwua, kategpa ,TonroeHepretuka wn agpeHa
eHepreTuka“, Ten. 02 965 23 03, e-mail: dpopov@tu-sofia.bg

mar. uHx. AtaHac fesiHos, ,KoHTyplno6an OnepenwbHec Bbnrapus® AL, Ten. 0894 928 888, e-
mail:naskodeyanov@gmail.com
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YcbBbpLlIEHCTBaHe Ha TONNIOEHEPTUMHU CHOPBXKEHUA U CUCTEMU NPU
NPOU3BOACTBOTO Ha LieNnynio3a 1 XxapTus

Ounana Konesa, QumuTbp NMonos

lMpomuyaHemo Ha 2ofsiMa Yacm om MexHOJI02UYHUMeE Mpouecu 8 pas/iuyHu ompacsu Ha
pomuwiieHocmma e CblIpoB8OOEHO C 2eHepupaHe Ha omnadHa MmOMuHa, YUsimo 8ucoKa
memnepamypa rno3eosisiea me 0a 6r0am u3rosi38aHU Kamo eHep2oHocumer 8 Opyau rnpouecu. B
eHepaoeMKume ompacsiu 02POMHO KOJIUYECMBO €eHepeausl, U3M0/I38aHO 8 Mpou3sodcmeeHume
npouecu, ce 2ybu 8 okonHama cpeda kamo omnadby4yHa mornnuHa. Tasu omnadbyHa monsuHa
obaye uma 2051M NomeHyuar 3a no-HamamubUWHO 0r105130MeopsieaHe.

Knio4yoBu AyMu: eHeprunHa epeKkTMBHOCT, OTNagHa TONnHa, yTtunm3auua

Rationalization of power generation equipment and systems in pulp and paper
industry

Dilyana Koleva, Dimitar Popov

The majority of the technological processes in different industries are accompanied by the
generation of waste heat whose high temperature allows them to be used as an energy carrier in
other processes. In energy-intensive industries, a huge amount of energy used in production
processes is lost to the environment as waste heat. However, this waste heat has great potential for
further recovery.

Keywords: energy efficiency, utilization, waste heat

BbBeneHue

B cTtaTuaTta e pasrnegaH npoweca Ha Npon3BOACTBO Ha Lenyros3a U xapTus, KbaeTo paboTaTta
Ha MHOXXECTBO NPOU3BOACTBEHN CbOPBXEHMSA U CUCTEMU € CbMPOBOAEHO C OTAENAHETO HA roNsAMo
KONIMYECTBO HMCKOMOTEHLManHa oTnagHa TOMSIMHA, KOSATO MHOIO YeCTO HE Ce OMnoNi30TBOPSBA.
OTnagHaTta TonnuHa OT NPOM3BOACTBEHM MpoLEecu Moxe Aa Obae yTunuanpaHa no ABa OCHOBHMU
Ha4MHa — 32 NPON3BOACTBO Ha TOMMMHHA EHepPrus Ypes nogrpsiBaHe Ha pasnumyHn pnymaHn notoum
1 3a NpeobpasyBaHe Ha U3xoasiwarta TONSIMHHA eHeprus B enektTpoeHeprms. OnonsoTBOpsBaHETO
Ha oTnagHaTa ToMnnHa C Lien NpoM3BOACTBO HA 1. EHEPIUSA MOXeE [ia Ce OCbLLECTBM Ype3 pasfnnyHn
TEPMOOMHAMUNYHM UMKN. HenHoTo npeobpasyBaHe B enekTpoeHeprns e obade e TpyaHo
OCbLLECTBMMO MpY U3MNOM3BaHe Ha TPagMLMOHHOTO B eHepreTukata paboTHO Tarno — BogHa napa.
B ctatunsaTa e nanonseaH antepHaTMBEH NOAX04, MPY KOWTO BMECTO BOAHA napa, kato paboTHO TAno
B eHepronpeobpasyBallmsa UMKbIT, Ce U3Non3BaT OpraHnyHu dnyunan.

CbLUMHCKaA YacT

Cnen u3BbplUeH aHanM3 Ha paboTa Ha OTAENTHUTE CbOPBLXEHWUS] B LENYN0o3HO — XapTUEHO
NPoOn3BOACTBO 6€ KOHCTAaTUPaHO, Ye ekcnoaTauusTa Ha 4acT OT CbOPbXKEHUSATA € CbMbTCTBAHA C
OTAENSAHETO Ha 3HAYUTENHWN KONMYEeCTBa OTNagHa TONMuHa, KOATo noa doopmarta Ha ropeLy AMMHN
rasoBe, Ce M3XBbLPisi B OKONIHaTa cpefa. TpuUTe OCHOBHU M3TOYHMKA Ha OTnagHa TOMfnHA, KOUTO Lie
cTaHaT 0beKT Ha HacCTOSLLIOTO M3creaBaHe B AMcepTaUMOHHMA TPy ca KakTo criefBa:

e OTnagHa TONNMHA OT M3X0AdALWM ANMHU ra3oBe Ha CogopereHepaUnoHeH KOTereH arperar.

e OTnagHa TONNWHA OT U3XOAsALLM ANMHU ra3oBe Ha KoTen Ha buomaca ¢ ,Kunsi“ cnon.

o OTnagHa ToNnMHa OT M3XOoAdALM ANMHM ra3oBe Ha Bapo-pereHepaTtvBHa neLu.
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Te we cTaHaT 0OeKT Ha MO — HAaTaTbLUHO N3cnegBaHe.

YcbBbpLEeHCTBaHe paboTaTa Ha cogopereHepaunoHeH koteneH arperat (CPK)

OcHoBHOTO npegHayeHne Ha CPK e ocblUecTBABAaHETO Ha pereHepupaumsaTa Ha XMMukanu
ynoTpebsiBaHn B npoLieca Ha Lenyrno3Ho — XapTUEHOTO Npomn3BoacTBo. ['naBHOTO ropuBo Ha CPK
€ XMMUKan HapudaH YepHa nyra, KOMTO ce siBABa OTnagbYeH MPOAYKT Mpu NpPou3BOACTBOTO Ha
uenynosa no cyndartHua meTod. YepHara fnyra ce CbCTOM OT ronisiM 6poi OpraHNYHN U HEOpPraHMYHU
CbeanHeHns. HelHmsa cbCTaB 3aBUCK OT M3MON3BaHUTE 4bpPBECHM BUOOBE, METOAA Ha M3BapsiBaHe
Ha ObpBecuHaTa M npoLeca Ha NPoM3BOACTBO Ha Lenyno3ata. OpraHMyHaTa 4acT oT YepHa nyra ce
nsraps B newHaTa kamepa Ha CPK. YepHaTta nyra e e4HO OT Han-HUCKO KanopuyHuTe ropmea. ToBa
€ Taka, 3aLl0To rofisiMa 4YacT OT Hesd e CbCTaBeHa OT HeopraHMyHa 4acT C BUCOKa CbAbpKaHue Ha
Bnara un nenen. ObuyanHata KOHCTPYKUMA Ha napoBogHua TpakT Ha CPK Bkntousa asybapabaHeH
BEPTUKASIHO Pa3nonoXeH n3naputernieH CHoM ¢ eCTeCcTBeHa LMpKynauua n nsusno ekpaHupada K.
KOHBEKTMBHUTE HarpeBHM MOBBLPXHOCTM CE€ CbCTOAT OT MaponperpeBaTtesl, €KoHOMamsep u
Bb3gyxonogrpesaten. B pasrnexagaHua cnyyan noarpsiBaHETo Ha Bb3yxa Cce OCbLLecTBsIBa C napa
OT perynupyemMmo napooTmaHe c HanaraHe 5 Bar n Temnepatypa okono 200 °C. To3n HauvH Ha
noAarpsiBaHe Ha Bb3dyxa € TUNUYHO pelleHune 3a noseyeto CPK, Hamumpalwu ce noHacToslweM B
eKkcnnoarauusi.

lMpenonaraHoTO B HACTOALOTO M3cnegBaHe npeMmMHaBaHe KbM CXema C AMPEKTHO noarpsasaHe
Ha ropmMBHMS Bb3OYyX Le OoBede A0 3HAYMTENHO HamarnsBaHe Ha TemnepaTypata Ha AUMHUTE
rasoBse, Hanyckawm kotena. O4yakBaHUAT NOMNE3HMAT KpaeH pe3ynTar Lie BKYBa HamansaBaHeTo
Ha pasxofa napa 3a cobcTBeHM Hyxan. CepHUTE OKCMAM y4acTBaT B XMMUYECKUTE B3aMMOLENCTBUSA
B MewHaTta kamepa. C ToBa ce HamansBa TsxHaTa KOHUEHTpauus B M3XOLALNTE ANMHU rasose,
pecn. ce HamansBa TemnepaTypaTa CbOTBETCTBalla Ha ToykaTa Ha OpPOCABaHETO WM.
EkcnepumeHTanHo Te3n edekTu ca uscnegBaHM B [4], KbOeTO aBTOpPUTE 3akni4yasaT, 4e
MOHMWXaBaHETO Ha TemnepaTtypaTta Ha M3XOo4ALWnTe AMMHM ra3oBe Ha usxoga ot CPK He Boan go
Bb3HMKBAHE W pa3BMUTUE HA HUCKOTEMMEpPATYpHa CAPHOKMCENA KOpo3us.

Cnep 13rotBeHO MogenmpaHeTo M NofyYeHn JOCTOBEPHU CTOMHOCTU 3a AebuTa u cbCTaBa Ha
OMMHUTE rasoBe Ha uaxoga ot CPK 1 Bepudukaumnsa Ha Taka CbCTaBEHUA MaTeMaTU4eH Moaern, ce
CbCTaBW NpeasiokeHne 3a NPoMsiHa Ha HacTosaTa MHCTanaums 3a npegBapuTeriHo NoarpsiBaHe
Ha Bb34yxa 3a ropeHe, CBbp3aHO C NpeMaxBaHeTo Ha napHUTe Kanopudepu n MHCTanMpaHeTo Ha
Bb34yXOonogrpesaTer, M3nona3saLll TonnnHaTa Ha nsxogawmuTe JUMHN rasose.

B | Co
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®ur. 1 N3uncnutenHa cxema Ha CPK ¢ rasoBo nogrpsBaHe Ha Bb3ayxa 3a ropeHe

Ha cour. 1 e npegcraBeHa Bb3npueTarta N34mMcnuTesniHa cxema, OT KOATO CTaBa BMAHO, Ye 3a
uenTa ce npunara NOBbPXHOCTEH TONNIOOOMEHHMK C TpbOEH cHon.
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M3non3BaHeTo Ha YacT OT TONSIMHHATa eHeprusl Ha AUMHUTE ra3oBe 3a NOoArpsiBaHe Ha Bb3ayxa
BOAM OO0 HamansBaHe TsixHaTa temnepaTypa ot 218 °C go 140°C. CboTBETHOTO NpemMaxBaHeTo Ha
Kanopudgepute oceoboxaaBa napeH NoTok ¢ gedut 1,72 kg/s. C ToBa KONMYECTBO Ce Hamansiea
nebvta Ha perynMpyeMoTo napooTHEMaHe Ha TypOuHaTta, pecn. KbM HelHata Yact Hucko
HansraHe ce HacodBa Mo-ronsiM MapeH MnoTOK, KOEeTO JonpuHacs 3a MNpouM3BOACTBO Ha
JOMbIHUTENHO KOMMYEcTBO ernekTpoeHepruss B reHepaTopa. OueHkaTa Ha pasmepa Ha
OOMbITHUTENHO eNEKTPO-NPON3BOACTBO € N3BbPLUEHA ECKMPECHO CbC NMOMOLLTA Ha CbLUus codTyep.

YcbBbpLIEHCTBaHe paboTaTa Ha KoTen Ha 6Momaca ¢ ,,kunsw‘ cnom

KanauuteTbT Ha MHCTanaumsTa, KOSTo € NpeAMeT Ha HacTOSLOTO U3cneaBaHe e KakTo cneasa:
naponpounssoacteo 40 t/h nperpara napa c¢ HansraHe 40 Bar n  Temnepartypa 440° C.
MakcumanHaTa Temnepartypa B newiHaTta kamepa e 870° C. UsrapsHeTo ce M3BbpLUBa B neLy C
KMnsaw, crion.  KaTto ropymBo 3a MHCTanaumsita ce M3nonssaT oTnagHu AbpPBECHU MPOAYKTU, KOETO A
Knacudumumpa KaTo nHctanaums n3nonasaia Bb30OHOBAEMU eHepriHn n3touHmum. Misnonsear ce
crnegHWTE ropuBa: CBEXN ObPBECHM KOPW, YTalKM OT NpeYncTBaTesiHa CtaHums, KoMTo otnagaT oT
TEXHONMOIrMYHMA NpoLec Ha npepaboTka Ha AbpBecuHaTa 1 3aKkyneHn ot MECTHUSA Nasap AbpPBECHU
oTnagbuM OT npepaboTka Ha AbpBecuHa. [OpMBOTO € CbC cpegHa BnakHOCT okorio 40 % wn
kanopuyHocT 12000 kJ/kg. Cnen newHa kamepa ca pasnofioXXeHn TPUCTENEHEH Naponperpeearten,
eKoHOMansep Wu Bb3gyxonoarpeBaten. Bb3gyxbT 3a ropeHe ce nogjaBa Ha [ABe HuBa.
Temnepatypata Ha M3XoAdWwMTe OUMHU ra3oBe B eKCnioaTauMOHHU YCMOBUS € OTHOCUTESTHO
BUCOKa, kaTo Bapupa mexay 160 n 170°C. B usumcneHuaTa e npueta cpegHa Temneparypa 163°C.
CrtonHocTUTEe Ha OebGUTbT M OCTaHanuTe napameTpuTe Ha npou3BedeHaTa nperpsta napa ca
cbobpa3eHn C xapakTepHUTE eKcnroaTtauMoHHUTE TakvMBa. CbLOTO BaXxy U 3a MOBEYETO OT
OoCTaHanuTe nNapamMeTpu Ha KoTena KaTto AeOuT Ha ropMBOTO, KOEULMNEHT Ha U3NULIBK HA Bb34yX
n gp. YacTt oT Tax ce ABABaT BXOAHW JAaHHU 3a MaTteMaTu4HUsS Moaen.

Cnep 1M3rotBeHO MoaenumpaHeTo M NoyYeHn JOCTOBEPHU CTOMHOCTK 3a AebuTa u cbCTaBa Ha
OVUMHWTE ra3oBe Ha u3xoda oT KoTena u Bepudumkaumsa Ha Taka CbCTaBEHUSs MaTeEMaTUYEH Moaern,
ce CbCTaBW NpeasiokeHne 3a npeaBapuUTenHOTO NoAcyLaBaHe Ha BMOropuBOTO KaTo ce yTunmnsmpa
TONMUHaTa Ha u3xogslwmMTe AMMHW ra3oBe OT MaporeHepaTtopa. 3a Tasu uen B u3dncnutenHarta
cxema 6e nobaBeH enemeHT Mogenupaly, pabotarta Ha CyLUWUIHS C AMMHU ra3oBe.

Ha cwur. 2 e npegcrtaBeHa cbOTBETHATA M3YMCIUTENHATaA CXema, BKMOYBALLA U OCHOBHUTE
pesynTtaTty oT MaTeMaTMYHOTO MOAENMPaHe Ha KOTer, narapsi AbpBecHa 6uomaca B neLy ¢ KUnsiwy,
CNnoW C WHTerpupaHa cylimnHa mHctanaums. MNoaxoasiwoTo MACTO 3a MOoCTaBsiHE Ha CylumnHaTa
WMHCTanaumsa B cxemarta Ha KoTena e pasnonoXeHo BeaHara cne aumMHuns seHtunatop 13. QumuuTte
rasoBe npeau ToBa ca NPEMWUHaNM Mpe3 BCUYKM HarpeBHU MOBBLPXHOCTW, OTAAnM ca 4vacT oT
TONMMHHATa CUM €Heprns Ha MNapoOBOAHOTO paboOTHO TAMO W crned npemMuHaBaHeTo UMM npes3
cuctemata OT pbKaBHW (bunTpu ca MOHWXUNKM Temnepartypata cu go okoro 160°C, koeto e
noaxogsila TemnepaTypa 3a 1031 Bug cywunuda. Cnea npeMyMHaBaHETO CU NMpes3 MHCcTanaumsTa 3a
noAcyllaBaHe TaxHaTa TemnepaTypa Beue e 6bae oT nopsabka Ha 77 °C 1 AUMHUTE ra3oBe moraT
Oa 6baart oTBeAeHM kbM aTMocdepa C MOMOLLTA Ha CbLLECTBYBALLOTO KOMUHHO TANo. CywunnHaTa
HamansBsa BnarocbabpXaHneto Ha ropmBoTo OT 40 Ha 20%. Pesyntatute OT cumynauusTa
nokasear, 4ye npu paboTa ¢ npeaBapuUTENHO MNOACYLIEHO FOPMBO, NApONPON3BOACTBOTO Ha koTena
MOXe Oa Ce 3anasvM Ha HoMuHanHoto cu HmBo — 40 t/h. lNMpu TOBa ce Habnogasa M3BECTHO
MOHWKEHWe Ha TeMnepaTypaTa Ha npovssedeHaTa napa — ot 440 Ha 423 °C. MpuunHaTa 3a ToBa e
BMnoLLlaBaHe Ha KOHBEKTMBHUSA TOMNMOOOMEH B naponperpeBaTenHuMTe HarpeBHU MOBBbPXHOCTY,
nopagu MO-HUCKMTE CKOPOCTU Ha OMMHUTE ra3oBe. TAXHOTO MOHMXEHME MbK € B pes3ynTtaT Ha
HamaneHus oebut Ha AMMHUTe rasose B koTena — oT 91.6 t/h Ha 81.6 t/h, koeTo Mbk OT CBOS CTpaHa
€ B pesynTtaT Ha HamaneHus pasxo Ha ropumBo — ot 11 t/h Ha 10 t/h. lNoHwxeHneTo Ha
TemnepaTtypaTta Ha cBeXarta napa € MMHMMarHoO N He MoXe Aa 3acTpalln HagexaHata paboTta Ha
napHaTa TypbuHa [1].
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dur. 2 N3uncnmrtenHa cxema Ha MaTeMaTuyHO MoJenupaHe Ha KOTeS C KAMSLL Cron ¢
npeaBaTuUTENHO noacywasaHe Ha ropnBoTo

YcbBbpLEHCcTBaHe paboTaTa Ha Bapo-pereHepaTtusHa new (BPIM)

BapoBuTe newm ce nsnona3ear 3a npeobpasyBaHe Ha LUNam B pereHepupaHa HeraceHa Bap 3a
MOBTOPHO M M3NON3BaHe B NpoLieca Ha pereHepauns B 3aBoanTe 3a NPOU3BOACTBO Ha Lienyrnosa u
xapTusa. Peakumsita Ha kaycTusauuna e ytassaHe Ha CaCOs, KOMTO e oTAerneH OT nyrata n NpoMuT
3a OTOEnsHe Ha ocTaTbYHMTE ankanu. MNMonyyeHaTa Wwnama ce noJasa BbB BbpTsALLA MNeL, KbAETO
ce noAcyluaBa u nogrpsiea Ot U3ropennuTe ra3oBe OT ropenka B MPOTMBOMNOJSIOXKHMS Kpan Ha newira.
Mpn pocturaHe Ha temnepaTypa ot 1000 go 1200 °C, B 30HaTa Ha u3nuMyaHe, LWnamata ce
pasrpaxga go CaO n CO,. TlonyyeHuaTt CaO e HeraceHa Bap, KOSITO Ce M3MOMn3Ba npu npoueca
KaycTmsaums.

Han-BaxxHuTe MpoOeKTHWM nmapaMeTpu Ha BapoBaTa Mell ca npeacrtaBeHu B 1abn. 1. Tam ce
BUXOa, Ye TemnepaTypata Ha W3XogsdwmTe AUMHM rasoBe Haasuwasa 250 °C. OuyesmaHO
HacTosiata paboTa Ha newita € CbNPOBOAEHA C U3XBBPMSHETO Ha 3HAYMTENHW KonmyecTBa
TonnuHa B atmocdeparta u e HeobxogMmo da ce npefnpMemart Mepku 3a nogobpsieaHe Ha HeMHaTa
eHeprumHa epeKkTMBHOCT.

3a pga ce oueHM TOMMWHHMA MOTeHUMan Ha M3XoaswuTe OT newTa OMMHU rasoBe e
HeoOxoaMMoO fa ce 3Hae TexHus 4ebut n eHtannusa. C HacTosALWOTO M3cnefBaHe ce Lenu ga ce
onpegenu nNpubnuanMTenHusa pasmep Ha oTnagHaTa TonnvHa ¢ ornes nogbupaHe Ha noaxoasia
TEXHOMOMNSA 3a HEWHOTO yTunmampade. [puema ce, 4ye Ha TO3M eTan e JocTaTbyHo Jda ce
npecmeTHaT gebuta n eHTannNusTa Ha OUMHUTE ra3oBe, NOSlyYeHN NpU U3rapsiHETO Ha NpPUpPoAeH
ras B ropefikata Ha newita, KakTo M ga ce B3eMaTr B NPeaABuA €HTannMuMTe Ha BOAHWUTE Mapu u
BbIMEePOaHNst AMOKCUA, KOUTO ce nony4asaT Npu M3nn4aHeTo Ha KanumeBus kapboHar [2] .
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Tabnuua 1
MapameTpun Ha BPT1
lMponssognTenHocT 90 1/ geH
Pasxopf Ha ropuBo — npupogeH ras 1000 m®
TemnepaTypa Ha Bb3gyxa 3a ropeHe 80°C
Temnepatypa Ha nsxogawm OMMHU ra3ose 260°C
CbabpxaHue Ha Kucnopog 8.2 vol.%
TemnepaTypa B 30HaTa 3a u3nu4aHe 1000 — 1200 °C
MnbTHOCT Ha KapboHaTeH Lwnam 1.250-1.350 r/
oM.
CyxocT Ha kapboHaTeH Lnam 70-75%.
CobabpxaHue Ha aktmeeH CaO B pereHepupaHa Bap 84%
CoabpxaHne Ha CaCOs B pereHepupaHa Bap 1-1,8%.

Pesyntatute oT npecmsaTaHEeTO nokaseaT, Ye HanuyHaTa TOMNSIMHHA MOLLHOCT, KOSTO MOXe
Aa ce npegage kbM eHepronpeobpasyBalims UMKbI OT U3XOAAWMTE OT BapoBaTa Mew, AUMHU
razoBe e 1972 kW npu noHwkeaHe Ha TemnepaTypaTta um ot 260 go 70 °C. Teau napameTpu
xapaktepuaupat BPI1 kaTo TUNnYeH N3TOYHMK Ha HUCKO-MOTEHUManHa otnagHa TonnuHa.

Kakto 6e nocoveHo no-rope TemnepaTypata Ha uaxogawmte ot BPI1 gumHuM rasose B
eKcnnoaTtaumMoHHN YCroBUS € cpaBHMTENHO Bucoka okono 260 °C. MN3XBbpnsaHETO UM OUPEKTHO B
aTtMocdeparta Boau A0 3arybu Ha 3Ha4YMTENHO KONMMYECTBO TOMMMHHA eHeprus. B HacTtoswoTo
nscnenBaHe ce npeanara Tasu TOMNMMHHA eHeprnst Aa ce npeobpasyBa B eNl. eHeprusi ypes
npunaraHeto Ha OpraHuveH umkbn Ha PeHkuH (OUP). UN3xoxpamkm oT ropenocoyeHoTo 6Ge
n3cnegsaHa Bb3MOXHOCTTa Aa ce OMnofi30TBOpY OTnagHaTa TONMMHa, HOCeHa OT Te3un ra3oBe 4pes
abnbokoto um oxnaxgaHe Ao 70 — 80 °C. 3a Tasu uen 6e cbCTaBeH MaTeMaTMyeH Moden Ha
OpraHuyeH uUuKbN Ha PeHkuH. B cumynauumoHHaTta cpepa Ha Termoflex, 6sixa npoBegeHu
nacneaBaHund ¢ Tpy pasnuyHK XnagunHu areHTa pecn. pentane, isopentane R-123.

M3TOYHMK Ha

TonnuHa ot BPN Typ6uHa 420,? kW

a4
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®ur. 3 N3uncnutenHa cxema Ha BPI ¢ ytunmsauus Ha otnagHa TonnuHa ¢ OLP ¢ paboTeH
dnyng R 123
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3a 0asucHu (HemameHHu) Bsixa npueTn napameTpuTe Ha AMMHUAT ras Hamyckaw, Kotena.
TemepaTtypHaTta pasnuka mexagy rpeelmsT u nogrpsasaHuat dpnyng 6e onpegeneHa ot codpryepa,
KaTo CTOMHOCTUTE M Bapupaxa cnpsamo m3bpanusat dpnyma. MHctanaumsta Ha OLP ce cbcTom ot
nu3napuTen, B KONTO MOCTbMNBAT ropewute AMMHM rasose oT BPI1, o3HayeHn kaTo M3TOYHMK Ha
TonnuHa. Te oTAaBaT 4acT OT CBOsITA TOMSMHHA eHeprus 1 nsnapsasat ryuna ¢ HMCKa Temneparypa
Ha KUMeHe n crnep ToBa ce oTBexaaT kbM atmocdepa. ManapeHuaT cdnymg oT CBoSA CTpaHa
npemMuHaBa npeas TypbuHa, YMsaTo uen e ga npeobpasyBa KMHETUYHATa My EHEpPrus B MeXaHn4Ha 1
[a 3a[BWXMW enekTpuyeckn reHepaTop. Cneg npeMuHaBaHeTo cu npe3 TypbuHaTta cdhnyunaa oTHOBO
npetbpnsiea ¢as3oB nNpexog B KOHAeH3aTopa M C MoMoLiTa Ha Momna ce Bpblia 3a MNOBTOPHO
usnapeHue. Oxnaxgawlata Boga 3a koHaeH3aTop belle B3eTa CbC CpeaHOroULLHUTE CTOMHOCTU
Ha Temnepatypa OT BOAOW3TOYHWMKA. TemnepaTypHuTe Hamopu B TonNnoobMeHHMUMTe ca
cbobpa3seHu ¢ Te3n, npuemaHn B obnyanHata uHxxeHepHa npaktuka. B nsnaputena A ce oxnaxaa
0o 70°C u ce oTBeXaa B aTMocdeparta cnef npeaBaputeniHoTo My npeMyMHaBaHe npes cucremara
3a oyucTBaHe Ha [OUMHKM ra3oBe. Tasu TemnepaTtypa € MWHMManHO Bb3MOXHaTa C orneg
noaabpiKaHe Ha MNoNoXUTENEH TemMnepaTypeH Hanop BbB BCUYKM YacTN Ha TONNOoOOMeHHMKa. TpuTe
BapuMaHT! Ha pasnuyHu paboTHu dnymam nmat noyvTn egHakea edheKTMBHOCT, HO MPW BapuaHTta C
na3nona3eaHe Ha R123 nonyyeHaTa MOLLHOCT Ha reHepaTopa € Han-BMCOKa, KaTo HandraHeTo B
KOHAEH3aTopa € NoYTU eQUHTUYHO B CpaBHEHMWE C ApyruTte dpnynau.

N3Boan

Cneq v3BbplBaHe Ha aHanM3 Ha egeKTUBHOCTTa Ha MPOM3BOACTBOTO B Mpeanpudatve 3a
Lenynosa v xaptus n NpoBeAeHUTE U3CNeABaHus BbPXY pasfUyHW METOAM 3a yTunusauust Ha
oTnagHa TonnvMHa Ha TPUTE Hal- rofieMy U3TOYHMKA, MoraT Aa ObaaT HanpaBeHu cCneaHuTe N3BOAM:

o KoHcTtaTtmpaHo 6e, 4ye ekcnnoaTtauusita Ha TpM OT OCHOBHUTE CLOPBXKEHUS B 3aBoAa 3a
NpoM3BOACTBO Ha Lienyno3a u xaptusa - CogopereHepaumoHeH koteneH arperat (CPK),
Koten Ha Guomaca c kunsw, “crnon n BapopereHepatusHa new, (BPI1), e cbnbTcTBaHa
C OTAENSHEeTO Ha 3HAYMTENHM KONMYecTBa OTnagHa TOMNMMHa, KOATo no4 hopmaTta Ha
ropeLim OMMHM ra3oBe ce U3XBbPIiS B OKONHaTa cpeaa.

e baAxa n3BbpLUEHN TOMNMUHHM MPecMATaHMs Ha obemuTe Ha Bb3dyxa WM Ha OUMHUTE
rasose, c Len ga 6bae oueHeHa ToNMHHaTa MOLLHOCT Ha U3xodwmTe ra3oBn NOToUuU.
C wmMeToguMTe Ha MaTeMaTM4yHOTO ModenupaHe 6sxa CbCTaBEHM MOAENU Ha
CbLUECTBYBALUNTE CbOPBXEHUST U Te OAxa CpaBHEHM C pearnHu eKCMIOoTauUOHHMU
napamMeTu, C Uen BanvauMpaHe Ha MogenuTte. YCTaHoBM ce, Y€ MpecMmsTaHusTa C
MartemaTMyHUTE MOAENN ca JOCTaTbyHO NPeAcTaBUTENHN M MoraT da ce M3rnonsea 3a
npeaBuaeHuTe B ctatudata aHanuaun. CuHTesnpaHmu 6sixa npeanoXeHus 3a ytunmsaums
Ha oTnagHa TOoMfMHa OT ropewm AuMHM rasoBe Ha CogopereHepauuoHeH KOTerneH
arperart (CPK), Koten Ha 6uomaca c .kunswy, “cnovi n BapopereHepatneHa newy, (BPIT).

o be npecmeTHaTO, Ye NPEMMHABAHETO KbM ra3oBO MOArPsiBaHE Ha Bb3AyXxa 3a ropeHe Ha
CPK Boan [0 3HauuTenHO HamarsiBaHe Ha pas3xOoAuTe Ha TexXHONOorMyHa napa 3a
COBCTBEHN HYXXOW, KOETO AaBa Bb3MOXHOCT M 3a OOMbIIHUTENTHO MPOM3BOACTBO Ha
enekTpoeHepruns ot nopsabka Ha 920 kW 3a yac. M3nonssaHeTo 1 3a Npon3BoACTBOTO
Ha OOMBHWUTESTHO KOMIMYECTBO €fl. eHEeprus Le yBennyMm CbLUEeCTBEHO MpUXOoauTe Ha
TEL v gaBa BBb3MOXHOCT ga ce ODOCHOBE  peHTabuMiHOCTTa Ha MnpenoxeHarta
pekoHcTpykuus. be cbecTtaBeH mogen 3a CPK ¢ BkntoveH Bb3gyxonogrpesaten Ha Al
KaTo TAXHaTa TemnepaTypa 3Ha4YnTESTHO Ce MOHMXN, KOETO e A0BeAe A0 NOoBMLLABaHe
Ha Kl Ha nHctanauusaTa ¢ 4.1%.

o [lpegnoxeHneTo 3a onTumMmM3auunda Ha paboTarta Ha KoTen ¢ ,kundaw” crion Ha buomaca ¢
WHTErpupaHa cCywmnHa uHCTanauus 4pes3 npeaBapuTenHoTo noAcylwaBaHe Ha
OuoropmBoTO MOXE [a [goBede [0 3HauuTenHo nogobpsABaHe Ha TONMMHHATa
MKOHOMMYHOCT Ha koTena u Ha TEL| kaTto usno, kakto 1 4o HamansBaHe Ha BpeaHuTe
€MM1CUM Ha KnroBaTyac npovssedeHa enektpoeHeprus. NpoBegeHNAT B NpeacTaBeHoTo
nacriegBaHe aHanms nokassa, 4e MoXe Ja ce M3Mon3Ba TonnnHaTa Ha U3XOAsaLLM OMMHN
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rasoBe, Npu KOETO LLie Ce HaManu BnarocbAbpXKaHMeTo Ha GMOropMBOTO 3a KoTena CbC
cpegHo 50%. MNpegBapuTenHo noAcylwasaHe BOAW OO 3HAYUTENHO yBenuyaBaHe Ha
eHepruiiHaTa edpekTmBHOCT, kato K[ Ha koTena HapacTBa oT 86% Ha 93%, a pa3xoabT
Ha ropuBo Hamansiea ¢ 10%.

e 3a yTunusaums Ha oTnagHaTa TonnuHa oT Bapo-pereHepaTuBHa newy 6e npeanoxeHa
CcxeMa 3a usnonssaHe Ha oTrnagHa TonnuHa, Yypes npeobpasyBaHETo U B enekTpuyecka
eHeprus ¢ OpraHnyeH uukbn Ha PeHkuH. be nsrotseH matematnyeH mogen Ha BPI1 ¢
BkrtodeH OLIP. Cnep HanpaBeHO npoyyBaHe BbpXy Hal — noaxogswmTte paboTHM
dnynan npu gageHuTe napametn Ha [, 6axa M3BbLPLUIEHW M3cnedBaHWs C Tpu
pasnu4Hu nymnaa, Kato Hav — 4oOpw pesynTaTtu ce nonyyuxa npu nsnonssaHeTo Ha R
123 ¢ ponbnHuTenHo enekTponponssoacTeo 420 kW 3a yac.
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MogaenHo uscneaBaHe Ha NPexXoAHUTE eKCNoaTaLuMOHHU PeXUMU Ha cepus
OT Typ6oreHepaTopu B cUcTeMa 3a KPUOreHHO CbXpaHeHUe Ha eHeprus

Oumuntbp Monos, KoctagnH ®ukunH, bopncnae CtaHkoB

Cucmemume 3a Kpuo2eHHO cbxpaHeHue Ha eHepaus (KCE) Hali-yuecmo u3rnosideam UYuKkb/l om
PeHkuHO8 mun 3a QUPEKMHO u3napeHuUe Ha 8MeYHEeH KPUO2EeHEH 2a3, Yulimo rapu rnocmusrgam 8
cepusi om mypbuHHU 2eHepamopu Ha e/leKmpoeHepausi, KOSIMo ce 8b3cmaHoesiea 0bpamHo 8
Mmpexama. [NpexodHume pexumu Ha ryckaHe unu crnupaHe Ha rocriedosamesiHo cebp3aHume
mypbozeHepamopu ca Om CbUWECMBEHO 3HayeHue 3a MSXHOMO HadexOHO U Ob/I20CPOYHO
yHKUYUOHUpaHe. Hacmosiwjomo u3credsaHe npedcmass pe3ynmamume om CuMyrupaHemo Ha
npexodHUMe eKcrnaomayUuUuoHHU pexxumu Ha mypbuHHa nopeduua 3a KCE. [lNo-KoOHKpemHo ca
aHanusupaHu U cpasHeHU 08e MeXHO/I02uU 3a IyCKaHe U CriupaHe — C M0CMOSHO U ,Mb/I3SWO0
HarnsezaHe” Ha pabomHomo eewecmeo. [lonydyeHume pesynmamu Oasam OCHOBaHue 0da ce
fpernopbyYya  MexHosoeusima C IbA3SWO HarnseaHe”, Kosimo 6 [o-2ofisiMa cmerneH waou
obopydsaHemo rnpu Yecmo criupaHe u ryckaHe Ha mypbuHume.

Kno4yoBu oyMU: KPMOreHHO CbXpaHeHUe Ha eHeprusi, TypGoreHepaTop, TypGuHHa nopeauua,
NpexofieH pexuMm, HaaexaHocT

Model-based study of transient operation modes of a series of turbogenerators
in a cryogenic energy storage system

Dimityr Popov, Kostadin Fikiin, Borislav Stankov

Common Cryogenic Energy Storage (CES) systems most often employ a Rankine-like cycle to
boil directly a liquefied cryogen whose vapours enter a series of turbine generators of power which
is recovered back to the electrical grid. The transient modes of running on/off consecutively
connected turbogenerators are of substantial importance for their robust and troubleproof
performance in the long term. The present study features, therefore, the simulation outcomes for the
transient operation modes of a CES turbine series. More specifically, two technologies for switching
on/off have been analysed and compared — under a constant and a “sliding” pressure of the working
substance. The results obtained imply that the sliding pressure technology could be recommended,
because it spares the equipment to a greater extent at frequent turbine interruptions and
reactivations.

Keywords: cryogenic energy storage, turbogenerator, turbine series, transient mode, reliability

BbBeneHune

KakTo e n3BecTHO, BCUYKM ENEKTPOreHepmpaLL MOLHOCTM B paMKUTE Ha AafeHa efneKkTpoeHep-
rMMnHa cMcTeMa crieiBa a ca B CUHXPOH C NoTpebuTtenuTe Ha en. eHeprus. MNopaan cneundpuyHaTa
dusnyecka npupoaa Ha enekTpuyYecKknsi TOK, TOM ce KOHCyMMpa NpaKkTUYeCKn MUrHOBEHO B MOMEHTa
Ha HeroBoTo npou3BoAcTBo. OCBEH TOBa, KOHCyMauusTa Ha €n. eHeprusi, PecrnekTUBHO
HaToOBapBaHETO Ha efleKTpoeHepruHaTa cMcTema, BapMpa 3Ha4YUTENHO KakTo B NPOAbLITKEHNE Ha
OEHOHoLWMeTo, Taka M Mpe3 cegmuuaTta, M € pasfnudyHa 3a pasfnYyHUTE TOOULLIHU CEe30HWU.
lMpomeHnMBaTa KOHCyMaLusa U3MCKBA MPOMEHMMBO NPOU3BOACTBO, T.€. eflekTporeHepupaiwiuTe
arperatu cnefpa ga paboTaT C YeCcTU CNUpaHusa M MyCKaHWst UM ¢ HamasneHa MOLWHOCT. Takusa
€KCMnioaTauMoOHHN PEXUMM BriollaBaT PeHTaburHoCTTa Ha enekTpoueHTpanuTe, yBenn4aBanku
pasxoa Ha ropuMBO M PEMOHTHUTE pasxoan. CuTyaumaTa ¢ gucbanaHca mexay Npous3BOACTBO U
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notpebneHne ce YCNOXHsIBA OOMbIHMTENHO OT BCE MO-LUMPOKO HaBnM3awmuTe Bb3OOHOBAEMMU
€HEeprMiHM  U3TOYHWULM, YMEeTO EeneKTPONpPOU3BOACTBOTO € CUITHO MPOMEHMMBO, 3apagu
3aBMCMMOCTTa OT METEOPOSIONMYHNTE YCrnoBus. [oTeHUManHoO pelleHne Ha To3n npobnem e
BpeMeHHaTa akymynauus Ha efl. eHeprus B NepuoauTe Ha CBPbXMPOU3BOACTBO W NoJaBaHEeTo M
KbM KOHCymMaTOpWUTE B 4acoBeTe C NMKOBO NoTpebreHue. 3acera He CbleCcTBYBaT peHTabunHu
NPOMULLIIEHN METOAU 3@ CbXpaHEHWE Ha rofiemMu KONMYECTBA ENTEKTPOEHEPTUSA, C U3KIIOYEHNE
Ha NOMMNEHOo-aKyMynupaLimnTe BOGHOENEKTPUYECKM LIEHTPanm.

EnHa oT nepcnekTMBHUTE HOBM TEXHONOMMK, KOATO € B MPOLEC Ha Npoy4YBaHe U pa3paboTeaHe,
€ KpUOreHHoTo cbxpaHeHue Ha eHeprusa (KCE), kbaoeto ce npunara BTeYHsiBaHE Ha aTMocdepeH
Bb34yX WM HEroBuTe KOMMOHEHTU nocpenctsoM kpuoreHeH npouec [1-3]. KCE koHcymupa
3HAYMTESTHO KONMYECTBO ENEKTPOEHEPrus, KOATO Moxe Aa Obae akymynupaHa. To3m eTan cbBnaga
Nno BpeME C NEPMOANTE Ha CBPBLXMPOM3BOACTBO Ha €Il. EHEprusl B cuctemaTa. BTeyHeHnAT Bb3ayx
Ce CbXpaHsiBa B KpMOreHHM CbAOBE N B YACOBETE C ronisiMo NoTpebnieHne ce 3aTtonnis U KAnu npu
BWCOKO HamnsaraHe. 3a uenta morat ga ce W3MnonseaT pasfiMyHU M3TOYHWUUM Ha TOMMMHa —
pereHepupaHa TOMMMHA OT Mpoueca Ha BTEYHsIBAHe, TOMMMHA OT OKOofHaTa cpega wnu apyr
npomuLLieH npouec. Bb3gyxbT B razoobpasHo CbCTOsiHME (C BMCOKM TemnepaTtypa U HansraHe)
3a4BmKBa TypboreHepaTtopu 3a NPOu3BOACTBO Ha efl. eHeprus. Mo TakbB HauYuH, akymynupaHaTa
npu BTEYHABAHETO EHEPrUs ce Bb3BpbLlia 06paTHO B eHeprunHara cucrema.

Bv3dyx om
ammocghepama
i @ BTeuHABaHe MpoussoAcTEO @
l | Ha e/l. eHeprua
¥
En. enepzun En. enepzun
om mpexcama ® KbM Mpexcama
K 3 g Bu3dyx xom
PUOZEHIO & ® ammocepama
cuXpafden e Ho.u na | &
Ha eHepeun g
g
i Tonnuna
Ton.'mﬂa
HU3anapeHue

cmyo & )‘

Ipomuuinen
XTadwIHHK

®ur. 1. CuHeprmnyHa ekcnnoataums Ha cuctema 3a KCE v npomuwineH xnagunHuk [2, 3].
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EdektnBHOCTTA Ha TEXHOMOrMMTE 3a CbXpaHsiBaHe Ha €efl. eHeprusi ce u3MepBa uypes
CbOTHOLLEHMETO MEXAY BroXeHaTta 1 nornyyeHa obpaTHO eHeprus crneq cbxpaHeHueTo (round-trip
efficiency). Cnctemute 3a KCE 3acera nmat Hucka edpeKTUBHOCT, HO TO3U He4OCTaTbLK 61 MOrbn
[a ce KoMMeHcMpa YacTUYHO Ypes n3nonssaHe Ha BEW 3a BTeyHsABaHe Ha KPUOreHHUA ras, KakTo u
ypes3 AMPEKTHO NPUNOXKeHNe Ha OCBOBOAEHMSI NPW KUNEHETO CTy B rofieMy KOHCYMaTopu, KakBUTO
ca npoMmuwneHuTe xnagunHuum [2]. HuckonoTeHuwanHaTta TonfvMHa, OTHETa OT XMaguiHuTe
MOMELLEeHNs, ce Mu3fnomnseBa 3a MoArpsiBaHe Ha Bb3dyxa Mpean paswupeHneTo My B
TypboreHepaTopuTe. Mo TO3M HauMH MpPOLECHT Ha ENeKTPONpPOM3BOACTBO Ce TpaHcdopmupa B
KOMOUHMPaAHO enekTpo u cTygo-npoussoactso (Pur. 1), ¢ koeTo 3HauMTenHo ce nogobpsiea
edektnBHocTTa Ha KCE.

Cuctemnte 3a KCE o0OukHOBEHO nMpunarat nopeguua OT MocnefoBaTeNiHO  CBbp3aHu
TypboreHe-paTopy 3a NPOW3BOACTBO Ha ENEKTPUYECTBO, MOANOXKEHM HA YEeCTU MyckaHus W
cnvpaHus. Bb3 ocHOBa Ha aHanu3 Ha pereBaHTHUTE NPEXOAHU MpoLecH, HacTosLwaTta pa3paboTka
Luenun ga npeariokun pauuoHanHu pexummn 3a nyckaHe u cnvpaHe Ha TypOvHuTe Ha umarpaxkgalla ce
KCE cuctema B pamkuTe Ha eBponpoekta CryoHub [2, 3].

U3cneaBaHe Ha npexogHUTE pPeXUMU Ha eNneKTporeHepupawata cuctema

lopeonucaHata cuctema 3a KCE e npegHasHadeHa [fa wu3paBHABA [OEHOHOLLHATa
HepaBHOMEPHOCT Ha en. noTtpebneHneto. ToBa Hanara eXegHEBHO MyCkaHe W crnvpaHe Ha
OCHOBHWUTE CbOPBXEHUs. PexuMmnte Ha cnvpaHe W NyckaHe, WU3BECTHM OLle KaTo MPEexXofHU
pexumn, ce xapakTepumsmpaTl CbC CbLUECTBEHO M3MEHEHMEe Ha napameTpuTe Ha paboTHOTO
BELLECTBO — HansdraHe v Temnepatypa. [loBuwaBaHeTO Ha HanAraHeTo Cb3gaBa MeXaHW4Hu
HaNpeXeHns B MeTana Ha CbOpPbXeHuATa, a M3MEHEHMETO Ha TemnepaTypaTa npeansBuKBa
nosieata Ha TEPMMUYHMN HanpexeHusi. Yectata npoMsiHa Ha TEPMO-MEXAHWYHOTO CbCTOSIHUE €
HexenaTernHa, Ha-Marnko nopaau crnegHuTe ABe CbobpaXeHUs:

e B onpeageneHu yyacTbumn Unm eneMeHTn MOXe Aa ce Nnoslydn HacrareaHe Ha MexaHu4YHUTe

C TEPMUYHUTE HaMNPEXEHMWS, MPU KOETO CYMapHOTO HanpexXeHue aa ce 4o6nuxKMn No CTONHOCT
Unu ga NpemMuHe rpaHvuaTta Ha AonyCTMMUTE HanpexeHus 3a cboTBeTHUA meTtan. C ToBa
MOXe [la Cce 3acTpallu MexaHu4HaTa LanocT Ha obopyaBaHeTo.

e B npoueca Ha noeTapsawmMTe Ce NMPOMEHNMBA HATOBapBaHUA ce CTUra A0 HaTpynBaHe Ha
CTPYKTYPHM NoBpeau B MeTana, sABfeHne n3BecTHO OLLe KaTo yMopa Ha MeTana, npu KoeTo
HeroeaTa sIKOCT NPOrpecUBHO HamMarnsBea.

Pabotata Cc 4ecTM nyckaHus W COMpaHMA CbKpallaBa eKCnnoaTtauuoHHUS pecypc Ha
CbOpBXEHMATa M MOBULLIABA pa3xoauTe 3a PEeMOHT M nogapbxka. ToBa Hanara vscrneaBaHe Ha
NpexodHnTe pexumu, C ornea MUHMMU3auus Ha weTuTe, Npeam3BUKaHu OT TAXHOTO 4ecTo
npunaraHe. HacTtodawoTo nscrnegBaHe pasrnexga npexogHuTe peXNMU Ha
enekTporeHepupatlarta Yact Ha cuctema 3a KCE, nHterpupana ¢ npoMmuineH xnagunHuk. O6ekt
Ha u3cnefBaHeTO € NUNOTHaTa AEMOHCTpauMOHHa WHCTanauus, usrpaxgaHa B paMKkuTe Ha
eBponenckusa npoekt CryoHub [2, 3]. EkcnnoataumoHHMTE yCrnoBUs BKOYBAT CReaHOTO:

e PaboTHOTO BeLecTBO € a30T, KOMTO MbpPBOHAYasHO € B TEYHO CbCTOsIHNE C HangraHe 7.5 Bar

n Temnepatypa —172.7 °C.

e OT pesepBoapa, B KONTO Ce CbXpaHsaBa, TEYHUAT a30T ce noJasa c noMoLyTa Ha ByTanHa
rnoMmna KbM as3oTeH naporeHepartop, KbOeTO ce u3napsiea U 4yacTu4HO ce nperpssa. [pu
HOMWHAameH pexum Ha paboTa, napameTpuTe Ha NPON3BeEHNTE a30THM Napu ca: HangaraHe
14.85 Bar n temnepatypa —-50 °C.

e Cnep naporeHepaTopa, ra3oobpasHuaT a3oT ce paswupsBa 40 aTMocdepHO HansraHe B
TpW nocnegoBaTenHn TypOuHu, Npea BCsSka OT KOMTO MMa pasnosiokeH naponperpesaTtern.
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BbB Bceku OoT maponperpeBaTennte pabOTHOTO BellecTBO ce 3aTtonns go —7.5 °C.
CTyOooHOCUTENST, N3MOMN3BaH 3a oxNaxaaHe Ha NOMeLLeHNATa B NPOMULLINIEHNS XNagUITHUK,
AocTaB4d Heo6xo,u,vnv|aTa TOMMMHa 3a TOBa 3aTonngdHe. Cnep, npeMmnHaBaHeTo CuU npes
naponperpesatennte, CTyqOHOCUTENAT ce oxnaxaa Ao okorno —50 °C n ce HacoyBa KbM
XnagunHuka 3a nogabpXaHe Ha HeroBus temnepatypeH pexum. [Mapametpute Ha
CTYOOHOCUTENS, NogaBaH KbM NaponperpeBaTenmTe, MOXe [a Ce KOHTponuvpaT Taka, vYe aa
ce nogabpKa NOCTOSIHHA HOMMHanHa TemnepaTypa Ha a3oTa ot —7.5 °C.

o [leOutbT Ha onynauTe, M3MNON3BaHU 3a U3napsiBaHe W MperpsiBaHe Ha asoTa, MOXe [a ce
KOHTPO-Nupa 4pes3 Noaxodlin perynupaium knanaHu, a Temnepartypara MM ce nogabpka
NOCTOSIHHA.

MHcTanaumata ocbliecTBABa TEPMOAMHAMMYEH LNKBI HA PEHKWMH C HETUNUYHO paboTHOTO
BeLWeCTBO KakBOTO € a30Ta. |_|pl/l LUUKBIBT Ha PeHKNH BUCOKOTO HansiraHe ce nogabpixa ¢ nomMmna, a
He C KOMMpPecop, KakTo € B uMkbia Ha bpaTbH npu ra3oTypOuHHUTE arperatn. B To3n cmucoun
paboTHMA npouec Ha u3crnegBaHata cuctema ce pgobnuxkasa OO TO3W, OCbLieCTBABaH B
Knacuyecknte napoTypOMHHM arperaTty.

Mpwn nyckaHeTo 1 cnMpaHeTo Ha NapHuTe TypOuHu 0BMKHOBEHO Ce NpunaraT ABe YTBbPAWIM Ce
BbB BpemeTo TexHonmoruu. [lpy nbpBata, HansaraHeTo Ha paboTHOTO BeLlecTBO cnea
naporeHepatopa (T.e. npeg TypOuHata) ce nNOAAbPXa MOCTOSAHHO. YBenuyaBaHETo wnu
HamansBaHeTo Ha ebuTa Ha NnapaTa ce n3BbpLUBa NOCPEACTBOM perynupall, knanad. [pu BTopaTa
TEXHOMOrus, KnanaHbT npeg TypbmHaTa € HanbJIHO OTBOPEH, a AeOUTHLT Ha paboTHO BELLECTBO ce
yBenMyaBa uUnu Hamansea 4ype3 yBenuuBaHe MM Ha HamarnsBaHe Ha HandraHeTo Ha naparta. Ot
CBOSI CTpaHa, HansAraHeTo Ce KOHTponupa 4Ype3 MpoMsHa Ha TOMMWHHMA MOTOK, MOoAaBaH B
naporeHepartopa. [pn noseyve nogageHa TonnunHa, NaporeHepaTopbT NPOU3BEXAA NoBeYe napa u
HansiraHeTo ce NnoBMLLUaBa, KOeTo BOAM A0 NoBULIaBaHe Ha AebuTa Ha napaTa npes TypbuHaTa (1
o6paTHo). lNpomsaHaTa Ha gebuTa BOAW OO NPOMSHA Ha BbPTALUMS MEXAHWYEH MOMEHT, pecn.
MOLLHOCT Ha TypOuHaTta. Tbi KaTo BTopaTta TexHo-norms paboTu ¢ Yecta NpoMsiHa Ha HandAraHeTo
Ha napata, MeTogbT € NonynsipeH ¢ HAMMEHOBAHMETO ,NbN3SALWO” HansraHe. N apete TexXHoONormm
umaT cBouTe npeauMmcTBa uM Hegoctatbun. B TEL, paboTtewm 4yecto B nMpexogHu pexumu, ce
M3non3sa NPeuMyLLECTBEHO ,MbN3ALL0 HanaraHe”. TunuyeH npumep ca rasoTypOUMHHUTE LeHTpanu
C KOMOMHUPAH LMKbBII.

Typéo-zenepamop 1

—
1 " — 1&550 5 R 10
I > Q+ ’[ U 048372 > | @ WS:ZT;???\W 16,5 KW

Azomen napoceHepamop Haponpeepeﬁa;ﬂeﬂ 1 Bar OC
5.698[-58,02 kg/s kJ/kg

0,4)-88,5

Typoo-zenepamop 3

Typoo-zenepamop 2

3
5642
Q+ 0.4

v

\22155_15 16,08 kW

ITaponpezpeeamen 2.

2447|-5304

0,4]81,88

®ur. 2. UsuncnntenHa cxema B Thermoflex Ha cepust OT TYypOMHHM eneKkTporeHepaTopu KaTo
yacT o1 cuctema 3a KCE
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MpexogHUTe peXxnmMmn Ha MHcTanauuaTa — 06ekT Ha HacTOSLLOTO U3CNeABaHe — ca aHanmManpaHu
C nomMoLuTa Ha creumanHo usrpageH Mogen, M3nonsealy cneumanuampanns codptyep Thermoflex
[4], korTO ce mpunara MacoBo 3a CUMMyNaunoOHHO ModenupaHe Ha HoBu TexHonorum B TELL. ®ur. 2
npeacTaBs n3yncnmTenHara cxema Ha enekTporeHepupatlaTa yact Ha cuctema 3a KCE, cbceTosiwa
ce OT TpW nocregoBaTenHo pa3nonoxeHu TypboreHepaTopa ¢ paboTHO BELLECTBO a30T.

MapameTpuTe, NOKaszaHW Ha cxemaTa npeg u cnepn Bcekn TypboreHepaTop (HansraHe B Bar,
TemnepaTypa B °C u gebut B kg/s), ca pesyntatn OT NPeCcMATaHETO MpPU HOMUHANEH (MPOEKTEH)
pexum Ha paboTa. Te cbBnagaT C ronsmMa TOYHOCT CbC CTOMHOCTUTE Ha CbLUMTE MapameTpw,
3aN0XXEeHN MpPU MPOEKTMPAHETO Ha ONUTHaTa WMHCTanaumss M npecMsTaHu C Opyrn MeToan u
cpeacTsa.

Tabnuua 1
N3meHeHne Ha napameTpuTe Ha G1 Npu nyckaHe C NOCTOSIHHO HansraHe.

[ MyckaHe ——

Pas3sbpTaHe Ha poTopa HaTtoBapBaHe Ha TypbuHaTta
Deobwur, kg/s 0,0 0,0 0,0 0,0 0,1 0,2 0,3 0,4
2 3 4 5 0 0 0 0
MouwHocT, kW 0 0 0 0 2,1 7,6 12, 18,
1 2 90 20
HansiraHe Bxop, 14, 14, 14, 14, 14, 14, 14, 14,
Bar 7 7 7 7 7 7 7 7
TemnepaTtypa —7,5 — — - — — - —
BXxog, °C 7,5 7,5 7,5 7,5 7,5 7,5 7,5
HansraHe 1,0 1,1 1,1 1,2 1,7 2,9 4,3 5,7
nsxogna, Bar 81 25 85 57 5 9 3 0
Temnepatypa - - - - - - - -
nsxogn, °C 18,38 25,72 32,4 37,79 51,23 57,01 57,96 58,02

MocpeacTBoM cbCcTaBeHUsa moaern 6sxa cuMynupaHu ABa pexuMa Ha nyckaHe: C NOCTOAHHO U
C ,MbN3ALL0” HansraHe Ha paboTHOTO BELLECTBO Cried naporeHeparopa (pecn. npen TypboreHepaTop
G1). Npu nbpBUSA pexum, 4ebUTLT Ha a3oTa ce U3MeHs C NOCTENEeHHO OTBapsiHe Ha perynupalty
KnanaH, pasnonoxeH Ha Tpbbonposoaa npen TypbuHata (enemeHT 10 Ha dwr. 2). B Tabn. 1 ca
nokasaHu pe3yntaTi OoT NPecMsTaHeTo Ha MHCTanaumsaTa npu ysennyasaly ce AedbuT Ha paboTHOTO
BELLIECTBO, KOUTO Xapaktepuaupart paboTtarta Ha G1.

Mpun yBennyaBaHe Ha gebuta ot 0.02 kg/s go 0.05 kg/s npoTnya NbpBUAT eTan OT NyCKaHeTo
Ha arperaTa — pa3BbpTaHe Ha poTopa Ha TypbuHata. Mpu No-HaTbLLWHOTO yBenM4yaBaHe Ha aebuta
0o 0.40 kg/s, G1 ce HaToBapBa NOCTENEHHO 40 OOCTUraHEe Ha HOMMWHASIHA MOLLHOCT.

Mpw BTOPWUS 3cneaBaH pexum, perynupaLumaT KnanaH e HanbnHo oTBopeH. OebuTsbT Ha asoTa
ce yBenunyaBa 4Ype3 NocTeneHHo yBenmyaBaHe Ha HanaraHeTo npeg G1. Tabn. 2 nokassa pesynraTtu
OT MpecMsATaHeTO Ha MWHCTanauuaTa npyv nyckaHe C MbN3SWO HansraHe, XxapakTrepuaupaim
pabotata Ha G1. Pesyntatute 3a TypboreHepatopu G2 n G3 ca novTn naeHTUYHN.
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Tabnuuya 2
M3meHeHne Ha napameTpuTe Ha G1 Npu nyckaHe c ,NbN3swo” HansraHe.
— MyckaHe ——
PassbpTaHe Ha poTopa HaTtoBapBaHe Ha Typ6GuHaTa
De6uT, kg/s 0,0 0,0 0,0 0,0 0,1 0,2 0,3 0,4
2 3 4 5 0 0 0 0
MowHocT, 0 0 0 0 2,1 7,7 13, 18,
kW 8 3 00 20
Hansrane 1,4 1,5 1,8 2.1 3,8 7,4 11, 14,
Bxona, Bar 7 19 04 15 82 19 06 7
TemnepaTtyp — — — — — — — —
a Bxoa, °C 7,5 7,5 7,5 7,5 7,5 7,5 7,5 7,5
Hansrane 1,0 1,1 1.1 1,2 1,7 29 4,3 57
nsxop, Bar 1 25 85 57 5 9 3 0
TemnepaTtyp

a usxopa, °C 14,1 22,52 294 3495 48,97 5556 57,27 58,02

Pesyntatute nokassaT, 4e npu nyckaHe C ,MbN3SWO” HandraHe, naporeHepaTopbT,
naponperpe-saTenqTe npej BCEKU €MH OT cepusita TypboreHepaTopu, KakTo 1 CBbp3BaLLUTE
TpbbonpoBoaM U apmatypa, ca MNOAMOXEHW Ha 3HaYMTEernHO MO-HUCKO HandraHe, a NagbT Ha
HanaraHeTo mMexgdy Bxoga um maxoga Ha G1-G2-G3 cbliecTBEHO ce peayumpa, B CpaBHEHME C
nyckaHeTo Npu MOCTOSHHO HansraHe. Makap u He TOMKOBa CWUMHO M3paseHo, TemnepaTypHuTe
pasnukn mexagy Bxoda u msxoga Ha G1-G2-G3 u pesynTaHTHUTE TEPMUYHWU HampexeHus npwm
nyckaHe C ,MbM3SALWO” HanNAraHe aHarorM4yHo ca Mno-mMarsiku, OTKOSKOTO MpU MyckaHe C NMOCTOSIHHO
HansraHe.

N3Boan

M3BbplleHO € MOAENHO M3cneaBaHe Ha NPEXOOHUTE PEXUMM Ha cepust oT TypboreHepaTopu
kaTo yacT oT cuctema 3a KCE, uHterpmpaHa ¢ npoMuLLIneH xnagunHmk. CpaBHeHN 1 aHanmMampaHm
Cca [ABe TEeXHOSMorMu 3a fnyckaHe Ha WHCTanaumsata — C MOCTOSIHHO U C ,MbN3AW0 HandraHe” Ha
paboTHOTO BelecTBo. NonyyeHnTe pesyntaTn JaBaT OCHOBAHME Aa Ce npenopbya TexHomoruaTa
C ,MbN3AWO HandraHe” KaTo MakcumarnHo ,wagsawa” obopyaBaHETO Npu MNNaHMPaHOTO 4YecTo
crvpaHe M nyckaHe Ha NUIOTHUSA eMOHCTPaUMOHEH NPOoTOTUN, pa3dpaboTBaH no npoekta CryoHub
[2, 3].

BnaropapHocTu
MpoekTbT CryoHub ce domHaHcmpa no NporpamaTta Ha EBponelickusa cbo3 3a u3cnegBaHus
1 nHoeaumm ,Xopmn3oHT 2020 cbrnacHo CnopasymeHue 3a rpaHT Ne 691761.
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MoBuwaBaHe Ha edhekTUBHOCTTa Ha TEL| upe3 nsanonsBaHe Ha
TepMornommneHa MHcTanauus

MBaH NeHoBcku, KanosiH Xpuctos

TepmuyHume uyeHmpanu 3a KoOMOUHUpPaHO Mpou3eodcmeo Ha MOIMIUHHA U eJleKmpuyecka
€eHepaus ca U3MOYHUK Ha morfuHa 8 cucmemume 3a monsocHabosisaHe. KoezeHepayusma Oasa
8b3MOXHOCM 3a criecmsieaHe Ha eHepeuliHu pecypcu & cpaeHeHue ¢ pasdeniHus mMemod Ha
rnpoussodcmeo. EdHa om eb3moxHOocmume da ce nosuuwiu eghekmusHocmma Ha UHcmanayuume
3a KOMOUHUpPaHO rpou3eodCcmeo U3rion3eaHe Ha mepMoroMrneHu uHcmanayuu. B Hacmoswus
Ooknad ce uscnedsa cb8MecmHama paboma Ha napomypbuHHa uHcmanayus 3a KOMOUHUPaHo
npou3eo0cmeo ¢ mepMorioMreHa UuHcmarnayusi, Kosmo u3ron3ga moriuHama om epblujaujama
Mpexoea 800a.

KnouoBu AyMuU: eHeprmnHa edgeKTMBHOCT, MHCTanauusa 3a KOM6VIHI/IpaHO npon3BoacTBoO,
TepMmonomMmneHn NHcTanauuu.

Increasing the energy efficiency of cogeneration power plants using heat pump
Ivan Genovski, Kaloyan Hristov

The combined and power installation are the heat source in centralized heat supply systems.
Cogeneration allows energy saving compared to separate production method. Increasing energy
efficiency from cogeneration power plants can be increased by using a low-potential heat source.
One of the possibilities to increase the efficiency of combined and power installations using heat
pumps. In the present paper being investigated, joint work on cogeneration steam turbine by heat
pump using heat of the reverse water from heat supply system.

Keywords: energy efficiency, combined heat and power, heat pump installation.

BbBeneHue

TonnoenekTpuyeckute ueHtpanu (TEL) ca npegHasHaveHn 3a KOMBMHMPaHO NPOM3BOACTBO Ha
TONMUHHA W enekTpuyecka eHeprus. [Npu Tax TonnmMHaTa Ha NapaTa ce U3non3Ba NbpBOHAYarHo 3a
NPOM3BOACTBO Ha erneKkTpuyecka eHeprns, a crnef ToBa 3a40BoNsdBa TOMNMUHHWUTE TOBapW Ha
KOHCcymaTopuTe — 6uToBM WMnu npomuwneHn. KoMOBMHMpaHOTO NPOM3BOACTBO Ha TOMMAWHHA WU
ernekTpuyecka eHeprus B Tonnoenektpudeckute ueHTpanu (TEL) e paumoHaneH HauuH 3a
edeKTMBHO U3non3BaHe Ha MbPBUYHUTE EHEPruiHM pecypcu, KOMTO MNO3BOMsIBA MKOHOMUSA Ha
ropuBO B CpaBHEHME C pa3genHoTO Npom3BoacTeo [3].

MapHuTe TypbuHu, kouTo ce usnonssat B TEL|, ca npoTuBoHaneratenHu unu ¢ perynupyemu
napooTHeMaHus.

Ha c¢wur.1 e npeacraBeHa napoTypOMHHa MHCTanauusa ¢ perynvpyemu napooTtHemanus. [Npu
TO3WM BUA MHCTanauumu TONMAMHHAaTa eHeprus 3a TonnuHHMTe KoHcymatopu (TK) ce otnycka 4ypes
noarpsiBaHeTo Ha MpexoBa BoAa B 6ornepHa ypeaba (bY) upes napa oTnycHata oT perynmpyemoTo
napooTHemMaHe Ha napoTypbuHHaTa uHcTanauus.
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Que.1. lNodzpsisaHe Ha Mpexosama 8oda ¢ ®ue.2. [lodepsisaHe Ha Mpexosama goda C
rnapa om peaynupyemo rnapoomHeMaHe Ha [apa om fpomueoHasie2amesiHa mypbuHa u
mypbuHama u 8bpxo8 80002peeH Komersl 8bpPX08 80002pPEEH Komerl
lr-napozeHepamop; [l1T-napHa mypbuHa; -eeHepamop; BbK-6olnep-koHdeHsamop,; KIl-
KoHOeH3Ha rniomna; TK- monnuHeH KoHcymamop, Mr-mpexoea nomna; Ob-ocHoeeH 6ounep;
BBK-ebpxoe sodozpeeH komers; K-koHOeH3amop.

Mpn napoTypbuHHWUTE MHCTanaummn ¢ perynupyemMm napooTHEMaHUs enekTpmyeckata eHeprus,
KOATO € nomny4YyeHa 4pe3 napa OTBEeAeHa OT perynupyemMoTto MapooTHEMaHe ce cuyuta 3a
npoussegeHa no KOMOMHMpaH mMeToa (nonydeHa B pe3ynTaTt BbHLIHO TOMSIMHHO noTpebnexue), a
eneKkTpuyeckaTa eHeprusi nony4YyeHa B Ypes NocTbnNBaHe Ha naparta B KOHAeH3aTopa Ha TypbuHaTta
Cce cuuTa 3a nonyyeHa No KoHAEH3auuMoHeH meTod. EnektpudeckuaT kng (Men) Npy TO3W BUA
nHcTanaumm e ot 56 % 0o 72 %. Ton ce yBennyaBa Ype3 HapacTBaHe Ha Asifa Ha enekTpuyecka
eHeprusi Ha 6a3aTta BbHLIHO TONNMMHHO NoTpebneHue.

Mpn npoTMBOHaneraTenHUTe UHCTaNauMM enekTpuyeckata eHeprusi ce Npou3Bexga camo no
KomOBuHupaH metog. Npu Tax TonnMHHaTa eHeprus 3a noTpebutenuTe ce oTnycka Ypes NoarpsBaHe
Ha MpexoBaTta Bofa B Gonnep-koHaeHsaTop (BK) ¢ napa cneg nocnegHoTo cTbnano Ha napHaTta
TypOuHa.

Te3n nHcTanaumm NpousBexaaT enekTpnyecka eHeprus n3usno no KOMOMHMpaH MeTon, KOeTo
M npaBu MO-e(PEeKTUBHU OT WHCTanauuMmMTe C perynupyeMmym napooTHemaHus. Jluncata Ha
NMpPOMN3BOACTBO Ha efiekTpudecka eHeprs No KOHAEH3aLMOHEH METOA € NpeaAnocTaBka 3a BUCOK KNy,
3a NpOM3BOACTBOTO Ha efiekTpuYecka eHeprus, KOMTo Moxe aa ce ysenuyuun Hag 80 %.

EdektnBHocTTa Ha paboTta Ha uHCTanaunmTe 3a KOMOGMHMPaAHO NPON3BOACTBO Ce OLEHsIBa Ype3
nokasaTenu 3a eHepruriHa eqEeKTMBHOCT, KaTO OCHOBEH € CneuudUYHUAT pasxod Ha YCIOBHO
ropueo [4].

CneumduyHUAT pasxod Ha YCrOBHO FOPMBO Ha MHCTanaumsita 3a KOMOUHMPaHO NPOM3BOACTBO

MMa [ABe KOMMOHEHTW — 3a MPOM3BOACTBO Ha enekTpuyecka eHeprust b, , kg/lkWh u 3a

NPOVU3BOACTBO Ha TONNMHHA eHeprusi - b, kg/kWh.

B 5bnrapvm ce npunara (*)VISVI‘-IGCKVI?IT MeTon 3a pa3npepnendaHe Ha BJIOXKEeHOTO FopmBo B
MHCTanaumnaTa 3a KOM6I/IHI/IpaHO npon3BoacTBO. CobrnacHo Hero CI'IGLI,I/Id)I/I‘-IHVIFIT pas3xoa Ha yCrnoBHO
ropmnBo 3a NpPon3BOACTBOTO Ha eJIEKTpU4eCKa eHeprmua ce onpeanenad oT:

0,123
bep =—"—— (1)
Mar " Ma " Men

KbOETO:
N, € KNA Ha naporeHepartopa,

N, — Kng Ha naponpoBOAWUTE Ha MHCTanauudaTa 3a KOM6I/IHI/IpaHO npon3BoAcCTBO.

CneunUYHNST pa3xoa Ha YCNOBHO rOpMBO 3a MPOW3BOACTBOTO Ha TOMMWMHHA eHeprus b,
kg/kWh ce onpegens no gopmynaTa:
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bT = 0,123 @)
Mo * M Ney
KbOeTo:
Mgy © KnAa Ha bownepHara ypeaba.

BbpxoBMAT TONMMHEH TOBap Ha cucTemara 3a TonnocHabaaBaHe ce ocUrypsisa OCHOBHO Ype3
BogorpeviHn kotnu (BBK). CneunduyHmsaT pasxod Ha YCNoBHO rOpMBO 3a MPOWM3BOACTBOTO Ha

BBK
bT

TONSIMHHA eHeprus OT BOAOrpenHns korten ( ) 3aBucK OT HeroBuA KnA (TMggy ) U ce onpenens

OT:
b?BK _ 0,123 (3)
MNBBK
Mpn wmsrapsHe B naporeHepaTopa WM BOAOrPerMHUS KOTEN Ha eguH M Cbly BWA TOpUBO,
cneunuYHMAT pasxo Ha YCrOBHO TOPMBO 3a OTMYCKAHETO Ha TONSMHa OT MHCTanauusTa 3a
KOMOWHMPaAHO MPOM3BOACTBO € CbU3MEPMM CbC CrneundUYHUS pasxon Ha BbPXOBUS BOAOrpeeH
KoTen.

NMoBuwaBaHe Ha edeKTUBHOCTTa Ha paboTta Ha WHcTanauMute 3a KOMOMHMpPaAHO
npou3BoACTBO

EnHa oT Bb3MOXHOCTUTE fa ce nogobpu TOMnMHHATa MKOHOMMYHOCT Ha TOMIoeneKkTpuyecka
LeHTpana 3a KoMBUHMPaHO NPOM3BOACTBO € BbPXOBUAT TOMMMHEH TOBap Ha TonnocHabantenHaTa
cucTema a ce ocurypsiea 4Ypes TepMonoMneHa MHcTanauus, KoaTo N3non3ea TonnmMHaTa oT HUCKO
noTeHumnaneH N3To4HuK [5]. B nocovyeHOTO n3cnenBaHe ca NpeAcTaBeHn 4Be CXEMU Ha CbBMECTHA
pabota Ha TepMOMOMMNEHa WHCTanauus ¢ napoTypbuvHHa WHCTanauus 3a KOMOMHMPaHO
nponsBoAcTBo. B egHaTa cxema ce pasrnexaa Bb3MOXHOCTTA 3a BKMOYBAHETO Ha TepmonomMnaTa
KbM KOHTYpa Ha OxnaxzjallaTta BoJa Ha KoHAeH3aTopa Ha napoTypbuHHaTa nHcTanaums. 3a uenta
N3NapuTenaT Ha TepmonoMnaTa Ce MHCTanuMpa Ha fMHUATa Ha oxnaxjawiata Boja cneg
KoHAeH3aTopa. TonnuHarta, KoATo ce OTHEMa B U3naputens, ce 13nonsea 3a NoAarpsiBaHe Ha BogaTa
3a TonnocHabautenHata cucrtema. [lpunaraHeTo Ha Tasu cxema BOAW OO HamarnsiBaHe Ha
n3xBbprieHaTa TON/MHa B OKoNHaTa cpeaa, koeto nogobpsiea edektnBHocTTa Ha MTW. Hegoctatbk
Ha cxemaTa e, 4Ye Npu NpunaraHeTo N He ce yBenu4yaea Npon3BOACTBOTO HA ENEKTpUYecka eHeprus
Ha 6a3aTta Ha TonnMHHO NoTpebneHune.

Mpwn gpyrata cxema usnapuTensat Ha TepMonomnarta ce BKMYBa Ha NMHUATA Ha obpaTHaTta
TONMIMHHA MarucTpana, a HeMHWST KOHAEeH3aTop Ha nojasallaTa TONMMHHA Maructpana creg
MpEeXoBWUTE MoArpesateny, ako WHCTanaumsata 3a OTMyckaHe Ha TOMMWHHA eHeprua e ¢
perynupyeMm napaooTHEMaHus wunu cneqj OGounnep-koHAeH3aTopa npu MNpoTMBOHaneraTenHa
napoTypbuHHa MHcTanauusa. ToBa pelleHve AaBa Bb3MOXHOCT [a Ce Hamanu Temneparyparta Ha
MpexoBata Boga npean napoTypbuvHHaTa WHCTanauusi, Koeto BOAM A0 [OOMbiHUTESHO
Npou3BOACTBO Ha enekTpuyecka eHepruss Ha 0Gasata Ha TOMMMHHO noTpebneHve, nopaau
M3MOM3BaHEeTO Ha napa C MO-HWUCKO HamnsraHe B perynupyemMuTte napooTtHeManus unu Gownep-
KOHOEeH3aTopa 3a oOcurypsiBaHe Ha TOMMMHHWA TOBap Ha TonfnocHabautenHara cuctema.

Temnepatypata Ha obpaTHaTa MpexoBa BOAA OKa3Ba BNUsSHME BbpPXY edekTMBHOCTTa Ha
pabota Ha napoTtypbuHHata uHcTanauusa [3], TbW KaTo TS BRMsie BbpXy MPOM3BOACTBOTO Ha
enekTpmnyecka eHeprusa Ha 6asata Ha TONSIMHHO NoTpebneHune.

B HacTosAwma goknaa ce mscnegsa cbBMecTHaTa paboTa Ha napoTypbuHHa MHCTanaums 3a

KOMOVHMpaHO MpomM3BOACTBO M TepmonomneHa uHctanauus (TM) 3a nokpuBaHe Ha BbPXOBUS
TONMWHEH TOBap Ha TonnocHabauTenHarta cuctema. H1Mcko noteHumaneH N3ToOYHUK Ha TonmnuHa 3a
TIMW e obpaTHaTa MpexoBa BoAa OT TOMNMOMNPEHOCHaTa MpeXxa.



TonnoeHepreTvka 1 aApeHa eHepreT1ka 25

CbBMecTHa paboTa Ha MHCTanauus 3a Kom6uHupaHo npoussoacTeo 1 TMU

TepMonomneHaTta UHCTanauns Moxe ga npeHacs TOMfMHa OT HUCKOTemnepaTypeH U3TOYHUK
KbM cpefa C No-B1coKa TeMnepartypa KaTo ce Bnara gonbnHuTenHa paborta. HelHata epekTMBHOCT
3aBMCK OT TemnepaTypaTa Ha ABeTe Cpeau U TaxHaTa pasnuka.

Ha ¢ur.3 e npeacraBeHa npuHuunHa cxema Ha TEL ¢ npoTnBoHaneratenHa TypbuHa, B KOATO
€ WHCTanupaHa TepMOonomneHa WHCTanaums M BbPXOB BodorpeeH koten. TepmonomneHaTa
MHCTanaums ce BKN4Ba B paboTa cneg gocTuraHe Ha MakCUMarnHOTO HaTtoBapBaHe Ha Gonnep-
koHgeH3aTopa Ha [MTW. HatoBapBaHeTo Ha TepMomnoMmneHaTa MHCTanauus HapacTtBa W cnepf
AOCTMraHe Ha MakcMMmarHaTta Cl MOLLHOCT, ako TOMMMHHWUAT ToBap Ha noTpebuTtenute Npoabimku
[a pacTe, B paboTa ce BKIOYBa M BbPXOBUAT BOAOIPEEH KOTEN.

- - o e

SN

nr ") P — L~ KOH.IEH3ATOP ]»
N BBK - v

¢

®ur.3. CbBmecTHa paboTa Ha npoTMBOHaneraTenHa NnapotypobvHHa nHctanauusa n TMA

B pexvmun Ha HaToBapBaHe Ha LieHTpanarta, korato B pabota ce BkntodBa T, obpaTHaTa
MpeXXoBa BoAa Ce noasa B U3NapuTens Ha TepMonoMneHaTa UHcTanauus, Kb4AeTo oTaasa 4yacT oT
TONNMHATa CU Ha XNAgMITHUSA areHT, oxnaxkga ce, cnej KoeTo nocTbnea B 6omnep-koHaeH3aTopa,
KbAETO Ce noarpsia ¢ napa ot TypbuHata. lNMopagw BKNOYBAHETO HA TEPMONOMIMeHaTa UHCTanauus
npean 6onnep-koHaeH3aTopa TemnepartypaTta Ha obpaTHaTa MpexoBaTa Boa Ce NoHMXaBa, KoeTo
yBernv4yaBa Npou3BOACTBOTO Ha efnlekTpuyecka eHeprus oT napoTypbuHHaTa nHctanaums Ha 6asarta
Ha BbHLUHO TOMMMHHO NOoTpebneHne. ToBa NoBuLAaBa TOMNSIMHHATA MKOHOMUYHOCT Ha LieHTpanarta
[5].

Temnepatypata Ha obpaTHaTa MpexoBa BOAa € NPOMEHNMBA Npe3 rogMHaTa U 3aBuCK OT
KnumatuyHuTe ycnosus. C MOHWXKEHME Ha BbHLIHATa TemnepaTypa TS NNaBHO Ce MNOBULLABA.
CpepHoroguwHaTta n cTolmHocT ce konebae B MHTepBana 48 go 60 °C. CpaBHUTENHO BUCOKUTE
CTOMHOCTU Ha TemnepaTtypuTe ca npegnocraBka 3a paboTa Ha TepMonomreHaTa MHCTanauus ¢
BUCOK koedMUMEHT Ha npeobpasyBaHe.

MonyyeHata TonnuHa ot nsnaputenda Ha TTW ce npeHacs KbM KOHAEH3aTopa OT XNagunHug
areHT 4Ypes CrbCTsiBaHE B KOMMpecopa KaTo ce Brnara enekTpuyecka eHeprus.

OcHoOBHa BenuuMHa, KOATO XxapakTepusupa pabotata Ha TIU, e KoedUUMEHTBLT Ha
npeobpa3sysaHe Ha eHepruaTa unm COP (Coefficient of performance) [2], konTo ce onpegens oT:

Q QN Ty
Nrry Ny T =Ty

COP - N )
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KbAEeTO:
Q« e TonnMHHaTa MOLLIHOCT Ha KOHOeH3aTopa Ha TepMonomMneHaTta nHectanauua, MW;
Qo — TONMMHHATa MOLLHOCT Ha n3naputena Ha TepMonoMmneHaTa nHctanauua MW;

Nms - €neKkTpuyeckaTa MOLLHOCT, KOSATO Ce M3Mosi3Ba OT KOMMpecopa Ha TepmoromneHaTa
nHctanauua, MW;

T, — abcontoTHa TemnepaTypa Ha XnNagunHus areHT B nanaputens Ha TN, K;

T« — abcontoTHa TemnepaTtypa Ha XnagunHusa areHT B koHaeH3aTopa Ha TIA, K;

N — KNA Ha TIN.

CneumdpuyHuAT pasxo Ha YCMOBHO rOpMBO 3a MPOM3BOACTBOTO Ha TOMMMHHA €Heprusi ot
kg/kWh) ce onpegens o [5]:

T
THH ?

TepmonomneHaTa uHctanauus (b

0,123
bT — 2 5
o ngﬂ -COP- (1 —Qcy ) MNem ( )

KbAeTo:

Ne, € CPEAEH KN 3@ NPON3BOACTBO Ha ENEKTPUYECKA EHEPIUS OT LEHTPanuTe;
Ney — KM Ha eNeKkTponpeHocHaTa Mpexa;

Q. — KoedULMeHT, oTyuTally COBCTBEHUTE HYXAM MNpW NPOU3BOACTBOTO Ha eneKTpuyecka
eHeprus.

YucneH npumep

Pasrnexga ce cbBMecTHaTa paboTaTta Ha NpoTMBOHanerarenHa napoTypObuHHa WHCTanaums
MP-66-130, TepmonomneHa uHCTanauusa ¢ TonnuHHa molwHocTt 10 MW un BBK. MakcumanHmst
TONNUHEH ToBap, konto MNTW oTnycka npes 6onnep-koHaeH3aTopa, € 130 MW.

Pasrnexga ce pexxum, npu KoWTo obpaTtHaTa MpexoBa Boga Ha TonnocHabauTenHata cuctema
nocTonea 3a noarpsieaHe B Oonnep-koHaeH3aTtopa ¢ TemnepaTtypa 50 °C. lMoarpsiBaHeTo Ha
MpexoBaTta Boga B Oomnep-koHgeHsaTopa e 50 °C. Wacnegpawkm pabotata Ha [1TU c
paspaboTeHus cumynaumoHeH mogen [3] ca nonydenun pesyntatuTte, gagenun B Tabnuua 1. Cneg
npecmaTaHMaTa CbC CUMMYNaUWOHHMA MOAEN Ha napoTypbuHHaTa MHCTanaumsa cneunduyHuaT
pasxo[ Ha YCIOBHO ropuBO 3a MPOM3BOACTBO Ha TonmnuHHa eHeprusa ot MNTU e nonyden 0,141
kg/kWh.

Tabn.1 Pesyntati oT NnpecmsATaHeTo

N, MW b, kg/kWh b7, kg/kWh

57,494 0,155 0,141

AKO cnep gocTuraHe Ha MakCMManHoOTO TOMMMHHO HaToBapBaHe Ha bonnep-koHaeH3aTopa npu
yBenuyaBaly, ce TOMfIMHEH ToBap Ha TonnocHabauTenHaTa cuctema, ce BKIYM BOAOrPENHUAT
KoTen, enekTpuyeckata MowHocT Ha IMTW He ce NMpoMmeHs, a ce yBenuyasa camoO TOMfMHHaTa
€eHeprusi, KOWTO LieHTpanaTta oTnycka. CneumpuyHMAT pasxos Ha YCNOBHO rOpMBO 3a NPOU3BOACTBO
Ha TonnuHHa eHeprua ot BogorpernHus koten e 0,137 kg/kWh cbrnacHo pedepeHTHUTE CTOMHOCTH
3a pasgenHo Npou3BOACTBO Ha TOMMMHHA eHeprus [1].

BmecTto BogorpenHus koten B paboTta Moxe Aa ce BKIIYM TEPMONOMIEHaTa uHcTanauus npm
cnefHuUTe onyckaHus - TemnepaTtypa Ha xnagunHus areHT B M3napuTens Ha TepmonomneHaTa
nHcTanauua 45 °C, TemnepaTtypa Ha xnaguiHusa areHT B koHgeH3atopa 105 °C n koeduumneHT Ha
nonesHo genctene Ha TMU npg — 60 % [2]. B pesyntat Ha pabortata Ha TepmonomnaTa
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TemnepaTypaTta Ha MpexoBaTa BoAda npen Gownep-koHaeH3aTopa ce noHmwkaea ¢ 2,8 °C n ¢
Temnepatypa 47,2 °C nocTbnBa B Hero, kKbaeTo T8 ce nogrpssa oo 97,20 °C. B koHgeH3aTopa Ha
TepMmoriomMneHaTa WHcTanaumst mpexoata Boga ce nogrpssa ¢ 3,8 °C. B cucrtemata 3a
TonnocHabgssaHe BogaTta nocrunea ¢ Temnepatypa 101 °C.

Cnep n3cneaBaHe Ha paboTaTta Ha napoTypOuHHaTa MHCTanaums CbC CUMyNaUMOHHUSA 1 Moaen
ce nosiyyaBa HapacTBaHe Ha enekTpudeckatra n MowHoct ¢ 1,040 MW. Tasnm mowHocT
npegcrtaensea 39,3 % ot HeobxogmMmara 3a 3agBWKBaHE Ha TepMornomnaTa.

B tabnuua 2 ca npeacrtaBeHn pesyntatuTe OT U3CneaBaHETO Ha CbBMecTHaTa paboTa Ha
WMHCTanaumusata 3a KOMOGWHMPaHO MPOM3BOACTBO M TEpPMOMomMneHaTa WHcTanaums. BenuumHute,
KOUTO ca AajeHu B TabnuuaTa, ca:

= erfleKTpuyecka MOLHOCT Ha MHCTanauusTa 3a KomorHupaHo npouseogctso — N, MW,

=  TONSIMHHO HaTOBapBaHe Ha koHAeH3aTopa Ha TIN — Qo, MW;

= enleKkTpuyecka MOLLHOCT 3a 3agBmxBaHe Ha T — Ntnu, MW;

= KoedUUMEHTHLT Ha npeobpasyBaHe Ha eHeprusita Ha TN — COP.

Tabn.2 Pesyntati oT npecmATaHeTo

N, MW Qo,MW NTnn,MW COP
58,534 7,354 2,646 3,78

B tabnuua 3 ca npeAcrtaBeHu pesyntatuTe OT CpaBHEHWETO Ha pasrnexjaHuTe BapuaHTy 3a
NnokpueaHe Ha Bbpxosus TonnunHeH Tosap (¢ TN unu ¢ BBK). MocoyeHnte BenuumHu ca:

e enekTpmyecka mowHocT Ha MTUN — N , MW;

e crneundnyeH pasxod Ha YCNOBHO rOPMBO 3a MPOU3BOACTBO HA eNeKkTpu4ecka eHeprus ot
ATU - b2", kg/kWh;

e cneundunyeH pasxos Ha YCITIOBHO rOPUBO 3a MPOM3BOACTBO Ha TOMMMHHA eHeprus ot MTU —
b, kg/kWh;

e cneundunyHeH pasxof Ha YCrOBHO ropvBO 3a NPOU3BOACTBO Ha TOMMMHHA eHeprua oT BBK
v TN = by, , kg/kWh.

CneumdpuyHuAT pasxo Ha YCMNOBHO FOPMBO 3a MPOM3BOACTBOTO Ha TOMMMHHA €Heprusi ot
TepMornomneHaTa MWHCTanauus e onpegeneH npu CpedeH Kng Ha enekTponpoM3BOACTBO Ha
LeHTpanu B eHeprunHata cuctema 34 %, COBGCTBEHM HYXXAW 3a eNeKTPONpon3BOACTBO 4 % M KNa Ha
enekTponpeHocHaTa mpexa 96 %.

Tabn.3 Pe3yntatu OoT cpaBHsABaHWUTE BapuaHTu

N, MW b, kg/kWh bT, kg/kWh bl ka/kWh
MP-66-130 + BBK 57,494 0,155 0,141 0,137
MP-66-130 + TMM 58,534 0,155 0,141 0,109

Bwxgoa ce, 4ye npu cbBMecTHaTta paboTa Ha npoTMBOHaneratenHata TypOuHa c
TepmornomrneHaTa MHCcTanaumsi, BbPXOBUST TOMJIMHEH TOBap Ce OTMycKa C MO-HUCHK crneuunduryeH
pa3xo[ Ha YCNOBHO ropvBO B CpaBHEHWE C BapuaHTa, NP KOWTO TOW Ce ocurypsisa OT BOAOrpeeH
KoTen. MIkoHoMMsiTa Ha YCNOBHO rOPUBO, KOSITO Ce MOCTUra npu 1M3nons3BaHe Ha TepmonomneHaTa
nHcTanauwms, e 280 kg 3a 1 vac.
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3akntoyeHune

B HacTtoswua pgoknag e  M3BbpLWEHO um3crnedBaHe Ha CbBMecTHata pabota Ha
npoTUBOHaneraTenHa napoTypbuHHa MHCTanauusa ¢ TepMOMNoMmneHa MHCTanaums B Ka4ecTBOTO CU
Ha BbPXOB M3TOYHMK Ha TOMNMNHA.

Mpu BkrtouBaHe B paboTa Ha TepMOMOMMeHaTa MHCTanauusa TemneparypaTta Ha MpexoBaTa
BOJAa Ha BXoda Ha Gonnep-koHAeH3aTopa ce MoHWXaBa. ToBa yBenuMyaBa MPOU3BOACTBOTO Ha
enektpnyecka eHeprns oT [T Ha 6asata TONNMHHO noTpebneHue, koeTo nogobpssa
e(eKTMBHOCTTa Ha UHCTanauusita 3a KOMOMHMPaHO NPOM3BOACTBO.

CneumdpuyHuAT pasxoa Ha YCroBHO rOpMBO 3a NPOM3BOACTBO Ha TONMUHHA eHeprus oT TMU e
NO-HUCBK OT TO3M Ha BOAOrPENHUs KOTeM, KOETO e NpeanocTaBka 3a peanusmpaHe Ha UKOHOMUS Ha
ropuBo.

MkoHoMMsATa Ha ropmBO Npu cbBMecTHaTa pabota Ha NMTU n TepmonomneHata wHcTanauus
pacTe C yBenuyaBaHe Ha KoeduumneHTa Ha TpaHcdopmauus.

Mpn cbBMecTHaTa paboTa Ha napoTypbuHHaTa MHCTanaums u TepMonoMneHaTa nHctanaums B
TonnocHabgmTenHata cMcTeMa ce reHepvpa AOMbIIHUTENHO KONMYECTBO TOMIIMHHA EHEPTUst, KOETO
paswmnpsaBa Bb3MOXHOCTUTE Ha LieHTpanaTa Aa OTnycka TOnnuHa Ha notpebutenute. BbpxoBuaT
BOJOrPEEH KOTEN MOXE Aa Ce BKMoYBa B paboTa cref n3deprnBaHe Ha Bb3MOXXHOCTUTe Ha T npu
pacTsLy, TONMHEH TOBap Ha notpebuTtenuTe.
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Analysis of technologies for cleaning smoke gases from thermal power plants
from sulfur oxides

Glazyrin S.A, Musabekov R.A., Zlatov N.B, Aidymbayeva Zh.A.

The article presents data on the analysis results of existing technologies for cleaning flue gas
from thermal power plants from sulfur oxides. Sulfur oxides generated from the combustion of solid
fuels in thermal power plants and emitted into the atmosphere are the basis of the so-called "acid”
rains on the planet Earth, and cause great harm to the environment.

Key words: thermal power stations, sulfur oxides, flue gases, cleaning technologies.

With the increase in production and use of organic fuel, the amount of flue gases and harmful
substances that are emitted increases. When burning 1 kg of fuel to the atmosphere, an average of
about 8 to 10 m3 of flue gases are selected, which include such harmful impurities as sulfur
components (sulfur di- and trioxides), nitrogen oxides, carbon dioxide, etc. In Republic of Kazakhstan
the greatest amount of pollution enters the atmosphere from heat and power plants and ferrous
metallurgy enterprises (in sum more than 50% of total emissions). Energy accounts for 25% of all
consumed energy resources, 75% is used for industrial and domestic heat, transport, metallurgical
and chemical processes.

The impact of thermal power plants on the environment depends on the type of fuel burned. So,
when burning solid fuel, a large amount of fly ash, unburned particles, sulfur and sulfuric anhydrides,
nitrogen oxides, gaseous products of incomplete combustion of fuel, fluoride compounds enter the
atmosphere and depending on the place of coal mining in gas and ash there is free arsenic, silica,
calcium oxide, etc. [1].

At the heart of all existing methods of purification from sulfur oxides lies the chemical purification
of flue gases. The cleaning technologies are divided into "wet", "dry" and combined.

At the heart of wet desulphurization methods is the chemisorption of SO, with alkaline solutions
or aqueous suspensions containing compounds with base properties (limestone, lime, ammonia,
dolomite, soda ash, sodium carbonate, alkaline wastewater) [2].

The second most common after wet desulphurization methods are wet-dry systems with
spraying of sodium-containing or lime suspensions (spray dryers). Such desulfurization systems are
equipped with about 20% of operating power plants in the world. According to this technology, to
absorb flue gases from sulfur oxide, an absorbent is introduced into the hot gas stream, most often
an aqueous slurry of lime. Lime binds SO,. After evaporation of water dry products are formed -
sulfite and calcium sulphate. The electrostatic or baghouse filter located behind the reactor catches
the dry salts together with the fly ash present in the flue gases, and further absorption takes place
on the large surface of the bag filter [3].

In addition to spray dryers, wet-fluid technologies using a fluidized bed reactor are also known
(where hot flue gases enter the bottom of a special reactor with a fluidized bed of inert material, and
a limestone aqueous emulsion for SO2 binding is blown above the gas supply, side, into the fluidized
bed) [23]. It is also proposed to combine ash collecting with desulfurization and to inject an aqueous
slurry of lime before the electrostatic precipitator (E-SOx technology) [4].

The least costly desulphurization technology used today at pulverized coal-fired power plants is
based on the introduction of a dry sorbent, most often limestone, directly into the furnace. At high
temperatures, limestone is calcined, and the lime released during this process binds sulfur oxide
formed during the combustion of coal. The greatest effect is provided by the addition of limestone to
the circulating fluidized bed. This method of desulfurization has recently been actively introduced in
power plants and is beginning to compete in the world market with wet-limestone systems [3].



30 HayuHa koHdepeHLma EMD 2018

Another method of dry desulfurization is based on the use of adsorbents linking sulfur oxide from
flue gases at temperatures 100—400 ° C. As adsorbents high-silica zeolites, double oxides and
hydroxides of metals (copper, iron, calcium, magnesium, aluminum), natural adsorbents containing
iron and manganese, and also clays with alkaline properties are used. Most effective SO, binds a
double oxide CuFe204 [5].

However, all of the above methods for trapping sulfur oxides are high-cost and metal-intensive,
each sulfur removal unit is a mini-plant. Also, the use of these methods complicates and increases
the cost of running a reagent farm.

At the same time, at each power plant a huge amount of different waste water with high salt
content and alkaline pH value: regenerative and washing water of water treatment plants, purge
waters of continuous and periodic blowing of boilers, waste waters of preserving solutions of heat
power equipment that are of great interest for increasing the degree of oxide capture sulfur from flue
gases at existing gas treatment plants.

Currently used ash collecting facilities with "wet" gas cleaning technologies allow to bind up to
10-12% of sulfur from the waste gases of boiler plants.

We conducted research into the feasibility of using waste water from a power plant in the gas
purification scheme at Ekibastuz CHP in order to increase the degree of sulfur oxide capture.

When using waste water containing a large amount of hardness salts (on average, up to 170
mEq/ kg), chlorides (up to 14,000 mg / kg), sodium cations and a small amount of SO4 anion sulfates
(up to 24 mg /1), for trapping oxides sulfur, the following chemical reactions occur.

It is known that the adsorption of SO2 by water can be represented by the following equilibrium

SOZ smoke+ HZO = SOZ waters + HZO = H+ + HSO3- = 2H+ + 8032- (1)
The final pH of the solution after absorption determines in which of the forms SO2 waters - HSO3 -

S0;% will be absorbed SO,.
The process of absorption of SO2 by hard waters is represented by equations

CaCl, + SO, + Hz0 < CaS0s + 2HCI 2)
CaS0; + SO; + H;0 « Ca(HSOs)s (3)
MgClz + SO, + H20 < MgSOs + 2HCI (4)
MgSOs + SO, + H,0 < Mg(HSOs), )

The formation of soluble bisulphites of calcium and magnesium occurs at an atomic ratio of Ca:
Mg - 1: 2 and a pH range of 2 - 4, which makes it possible to realize the process of sulfur absorption
in the liquid phase and avoid the formation of sparingly soluble deposits on the surfaces of the ash
collecting devices. An increase in the degree of gas purification from SO2 occurs with an increase
in pH, but due to the fact that starting with a pH of 5, joint absorption takes place and carbon dioxide

COs + H,O & HCO3 + HY, (6)

the content of which in flue gases is 2 orders of magnitude higher than the SO2 content, the
optimal pH should not be more than 7. Lowering the pH causes deterioration of absorption as a result
of a shift of equilibrium to the left. Therefore, the recommended pH range of the absorbing solution
is 5-7.

When the water that absorbed SO, is alkalized, CaSO3 and MgSOs are released into the solid
phase

Ca(HSO;3), + OH" + Ca?* — CaSOsl + H,0. (7)
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In addition, when using purging water, the following reactions occur
Ca(HCOs3), + SO2 —» Ca(HSOs), + CO2 (8)
2NaOH + SOz — NazS04 + H20 9)

Any alkaline water increases the degree of trapping the sulfur components of the gas and can
be used in scrubbers with wet ash collection. The efficiency of desulphurization depends on the
alkalinity (the pH of the irrigating water) and the salt composition.

At thermal power plants operating drum-type boilers, purge water is included in the waste water
composition, which has a highly alkaline medium. Adding a small amount of scavenging water to the
waste regeneration water raises the pH of the irrigated water and, consequently, increases the
degree of sulfur capture. At Ekibastuzskaya CHPP, studies were carried out on the dependence of
the pH of the mixture on the amount of purge water (ml) supplied to industrial water (Table 1).

Table 1
Dependence of the pH of the mixture on the amount of purging water added, at a pH value of
the purge water of 12.2

Volume of Volume of Volume of
urge water in urge water in urge water in

’i)heg mixture, a fheg mixture, a fheg mixture, a

mi mi mi
0 7,7 9 8,91 18 9,27
1 8,2 10 8,96 19 9,3
2 8,3 11 9,0 20 9,35
3 8,4 12 9,06 21 9,37
4 8,46 13 9,1 22 9,39
5 8,57 14 9,15 23 9,44
6 8,68 15 9,18 24 9,47
7 8,73 16 9,23 25 9,48
8 8,83 17 9,25 26 9,51

Calculations show that when 8 boilers work, the average load at the station is 400 t / h of steam,
hence the amount of scavenging water is 8 t / h, and the amount of flue gases is 500,000 m3/ h. To
scrub the scrubber (0.15 kg / m?) and the venturi (0.15 kg / m®), a total of 0.3 kg / m®of gas or 150 t
/ h of irrigation water is required. To increase the pH to 8.5, add 0.2% purge water or 0.3 t/ h. The
total amount of scavenging water is 8 t / h. And if you use a foam layer to spray the scrubber, the
water flow is reduced to 0.1 kg / m® per scrubber and a venturi or 100 tons of irrigation water.

To confirm the laboratory studies and calculations, pilot - industrial tests were carried out on the
existing equipment, during which the efficiency of use of waste highly mineralized regeneration and
washing waters of water preparation schemes was tested to increase the degree of trapping of ash
and sulphurous constituents from the flue gases leaving.

The average analysis of wash-up water, which was fed to a wet scrubber, had a hardness of 85
meq / kg. When the TPP is operating at a capacity of 500 m / h for the first stage of sodium cation,
the amount of waste water, when it is used again for the preparation of a regeneration solution using
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flue gases, is 33 tons per 1 regeneration. Water after the loosening of sodium cationite filters can be
reused as the initial one after settling it in a separate tank, and the sediment from the tank should be
directed to a wet scrubber as irrigation water. The amount of such water at Ekibastuzskaya CHPP
is about 70 m3/ h.

According to the VET of Ekibastuz CHP, the amount of blow-by water of boilers averages about
2.0%, which averages 7.9 tons per hour.

Conclusion

The use of waste water with high salt content in existing flue gas treatment plants allows to
increase the efficiency of sulfur removal to 28%, the use of waste alkaline flushing water of boilers -
up to 52%.
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PerynupaHe Ha nokasaten - pH Ha po6aBb4yHaTa BoAa 3a TonsionpeHocHarTa
mpexa Ha TEL “Codoua“

Ctoun Pyces, bopucnas UrHatos

B meKkywus Ooknao ca paaeneOaHu rnpakmu4yeckume mMemodu 3a enusiHue 8bpXy cmolHocmma
Ha pH e monnoHocumerns, Uupkysriupaw, 8 maonrioripeHocHama mpexa, ¢ uesl HamarsideaHe Ha
KOPO3UOHHU ripouecu.

Kno4yoBu aymu: Tonnogvkaums; geaepaumsi; ankanusnpade

Adjustment of indicator - pH of the supply water for the heat transmission
network of TPP "Sofia"

Stoil Rusev, Borislav Ignatov

The current report examines the practical methods of influencing the value of the pH in the
heat carrier circulating in the heat transmission network in order to reduce corrosion processes.

Keywords: district heating; deaeration; alkalizing

OcHoBeH npobnem npu ekcnnoatauusita Ha TONMONPEHOCHATa Mpexa e NoAAbpPXaHeTO Ha
npaBuneH BOAOXMMUYEH pexuM. TON 3aBUCK OT (PYHKLMOHMPAHETO Ha CbOpbXKeHUATa, KoMTo ca
NPSIKO CBbP3aHu C Hed. Ha Teopusa Te umaTt onTumarneH pexvm Ha paboTa, KouTo obaye He e necHo
U3MBbAHMM MpakTudeckn. JbnroroguiiHata UM ekcnnoartaums Bogu 40 HaMmarnsiBaHe KaueCTBEHOTO
Ha nogabpXKaHe HOMUHaNHW napameTpu.

OT u3knouMTENHA BaXXHOCT Ca M XapakKTepUCTUKUTE Ha BoaaTta, fobaBsHa KbM MpexaTa 3a
JonbriBaHe Ha 3arybute, a MMEHHO Taka HapeveHaTa nodnumeka.

B npoueca Ha HopmanHa ekcnnoaTtauuda Ha TIM HensbexHo ce cTura 4O MOMEHT, B KOWTO He
€ Bb3MOXHO MOCTUraHeTO Ha onTumarnHu napameTpu. ToBa cb3gaBa HeobxoAMMOCT oT JobaBsHe
Ha peareHT, HOCel, WMETO KOpeKYUOHeH. HeroBaTa OCHOBHa LUen e Bb3npensTcTBaHe
06pasyBaHETO Ha HaKuMMU 1 KOPO3UOHHU MPOAYKTU.

CtonHocTU 1 napameTpu Ha BogaTta B TIM.

Jonyctnmmnte CTOMHOCTM Ca AICHO onpeaeneHy B OCHOBHaTa HopmaTtuBHaTta ypeaba, kosato TEL]
,Cocuns“ cnasea npu pabotata cu, a umeHHo HAPEOBA Ne 9 or 9 KOHW 2004r. 3A
TEXHNYECKATA EKCIMINOATAUNA HA ENEKTPUYECKWU LULEHTPAIT N MPEXKI:

,4n. 528. 3a sodama 3a 3axpaHeaHe u OornbrisaHe Ha 80002peliHU KOMJIU U mOori/iornpeHoCHU
Mpexu ce onpedenisim riokazamesume:

1. cbOBpIKaHUE Ha pa3meopeH KUCIopoo- He nogeye om 50 ug/dm?® ;

2. obwa mebpdocm- He nosede om 50 ugeq/dm? ;

3. cbObpXKaHUe Ha 8bereHa KucernuHa kamo CO2 — He ce donycka;

4. crOBpxaHuUe Ha ce0b600OHO ducrnepaupaHu selecmsa- He o gedye om 5 y g/dms ;

5. cmotiHocm Ha pH — om 8,0 0o 9,5

CtonHocTTa Ha pH e npsiko cBbp3aHa ¢ 00pa3yBaHETO Ha HEXenaHW KOPO3UOHHK npouecu. B
pacbuka 1 e npeacraBeHa Tasm 3aBmcmmocT B Mils/yr oTHeceHu kbMm pH Ha BogaTa.(1 Mils = 0,0254
mm)



34 HayyHa koHdepeHLma EMD 2018

a M B~ o 0 O K

Corrosion Rate - Mils/Yr

6.5 7 7.5 8 8.5 b 9.5

pH
Mpacmka 1.CKopoCT Ha Kopo3ns

KpuBaTa ce oTHacs 3a BbIMepogHM CTOMaHu, CKOPOCT Aa noToka ot 1,6 m/s u cbabpxaHue Ha
kucnopog 20 pg/dm3.

B HauaneH TpbbonpoBog Ha |-Ba rpagcka marnctpana Ha TP ,Coduna“ kbaeto gnameTbpbT Ha
Tpbbonposoga e 1200 mm e gocturHat makcumaneH aebut ot 2680 m3/h. ToBa o3HavyaBa, 4e
ckopocTTa Ha TonnoHocutens e 0,65 m/s. MNpu nogabpxaHe Ha cToOMHOCTM Ha pH okono 8
KOpPO3WOHHMTE npoLlecu e oTHemaT no 0,2 mm/yr oT cTeHaTta Ha Tpbbonposoaa. B TEL, Codus
MMa cregHaTta cxema Ha gonbnBaHe Ha TTM :

BpbLialla
Maructpana

= s

~ L1 nm

. nnAa J Cochus

p— Tp=<50
nnn pH=8,085
0, =<50
.;';:‘g, = ] CIB =Smafl
bK -
|| | nogasawmu
MarncTpanu

durypa 1.Cxema Ha gonbnBaHe ¢ Ao6aBbyHa Boaa

MponsBegeHaTta omekoTeHa Boda B uLex ,XUMUYECKM* ce nogaBa BbB BOAOMOArOTBUTENHA
WMHCTanaumusa 4ypes nomna gobaesbyHa Boga. Bbe Bl Bogata ce noarpsisa go 112 °C u ot 1am
noctbnea BbLB [oAnMTOYEH feaepaTop KbAETO Ce Aeaepupa OT KOPO3MOHHOAKTMBHUTE rasose O, 1
CO, . Cnep ToBa 4pe3 nomna Bodarta gonbrea 3arybute BbB BpblUawaTa maructpana Ha TIIM n B
3aBMCUMOCT OT TekyLlaTa paboTHa cxema Ha TEL| T4 ce noarpsiea B CbOTBETHO BornepHu ypeaou,
fonnep KoHAeH3aTop Wy BogorpeeH koTen. [ocTuraviku 3agageHata Temnepatypa BogaTta ce
n3npatia 4ypes rpagckvm Marmctpanm KbM KOHCyMaTopuTe.

MeToawu 3a perynupaHe Ha pH

lMacueeH memod — [Jeapauyusi

OCHOBHWTE KOPO3MOHHO arpecuBHU ra3oBe, KOMTO Ce CbabpxaT BbB BogaTa, ca O, n CO,. 3a
TAXHOTO OTAENsIHE Ce U3nons3eart peavua Metoaun. B cboTBeTCTBME ChC 3akoHa Ha [JanToH o6LwoTo
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HandraHe Ha eHa rasoBa CMeC P, € PaBHO Ha cymaTta OT napuuanHuTe HanaraHus Ha OTAenHuTe
ra3oBW KOMMOHEHTU P1, P2 , P3.....Pn.

C nosuLiaBaHe Ha TemnepartypaTta, NapumnanHoTO HansaraHe Ha BogHWUTE napuv ce yBenuyasa,
HO napumanHUTe HanaraHUs Ha pasTBOpPEHUTE ra3oBe - Hamangaea. Korato HandraHeTo Ha BOgHUTE
napu ce n3paBHU C BLHLUHOTO HandraHe, BoaaTa 3anoysa fa kunu, To Toraea:

Po = szO

P=0

3akoHuTe Ha XeHpu 1 [anToH nokaseaT cTaTukata Ha OecopOLMOHHUTE MpOoLECHU, HO He
onpegendart KMHeTukaTta, T.e. CKOPOCTTa Ha MaconpeHacsiHe, Npu KOeTo ce AocTura 40 U3BOAa, ve
nocpeacTtBoM Aecopbuus He MOxe [a ce MOCTUrHe MbMHO OTAEeNsiHe Ha rasoBeTe OT Bojarta.
OcTaTtbyHaTa KoHUeHTpaumsa Ha gecopbupanusd ras (Cocr, mg/l) ce onpegens ot nspasa:

Cocr= -Ci/eXFT

KbOeTo:

C:- KOHUEHTpaumMaTa Ha rasa BbB BogaTta npeau gecopbuusara mg/l;

F- KoHTakTHaTa NoBbPXHOCT Ha gecopbepa , m?;

T- NPOABbMKNTENHOCT Ha AeCOPOLMHHNS NPoLEC, S;

K- KOHCTaHTa

Tyk ce Buxaa, 4ye 3a aa ce Hamanu Cocr € Heob6xoaMMO Aa ce yBenuyaTt BpeMeTo Ha gecopbuus
N KOHTaKTHaTa NoBbPXHOCT. bnaronpuatHo BNusaHWE okasea U yBeNMYaBaHETO Ha TeMnepaTypaTa,
Tbl KaToO TOBa YyckopsiBa Audpy3nsiTa Ha rasoBuTe MOMeEKynuM B TevHaTa hasa M Hamanssa
CbOTBETHUTE KOEULMEHTU HA aacopbuus.

To3n MeTof ce Hapuya NacuBeEH, 3aLLOTO HE Ce Hy)XAae OT AOMbJIHUTENEH peareHT 3a ga ce
ocbLyecTBu. [Npu nonyyaBaHe Ha gobpa geaepaunsa O2 n CO, ce nsnapsieaTt 1 ToBa Bogu 40

nosuvwaBaHe Ha pH Ha BogaTa.

H>CO3 ce Hapuya paBHOBeCHa BblfieHa KucenunHa. Ta e Npsiko CBbp3aHa C pa3TBOPEHUSAT BbB
BogaTta CO2 nocpeacTBOM paBHOBECUETO:

H>0 + CO2 « H,CO3

To3n n3pas gaBa Bb3MOXHOCT NpupoaHaTa BoAa Aa ce krnacuduumnpa B TP OCHOBHU FPyMu:

e CmabunHa - korato dmanyeckata KoOHLEeHTpaums Ha pas3TBopeHuaT B Hesa CO; e paBHa Ha
paBHOBeCHaTa.

e HecmabunHa — B criyqanTe korato KoHueHTpauusaTa ¢ ceobogeH CO, B Hes e N0 —Marnka oT
paBHOBeCHaTa.

o AecpecusHa — KOHUeHTpauusaTa Ha cBobogeH CO; B Hes e No- ronisiMa OT paBHOBECHAaTa.

CbOTHOLWEHUATA MexXay OTOENHUTE KOMMOHEHTUM Ha BbIMEeABYOKMCHOTO paBHOBECUE
(CO2,HCO3,CO3) npsiko 3aBucAT oT pH 1 OT TemnepaTypaTa, KakTo € Mokas3aHo B criegsaliaTa
rpacuka:
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durypa 2.CbabpxaHue Ha CO2,HCO3,CO3 B 3aBMcnmocT oT pH Ha BogaTa

Mpwn pH <4,3 BLB Bogarta ce cbabpxa npegmmHo ceobogeH CO». Mpu pH = 8,4 cbabpxaHMeTo
Ha CO2 e HyneBo 3a cMeTka Ha cbabpxaHneto Ha HCOs. lMpu pH < 8,4 ce noBuwaea
CbObpPXXaHMETO Ha kapboHaTHUTE OHM 3a cMeTka Ha bBukapboHaTHUTE.

Taka otBexgaHeTto Ha CO» OT BoAaTa NOCPEACTBOM M3NApEHWETO B JeaepaTtopa BOAW A0
n3MecTBaHe Ha CTOMHOCTTa Ha pH B ankanHaTta 30Ha.

AkmueHuU memodu

AnikanusupaHe 4pe3 dobassHe Ha Hampuesa ocHosa (NaOH)

M3nonaeaHuaT BXP 3a kopekunoHHa obpaboTka Ha KOTroBaTa BOA4a Ha EHEPrMNHUTE KOTNK B
TEL, ,Codmsa” e docdaTtHua BXP c kopekumoHeH peareHT TpuHaTpueB docdaT NasPOs. Ton ce
posnpa B 6apabaHa Ha naporeHepaTtopa (Npy CTbhanHo m3napeHue B 4Ynctus aan). doccaTtute
npegoTepaTtsiBaT 06pa3yBaHETO Ha KanuMeBU HAaKUMM BbPXY HarpeBHUTE NOBbLPXHOCTU 1 KOpUrmpaT
pH Ha koTnosaTa Boaa.

NazPO4 + 3H,O — 3NaoH + H3zPO4

MpouechbT Ha xnaponusa e TpucteneHeH. MNpn pH>8,5 Ha koTnoBaTa Boga He ce obpasyea
Hakmn goccaput Casz(POs)2, a necHo noaswxkeH wnam ot xuapokcunanatut Cas(PO)..Ca(OH),
KOWTO ce oTAens OT KoTroBaTta BoAa Ypes3 NpoayxBaHe.

To3n MOTOK HapeyeH MOCTOsIHHa NpodyBka ce oTBexda B pesepBoapa Ha [loannMTOYHUAT
JeaepaTtop, KbOEeTO [AONbMHUTENHO ankanu3upa pJobaBbyHaTa Boga. Taka Mpu npasBurHa
Aeaepaums n gobaBeHa NOCTOsIHHA NpoAyBka ce nogabpxa pH Ha gobaBbyHaTa Boga B rpaHULnTE
8,5-9,5.

KakTto 6e cnomeHaTo no-paHo, MMa criyyan B KOUTO He € Bb3MOXXHO Nogabp)KaHe Ha HOMUHAaMNHU
napameTpu B Aeaepartopute. [logaBaHeTo Ha gobaBbyHaTa BoAa Ha4 MakCMMarHuTe UM ToBapwu
BOAW A0 HeJoCTaTbyHa Aeaepauus, Tbil KaTo ce HamansBa BpeMeTo Ha npecton. VMima n cny4vau, B
KOMTO MMa HefJoCTUr Ha Adeaepupalla napa, KoeTo cb3gaBa HeobxoAMMOCT OT CUCTEMHO
ankanusmpate.

HaTpueBa ocHoBa ce nmogaBa B pesepBoapa 3a Bofa BefHara criefi HeMHOTO OMEKOTSBaHe.
Taka pH Ha gobaBbyHaTa Boga Moxe fa ObAe KOHTpOMMpaH olle npeau NnocTbNBaHETO N BbB
BOOOMOArOTBUTENHATAa MHCTanaums.
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Ha 6a3a xumu4yeckun aHanuan e ycTaHOBEHO, Ye 3a noBuLlaBaHe pH Ha omekoTeHaTa Boda OT
6,5 oo pabotHo pH 3a gobaBbyHa Boga € Heobxogum 1 nMuTbp 49%-Ha TexHM4Yecka HaTpuesa
ocHoBa. Korato o6ade ocHoBaTa ce [o3upa B pe3epBoap He ce noslydaBa 4oOpo XOMOreHusnpaHe
Ha BofaTa c peareHTa. 3aToBa fo6aBsiHETO HA OCHOBATa CTaBa TOMHO Haf BXOASLIUSA NOTOK BoAda
B pesepBoapa. Taka cMecBaHeTO cTaBa Obp30, Npean OcHoBaTa Oa Ce yTauM Ha ObHOTO Ha
pesepBoapa.

: | Bxonaw Tprbonposon

Pezepeoap
OwmekoTeHa Boga

durypa 3.Cxema Ha pobaesiHe Ha NaOH B pe3epBoap 3a omeKkoTeHa BoAa.

AHanunsu v usBogu:
Ot Tabnuua1 ce gokasea 4OOpPO CMecBaHe Ha peareHTbT C BogaTta BegHara crnep pesepBoapa,
npensug HanpaBeHNTE NpeaBapUTENHN aHannau.

Tabnuua 1
pH Ha pH Ha pH Ha Konunyectso
[o6aBbyHa | omeKkoTeHa BoAa nobaBbyHa
oMeKoTeHa Boaa NaOH posupaHo
Boaa, t/h npegu Boda creg
cnepg pesepsoap B pesepBoap , I/h
pesepBoap JeaepaTop
200 6,2 7,0 8,4 2,0
200 6,3 7,5 8,9 2,5
200 6,4 8,0 9,0 3,0
200 6,3 8,5 9,3 3,9
200 6,3 9,0 9,5 4,0

3aknioueHune:ToBa e eAuH NECHOAOCTbINEH BapnaHT 3a KopeKUua Ha AobaBbyHaTa Boda npu
HEeBb3MOXXHOCT OT MoaAbpXKaHe Ha HOMUHaNHUTE nokasaTtenu uManku npeasus Ye moxe aa 6bae
OCBbLLECTBEH B paMKuUTe Ha eanH paGoTeH AieH NPy HanUYHOCT Ha MaTepuanure.
e LlleHaTa 3a M3nonssaHaTa HaTpMeBa OCHOBA HaMbLIIHO Ce ornpaBAaBa ako Ce CbMNoCTaBu C

LieHaTa Ha nogMsiHaTa Ha KoposupanuTe TpbbonpoBoau.

M3non3BaHu cbKpalleHus:
TEL, — TonnoenekTpuyecka LeHTpana;
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TP — TonnogukaunMoHeH panoH;

pH - BogopooHuaT nokasarten, u3passiBall, HUBOTO Ha KMCESNTMHHOCT UMW ankanHocT Ha gadeH
BOJEH pasTBOp;

TMM — TonnonpeHocHa Mpexa;

BXP — BOOQOXUMUWYEH PEXUM;
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MepnogunyHo KanMbpupaHe Ha pagMoOMeTPUYHN NNTbTHOMEPU
Mapuena MnageHoBa

Pe3rome: B doknada e npedcmaseHo KanubpupaHe Ha 22 6posi paGuoMempuUYHU MiTbIMHOMEPU,
UHcmarnupaHu Ha dea cbla, 8 KOUMO Ce OCblecmasisa Kamanumu4eH rnpouec. HanpaseHo e
e0HOMmMOYKo80 KanubpupaHe C [pecMsmaHe Ha [MIbmHocmma 8 3asucuMmocm om
memMnepamypama. [eldHocmume ca U38BbPWEHU 110 8PeMe Ha mecmosu U3NuUMaHus Ha
UHcmanayusima, npeodu riyckaHemo U 8 HopmasieH pabomeH pPexum.

KniouyoBu aymu: nnbTHOCT, pagmMoakTUBEH U3TOUHUK, ETEKTOP, KannbpupaHe, peaktop

Recalibration of radiometric densitometers
Mariela Mladenova

Abstract: The report presents the recalibration of 22 radiometric densitometers installed on 2
vessels in which catalytic process takes place. A one-point calibration was performed by calculating
the density by using the temperature dependence. The activities were carried out during the
performed tests, before the installation switch to normal operating mode.
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BbBeaeHue

B cpepaTta Ha MMHanusa BeK pagMoM3oTOMHUTE ypeau ca ce M3Mnon3Banuy rmaBHo 3a pellaBaHe
Ha npobnemu B uHgycTpuanHuTte npouecun. OtToraBa ynotpebara um 3anodsa ga ce yBenvdasa
NOCTOsIHHO. [lHec, Te ca LMPOKO WM3MNOS3BaHN B pPasfnMyHM UHOYCTPUM 32 OMNTMMU3MPaHE Ha
npolecuTte, pellaBaHe Ha Npobrnemu, nogobpsiBaHe kKa4eCTBOTO HA NPOAYKTa, NECTEHE Ha eHeprus
1 HaMansBaHe Ha 3aMbpPCsBAaHETO Ha OKoMnHaTa cpefa.

PagnomeTpnyHNTE NABTHOMEPU Ca UIKMIOYMTENHO NOAXOAALM 3a M3MepBaHe Ha TEYHOCTMH,
CMeCH OT TEYHOCTU, TBbPAU YacTULM, NyfnoBe U CYyCNEeH3UMN.

HedpToxumuyeckata u XuMmMumyeckata MNPOMULLNIEHOCT Ca OCHOBHWUTE MoTpebutenn Ha
pagMon3oTonHaTa TEXHOMOMMS, Tb KaTo NpoLecuTe B TE€3M MHOYCTPUN CE XapaKTepU3npaT C BUCOKU
TemnepaTypu, BUCOKO HansraHe n KOpo3moHHM cpean. ToBa Hanara u3nosn3BaHeTo Ha 0e3KOHTaKTHU
MeTOAN 3a N3MepBaHe.

Mpeasma BUCOKMUTE TeMnepaTypu U HansraHe Ha NpoAyKTa, BaXXHO 3a TEXHOMOMMYHUSA NpoLiec e
TOYHOTO M3MepBaHe Ha NITbTHOCTTA. 3a LUenTa kanmbpupaHeTo Ha cucTeMuTe 3a N3MepBaHe e oOT
N3KITHYUTENTHA BaXKHOCT.

B Hsikom ocobeHun cny4vau, Kato peMOHT M NpodmnakTMka Ha NpPoM3BoACTBEHATA UHCTanaums
Unu gpyra AernHOCT, KOSATO OU Hapylumna XxapakTepucTMkuTe Ha naMepBaTenHaTa cuctema, Hanara
NepMoANYHO KanubpupaHe rama-niabTHOMEPUTE.

OBeKTbT Ha goknaga e NepMoanyHo kanubpupaHe, B CreAcTBME Ha PEMOHT Ha NMpOMULLIIEHA
WHCTanauus. [1se cuctemm oT pagmomeTpudHn NTbTHOMEPU Ca MHCTanNMpaHn Ha ABa egHaKBM Cbaa,
KOUTO M3MepBaT MITbTHOCTTA HA MHOrocpaseH NMOTOK MO BMCOYMHA UMW C OPYrU OYMW, CUCTEMUTE
cnyxaT 3a onpegensHe Ha npodwuna Ha nnbTHOCTTa. [pouechbT ce XxapakTepusanpa C BUCOKa
TemnepaTtypa, KoaTo Npu HopmanHu paboTHu ycrnosus goctura go 400 °C.

KanubpupaHeTo Ha cuctemum 3a M3aMepBaHe Ha NIIbTHOCTTA Ha MHOroasHu NOToUU MOXe Aa
Oboe HanpaBeHO nMo 2 HayuMHa. KaTto m3bopbT 3aBUCKM OT ycCnoBusiTa B MNPOW3BOACTBEHOTO
npeanpuaTne, KOHTponNupaHaTta cpeda W xenaHata npeumsHoCT Ha namepBaHeTo. KanmbpupaHe
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MOXe [a ce HanpaBu Ha 0asaTa Ha egHa M3mepBaTefiHa Todka UM Ha OBe TOYKM, T.e. MOoXe Aa
O6bae M3BBLPLUEHO €QHOTOYKOBO UM ABYTOYKOBO KanubpupaHe.

B 103K cnyyan, cuctemnTe OT NITBLTHOMEPKM ca KanubpupaHu No efHa To4ka, KaTo e oTYeTeHa
TemnepaTypHaTa 3aBUCMMOCT Ha NITbTHOCTTA Ha NPoAyKTa.

M3mepBaHe Ha NIBLTHOCT NO BUCOYMHA — onpeaernsiHe Ha ,,[1Ipocdun Ha nnbTHOCTTA
Toau meToq Ha M3MepBaHe ce U3Nos3ea, koraTo B Cbaa TpsibBa fa 6bae namepeHa NibTHOCTTA
Ha HSKOMNKO pasn Ha npoaykta WM M3MepBaHEe Ha MNNBbTHOCTTA Ha pPasfuMyHU NPOLYKTW.
M3mepBaHeTo Ha npodwuna Ha NAbTHOCTTAa Hamupa NPUIOXEeHWe Mpu MPoLecU Ha pasgensHe
(Hanpumep B cenapaTtopu), 3a ga ce nonyyu nHdopmauusa 3a pasfgensHeTo Ha maTepuanuTte Ha
oTaenHu dasu nnm B npouecu 3a oboratsiBaHe (Hanpumep B peakTopu), 3a Aa ce nHgopmmupame 3a
MITbTHOCTTA Ha NoSlyYeHust NpoaykT. MNponsBognTenuTe Ha paguoMeTpPUYHK cucTeMu npegnarat 4
BapuaHTa Ha UHcTanaumsa 3a uamepBaHe Ha npoduna Ha nnbTHOcTTa [1]. ToBa ca:
- MPBYKOBMAEH M3TOYHUK, Pa3nonoxeH B Tpbba B CbAa M TOYKOBM AETEKTOPU, HaMuMpaLLm ce
OT BbHLUHAaTa cTpaHa — dwr. 1a;
- WaxMaTHO pasnpegerieHne C TOYKOBM U3TOYHULUM M TOYKOBU aeTekTopu. N3TouyHuuuTe ca
pasnonoxeHu B Tpbba B CbAa, a Mexay ABa N3TOYHUKA € pa3nosioXeH AETEKTOp, HamMmupaLy,
ce OT BbHLUHATa cTpaHa — dur. 16;
- obpaTHO pasceviBaHe — U3TOYHMLUMTE U OEeTEKTOpUTE Ce HammpaT OT BbHLUHATa CTpaHa Ha
cbaa — dur. 18;
- TOYKOBW W3TOYHMLUM, pa3nosfioxkeHun B Tpbba B CcbAa M CPeLLynOSfioXKHO Pa3nofioXeHn OT
BbHLUHATa CTpaHa Ha Cba TOYKOBM geTtektopu — dur. 1r.
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dur. 1 Bugose cuctemun 3a onpegensHe Ha ,[Mpodun Ha nabTHOCTTA"

MeprnoanyHoTO KanNnMbprpaHe e HanpaBeHO Ha CUCTEMA C pa3ronoXeHue, nokasaHa Ha dur. 1r,
€T0 3aLo camo T4 we 6bae onncaHa no-nogpobHo.

CpelLLynonoXxHOTO pasnosiokeHrMe Ha cucTtemarta U3TOYHUK - JETEKTOP Ce CbCTOM OT HSKOJIKO
TOYKOBM UITOYHMLM M TOYKOBWM OETEKTOPWU, KOUTO Ca OpPUEHTMPaAHM €OuH KbM OpYr Ha efHa
BUCOYMHA. ToBa pasnpedeneHune Lie OCUrypu MHOro TOYHa CTOMHOCT Ha MMbTHOCTTa 3a Tasu
KOHKpETHa To4ka Ha uamepBaHe. To3u TUMN pas3nonoXeHne Ha cuctemMarta U3TOYHUK - AETEKTOP ce
13non3ea, KoraTo:

- 006xBaTbT Ha U3MepBaHe e ronsM;
pascTosiHMeTo Mexay getekropute e > 300mm;

- N3UCKBa Ce& MHOrO NpeLmsHO U3MepBaHe Ha NITbTHOCTTA;

- CbAbT e c oebenun cTeHu.

lMponsBognTennte Ha CUCTEMW 3a onpedensHe Ha npoduna Ha MAbTHOCTTA NpenopbyBat
n3nons3BaHeTo Ha pagunoHyknuaa Cs-137 [2], [3]. Mpy n3nonssaHeTo Ha Le3nin cUrHanbT Wwe 6bae
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no-To4eH nopagu ToBa, Ye NoYTU HAMa Aa 6bae noBnusH oT KoMnTbLHOBOTO pascenBaHe. Cbluo
Taka getekropute Morat ga 6baat nocraBeHu nNo-6n1M3o eanH o ApYr, 3a Aa ce Nnokpue no-ronsma
yacT oT namepBaTenHuns obxeart. Co-60 ce n3nonssa camo koraTo gedenvHaTa Ha cTeHaTa Ha cbaa
e TBbpae ronsiMa unu 3a ga ce nsberHe MHOro Bucoka aktuBHoct Ha Cs-137. MNpu opa3mepsiBaHe
Ha U3TOYHUKa, TpsAbBa Aa ce uma npeaBud, Ye aKkTMBHOCTTa Ce yOBOsIBA, MOPaaM CPaBHUTENHO
6rM3KOTO pasnonoXxeHue Ha ABa CbCeAHM U3TOYHUKA.

Coblo Taka ce Hanara BCeku aeTekTop Aa 6bae ¢ akcnanHo pasnorioXeH konumaTop, 3a Aa ce
orpaHuyaT MbYnTe OT CbCEAHUTE U3TOYHULM Ha NOHMU3UPALLO MbYEHNE.

KanubpupaHeto Ha TO3M Tun cuctemu e ABa Buaa. [lpenopbunTenHo e ga ce M3nonssa
OBYTOYKOBO kannbpupaHe ¢ ABa pa3nuyHu cdnynaa, YMaTo NbTHOCT € B 06xBaTa Ha U3MepBaHe.
KoraTo HfiMa BB3MOXHOCT [a ce OCUrypsaT ABa pasnuyHu dnynaa ce usnonssa €4HOTOYKOBO
kannbpupaHe, npu koeTo Tpsibsa Aa 6bae BbBeAeH ToueH KoeduuMeHT Ha norfmbliaHe. [Noseye
nHdopmaumsa 3a BugoseTe kanubpupaHe Ha rama-nnbTHOMEPUTE € AafdeHa B NpeaxodeH Joknaa

[4].

[aHHK 3a 06eKTa U TeXHUYECKM XapaKTePUCTUKU ToukoBM
CucTemnte 3a onpefensHe Ha npoduna Ha | ferekropu
NObTHOCTTA Ca WHCTanMpaHu Ha [Ba nocriefoBaTerHu 3awmTen
cCbda 3a XxuaporeHupaHe — [ABa peakTopa. Bcska ) KoHTemnHep

n3MmepBartenHa cucrema ce cbCton OoT 11 Bpos TOuKOBU
N3TOYHULN, pa3nonoxeHu B Tpbba B CbAa U pasnonoXeHu
cpely Tax 11 6posA TOYKOBU OETEKTOPU, MHCTaANMpaHn Ha

BbHIWIHATA CTeHa Ha cbaa. WMHcTtanupaHeTo Ha aBete A
CMCTEMM € HaMbIHO MAeHTMYHOo. CxemaTta e nokasaHa Ha Toukosu
N3TOYHULIN

our. 2.

Tbn KaTo cTaBa BBMAPOC 3a TEXbK TEXHOMOIMYEH
npouec, NpoTuvyaly, npuM BUCOKa TemnepaTypa M BUCOKO
HandraHe, cbabT € pgebenocteHeH W ToBa Hanara
M3MOoN3BaHeTo Ha To4ykoBU u3TodHMUM Co-60 BMecTOo
npenopbyaHus Cs-137. Mo BMCOYMHA M3TOYHMUUTE ca C
pasnun4yHa akTMBHOCT. [ocTaBeHMTe No-40My U3TOYHMLM ca
C MO-BMCOKA aKTUBHOCT, Tbl KaTO NPOAyKTa € MOo-MibTeH.
MnbTHOCTTAa Ha MpOAyKTa HamansiBa MO BUCO4YMHA, €TO
3aLl0 N3TOYHMLMTE, Pa3nofIOXKEHM B ropHaTa 4acT Ha CbAa,
ca nogbpaHu C NO-HUCKa aKTUBHOCT.

CamuTe M3TOYHMLM Ca 3aKpeneHn Ha CTOMaHEeHN
BbXeTa. Bcako BbXe e ¢ pasnuyHa gbJKUHaA, cnopeg
HeobxogumaTa No3nuusa Ha M3TOYHUKa. 3akavyeHnTe Ha
TAX M3TOYHULM Ca cnycHaTy B ob6cagHa Tpbba, KoATo e
pasnonoXeHa acUMeTPUYHO.

HREn—

dur. 2 Cxema Ha MHCTannpaHarta cuctema

B ropHaTta 4acT Ha cbaa € UHCTanMpaH OfOBEH 3alUNTEH KOHTENHep. [pn HopmanHa paboTa Ha
WMHCTanaumnaTa, KOHTEMHEPBLT € npaseH. Npu Hyxaa oT nogapbXka Ha CbOPBXEHMETO MW Opyru
OEeNHOCTU, U3MCKBAaLLWM u3npasBaHe Ha cbAa 1 paboTa Ha cneumanncTu OKomo Hero, 3TOHNLUuTe ce
npubupart B KOHTENHepa.

M3nonaeaHu ca CUMHTUNaUMOHHK getektopu ¢ kpuctan 50x50 Nal. [leTekTopbT ce cbCToM OT
CUMHTUIIATOP, (POTOENEKTPOHEH YMHOXWUTEN, OENUTEN Ha HanpexeHue n enekTpoHeH 6ok 3a
06paboTka 1 NnpegaBaHe Ha curHana. Bcuykn KOMMNOHEHTM ca NOCTaBEHM B KOPMYC OT HepbXaaema
CTOMaHa, KOWTO ' npegnasea OT BAWSHMETO Ha OKorHaTa cpefa. Bcekn getektop uma onoeeH
KonMmaTtop, KOWTO HamansiBa CTPaHW4YHO JbYeHWe OT OnuskuTe WM3TOYHMLUM W CIyXu 3a
nogobpsiBaHe Ha TOYHOCTTa Ha M3MepBaHeTo. PagMomMeTpuyHMAT NNbTHOMEP pasnonara ¢ onuus
3a KOMMEHcauus Ha pasnaga Ha paanoakTUBHUSA U3TOYHKK M ONUMS 3@ TEMMEpaTypHa KOMNeHcauus,
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3a npouecu C NpoMsiHa Ha TemnepaTtypaTa. KomyHKkauuaTa Ha mamepBaTenHata cuctemMa CbC
cucTtemara 3a KOHTPOS Ha npouecuTe B MPOU3BOACTBEHATa UHCTanauns ce ocbliectaasa no HART
npoTokon. WMamepeHaTa NAbTHOCT Ha NpoAyKkTa ce npefasa no aHanoros uaxogeH curHan 4-20
mA.

B Tabnuua 1 ca gageHn xapakTepuUCTUKUTE Ha paguomMeTpuyHaTa cucteMa 3a M3mMepBaHe Ha
nnbTHOCT [5]. CTOMHOCTUTE Ha NapamMeTpuTe ca €4HaKBM M 3a ABETE CUCTEMW, MHCTaNMpaHu Ha
JBaTta cbaa.

Tabnuua 1

XapaKTepuCTMKN Ha CUCTEMUTE 3a N3MEPBAHE Ha MITbTHOCT

MapameTbp CtomnHocT
M3TOo4YHMK Co-60
AKTMBHOCT 3a nbpBUTE 5 oOTrope 100 mCi

Hagony
AKTMBHOCT 3a ocTaHanute 6 150 mCi
KoHTenHep 667 kg, onoBeH
CuuHtmnatop Nal 50x50
TemnepaTypeH gnanasoH -40 go +60 °C
MN3xoaeH curHan 4 npo 20 mA /
HART
3axpaHBaHe 240 Vac.
KanubpupaHe

KanubpupaHeTo Ha paguomeTpuyHaTa cuctemMa ce CbCTOM OT HSKONKO eTana. KoraTo ctaBa
BBMPOC 3a paguoMETPUYHU NITbTHOMEPU, AENHOCTUTE, KOUTO TpsiOBa ga ce n3BbpLiaT ca:

- BbBEXAaHe Ha MbpBOHAYasrHW SaHHWY;

- n3MepBaHe Ha ecTeCTBEHMS pagnaunoHeH (oH;

- M3MepBaHe Ha NNbTHOCTTa OT NabopaTopusi, Ypes B3eMaHe Ha NPeACcTaBUTENHN Npodu™;

- BbBEeXAaHe Ha CTOMHOCTTA Ha MbTHOCTTa™;

- U3MepBaHe Ha UMnNyncuTe Ha geTekTopa’;

- MpoBepka Ha kanubpupaHeTo.

Teaun gernHocTM ce NOBTapST, Korato e n3bpaHo KannbpupaHe ¢ NoBeYe OT egHa Tovka. Becekn
HOB onynA B cucTeMaTta, JaBa Bb3MOXHOCT Aa 6bAe BbBeAeHa HOBa KannbpaunoHHa Touka.

Mpn nepuogmyHoO KanubpupaHe MbPBUAT €Tan — BbBEXO4AHE Ha MbpBOHA4YanHW AaHHWU ce
3aMeHs C NPOBEpPKa Ha BbBEeAEHUTE MbpBOHAYanHW AaHHWM C Len a ce OTCTPaHAT eBeHTyasnHu
rpeLuUKn, AoMyCHATK NP1 MbpPBOHAYanHOTO KannbpupaHe.

Mpean kannbpupaHeTo Ha CUCTEMUTE 3a U3MEPBAHE Ha NITbTHOCTTTA MO BUCOYHA (Ccuctema 3a
onpegensaHe Ha npocduna Ha nnbTHOCTTA) HA Cba 1 M Cba 2 ca NpPoOBEPEHU MbpBOHAYaNHO
BbBEAEHNTE AAHHU:

- jartauvac;

- un3bpaH usoTton;

- BbBELEHO pa3CTosiHME OT M3TOYHMKA A0 OEeTEKTopa;

- AManasoH Ha M3MepBaHe Ha NITbTHOCTTA;

- KoeuuMEeHT Ha NorfbLyaHe;

- BPEMEeKOHCTaHTa

- MeToA 3a kanubpupaHe.

OcBeH npoBepkaTa Ha u3bpaHMs M30TOM € HanpaBeHO M3YUCIIEHWE Ha aKTUBHOCTTA Ha
N3TOYHULUMTE KbM JaTata Ha kanubpupaHe C NomoLyTa Ha Cb3fdafdeHaTa nporpama, onvcaHa B
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npeaxogeH pgoknag [6]. UM3ToyHMumMTe ca C  gocTaTbyHa aKTMBHOCT, KOATO rapaHTtupa
Oe3npobnemHarta ekcnnoarawumsa Ha cucTtemMuTe.

3a npoBepka Ha KoeuuneHTa Ha NornbLaHe e HanpaBeHo NOBTOPHO U3YMCIIEHUE, C NOMOLLTa
Ha Tabnuun, B3eTn oT HaunoHanHmus MHCTUTYT 3a cTaHaapTu 1 TexHonorus Ha CALL [7]. CtonHocTTa
Ha NbpBOHAYasniHO BbBEAEHUAT KOEULMEHT Ha NOrNbLLAHE OCTaBa HEMPOMHEHaA.

B Tabnvua 2 ca npeactaBeHW akTyanusMpaHuTe MbpBOHavanHu faHHu. CToMHOCTUTE ca
€[HaKBU N 3a OBETE CUCTEMU 3a UBMEPBAHE Ha NITbTHOCTTA.

Tabnuuya 2
BbBeaeHn nbpBOHAYaNnHN AaHHK

MapameTbp CTtomnHocT
NsoTon Co-60
V3amepBaTteneH nuT 687 mm
BpemekoHcTaHTa 5s
KoeduumeHT Ha nornbLuaHe -0.057 cm™
MwuHMManHa cTormHocCT (4 mA) 0.050 g/cm?®
MakcumanHa ctornHocT (20 mA) 1.450 g/cm3

Cnepq BbBexgaHe Ha NbpBOHaYanHWTE AaHHM (B TO3M Cryvyan NpoBepKa Ha AaHHWTE) cneaga
HabupaHe Ha ecTeCcTBEHUAT pagmaumoHeH ¢oH. [Npu namepsaHe Ha oHa, M3TouHULUUTE TpsbBa aa
OboaT nNpmMbpaHn B 3alUMTHUSA KOHTEWHEP U TOW Aa Obae 3aTBopeH. [py npubpaHn M3TOYHMLM
MOLLHOCTTa@ Ha Jo3aTa Npu KOHTEeWHepa € W3KMYUTENHO BMCOKa, TbW KaTo Ha e4HO MSCTO ce
Hamupat 11 6p. M3TOYHULUM C ronsiMa akTuBHOCT. lMpoueaypaTta no npubupaHe 1 nsBaxgaHe Ha
n3TouHMUMTE TpsibBa ga 6bae HanpaBeHa kakTo 3a Cba 1, Taka 1 3a Cba 2. 3a ga ce orpaHnym
n3naraHeTo Ha TakoBa rofsiMO JTbYHME, OT rnefHa Tovka Ha 6e3onacHoCTTa, Tasn AENWHOCT He e
n3BbplUeHa. 3a ga 6bae M3MepeH eCTeCTBEHNAT pagvaLMoHeH hOH € M3Nona3BaH AOMbIHUTENEH
npeHocuMm pagnomMeTbp. POHBLT € U3MEpPEH Ha Pas3CTOsiHME OT M3TOYHWUUUTE, Taka 4ye Te ga He
okasBaT BIMSIHWE Ha CTOMHOCTTA.

Bcunukn 22 6p. nbTHOMEpU, cboTBeTHO 11 6p. Ha Cba 1 n 11 6p. Ha Cba 2, ca kanubpupaHn
3a efHa To4ka Ha namepeaHe. [Npu eAHOTOYKOBOTO KanmbpupaHe e Heobxoanmo aa 6bae BbBeAeHa
B CMCTEMaTta MNpeLM3HO M3MepeHa CTOMHOCT Ha MibTHOCTTA Ha BellecTBOTO. 3a uenTta € B3eTa
nabopaTopHa npoba o1 hnymaa.

Kato onuua Ha nnbTHOMEpa € Bb3MOXHO [a Ce BbBede TemnepaTypHa KomneHcaums,
nogxogsiia npuM mnpouecM C nNpomsiHa Ha TemnepaTypaTa Ha cpegata. 3a fpa paboTwu
TemnepaTypHaTta KOMMNeEHUauusi, KbM BCEKM OeTekTop TpsibBa ga Obae nopgaBaH curHan 3a
n3mepeHa TemnepaTypa. Ham-4ecto 3a nsmepsaHe ce mM3nonsesa TepmogBovika. [Npu kannbpupaHe
Ha cucTema c TemnepaTypHa KoMmneHcaums, Tpsibea Aa 6bae BbBegeHa CTOMHOCTTA Ha NITbTHOCTTA,
JapeHa ot nabopatopusaTa, KOATO € u3aMepuna npeacrasuTenHarta npoba.

B To3n cnydyan, 3a ga 6baaTt HesaBUCMMM [OBETE CUCTEMU 3a M3MEpBaHE Ha MpPOLECHU
XapakTepUCTUKK, onuuaTa TemnepaTypHa KoMMneHcauusa He e BkrtodeHa. KanubpupaneTto e
M3BbLPLUEHO MO BpeMe Ha TEeCTOBU M3NUTaHMS, Npeau nyckaHe Ha MHCTanauusTa B HopmareH
paboTteH pexum. MNMpoaykTbT U TEeMMNepaTypaTa Mo BPEME Ha TECTOBETE Ce pas3nuyaeaTt OT Te3u npu
HopmarnHa ekcnnoartaums. MNpu HopmanHa paboTa Ha MHcTanauusaTa, TemnepaTypuTe B ABaTta cbaa
pocturat ~ 400 rpagyca no Llensun. ETo 3al0 KOMNEHCMpaHeTo Ha TemnepaTypaTta ce Oka3sa OT
N3KMIOYNTENHA BaXKHOCT NpM ToBa KanubpupaHe.

MnbTHOCTTAa Ha npoaykTa, MPU KOSITO € W3BbPLUEHO KanubpupaHeTo, € MnonyyeHa 4pes
npeusuncnaBaHe, cbrnacHo APl Tabnuum [8].

B tabnvua 3 e gageHa nbTHOCTTa Ha NpoAyKTa Npu nabopaTopHO U3MepBaHe 1 nsdncreHarta
3aCba 1uCop 2.
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Tabnuya 3
MNbTHOCT Ha NpoayKTa B 3aBMCMMOCT OT Temneparypara
MapameTbp CTtomnHocT Temnepatypa
JlabopaTopHO namepeHa NITbLTHOCT 0.841 g/cm?® 15°C
Mauucnena nnbTHOCT 3a CbA 1 0.741 g/cm?® 148 °C
MN3uucneHna nnbTHOCT 3a CbA 2 0.789 g/cm?® 85°C

B tabnuua 4 n Tabnuua 5 ca gageHun KpanHUTe CTOMHOCTU Ha BbBEOEHUTE napameTpu npwm
KannbpupaHeTo, cboTBeTHO 3a Cba 1 1 CbAa 2.

Tabnuua 4
BbBegeHn kannbpauynoHHu napameTtpm 3a Cba 1
MapameTbp CtoMnHoCT
EcTtectBeH pagmnaumoHeH ¢oH 0.07 uSv/h
MnbTHOCT Ha cpenara 0.741 g/cm3
N3mepeHu cps
HeTtekTop 1 319
HeTtekTop 2 310
HeTtekTop 3 303
HeTtekTop 4 334
HeTtekTop 5 282
HeTtekTop 6 266
Detektop 7 468
DetekTop 8 477
Detektop 9 458
HeTtektop 10 432
Hetektop 11 444
Tabnuua 5
BbBegeHu kanubpaumnoHHu napametpu 3a Cba 1
MapameTbp CTonHoOCT
EcTtectBeH pagnaumnoHeH oH 0.07 uSv/h
MnbTHOCT Ha cpeaaTa 0.789 g/cm?
N3mepeHu cps
OetekTop 1 246
OeTtekTop 2 244
HeTtekTop 3 260
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HeTtekTop 4 253
HeTtekTop 5 231
DetekTop 6 359
Detektop 7 330
DetekTop 8 353
Detektop 9 342
Hetektop 10 348
Hetektop 11 361

Cneng BbBexgaHe Ha kKpawHWTE CTOMHOCTWM, 3a pAa Obae npoBEepeHO MNpaBUITHOTO
JYHKUMOHMpPaHe Ha cucTeMaTa e HanpaBeHo olle eagHo nabopaTtopHO uamepBaHe Ha NIbTHOCTTA.
CroitHocTTa Ha nnbTHOCTTa npu 15 °C e 0.840 g/cm?®. He ca ycTaHOBEHW pasnuku B CTOMHOCTUTE
Ha NbTHOCTTA Npu NTabopaTopHO U3MEpPBAHE M MpPU U3MEPBaHE C AETEKTOPHUTE CUCTEMN.

3aknoveHue

KannbpupaHeto Ha pagnoMeTpUYHN CUCTEMU MO BPEME Ha TECTOBM U3NUTaHUS, MOHSIKora ce
okasBa No-gobbp BapuaHT, KakTO 3a WHXEeHepa, W3BbpLUBaLl, KanubpupaHeTo, Taka U 3a
onepaTopute Ha CbopbXeHueTo. Mpu TO3M npouec, 4YecTto, HO He BWHaruM, morat ga 6baar
OCUrypeHu HeobxoamMmMmmTe ycroBus 3a kannbpupaxe, 6e3 onacHocT ga 6bae HapyLleH HopManHuaT
pexuM Ha paboTa Ha MHcTanaumsaTa. 3a ga He 6baaT 4OMNYCHATU MPELLKM, KOUTO Aa oKaXkaT BNUsiHNe
BbPXY MO-HATBLLIHOTO M3MEPBAHE U HapylLaBaHe Ha HopMarHaTa ekcrnroaTaumsl, BCUYKU OeAHOCTU
TpsbBa Aa 6baaT cboOpas3eHM KakTO C XapaKTEPUCTUKUTE Ha Npoleca Npu TECTOBU U3MUTaHWUS,
Taka 1 cnep ToBa, NpY BbBEXAAHETO HA MHCTaNaumsiTa B HOPMarneH pexum.

Bb3MoXHOCTTa 3a n3MepBaHe Ha NIMbTHOCT Ha MHorodasHu rynam npy TEXKM TEXHONOTMYHN
npouecu, Aaea ouwe eaHo NpeauMcTBO Ha paguoMeTpUYHUs MeTod Ha U3MepBaHe U TOoW ocTaBa
€0VH OT Hai-npearnoyYnTaHnTe U3MepBaTenHn MeTOAuN B NpoLecuTe Ha HedpTonpepaboTBaTenHaTa
N XMMMUYecKkaTa NPOMULLIIEHOCT.
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BanuaupaHe Ha pa3paboTeH cogpTyep 3a opasMepsiBaHe
Ha rama-nabLTHOMEpHU

Mapuena MnageHoBa, AceH AceHoB

Pe3rome: B doknada e Hakpamko npedcmaeseHa pa3pabomeHama rnpoapama 3a opasmepsieaHe
Ha paduoMempuYHU NILMHOMEePU, KOUMO Cce U3rosi3eam 3a U3MepeaHe Ha MiTbMmHOCM Ha MeYHU
U HacunHU Mamepuarnu 8 npoMuwineHu ycrnosusi. CpasHeHU U aHanusupaHu ca 4acm om 0aHHUMe
om HarnpaeeHama eanudayusi Ha UHCmpyMeHma 3a rnpecMsimaHe C pe3ynmamu, fnosyyeHu om
aHasio2u4yHU npozpamu Ha eodelwu npousgodumersiu Ha 2ama-MniTbMHOMEPU.

KnioyoBu AYyMU: Banngauua, nNbTHOCT, USTOYHUK, OETEKTOp, n3amepBaTesiHa cuctemMma
Validation of developed sizing software for gamma densitometers
Mariela Mladenova, Asen Asenov

Abstract: The report briefly presents the developed sizing program for radiometric
densitometers, which are used for industrial density measurement of liquids and bulk materials. Part
of the validation data of the sizing instrument is compared and analyzed with results obtained by
similar programs of leading gamma-densitometer manufacturers.

Keywords: validation, density, source, detector, measuring system

BbBepeHue

PagnomeTpuyHnTEe CEH30pW, KaTo rama-nnbLTHOMEPU, HUBOMEPU, HUBOCUrHanm3aTopu 1 ap.
CUCTEMW, U3MON3BALLM M3TOYHULMN HA NOHM3MPALLM JTbYEHMS, HAMUPAT LUMPOKO NPUNOXEHNE MpK
n3mepBaHe Ha NpoLEeCHU XapaKkTepPUCTUKM B TEXKaTa M1 fekata NpoOMULLITEHOCT. Be3KOHTakTHOTO UM
n3mepBaHe i rnpasy NPUNOXUMKU, TaMm KbOETO OCTaHanuTe naMmepsaTenHy CUCTEMWU He MoraT Aa
ObaaTt nanonssanu [1].

lama-nnbTHOMEpUTE Ce U3nonssaT 3a U3MepBaHe Ha NTbTHOCT Ha TEYHOCTH, KAKTO U Ha CMecu
OT TEYHOCTU N TBBPAM YacTMLM, ABUXKELLM ce No TpbbonpoBoamn unm cbxpaHsasaHu/obpaboTsaHn B
cbaose. Noaxoasim ca n 3a cneumdudHn dpnynamn Kato nynnoBe U CyCrneHsuu.

PagnaumoHHUAT NAbTHOMEP Ce CbCTOM OT TOYKOB rama W3TOYHMK, MOCTaBeH B 3aluTeH
KOHTEMHEp W OETeKTOp, CbCTOosAW, Ce OT CUuMHTUNaTop, POTOENeKTpoHeH yMHoxuTen (PEY),
OenvTen Ha HanpeXeHne N enekTpoHHa YacT 3a o6paboTBaHe Ha curHana.

MocnepHnTe HayyHn paspaboTkm B obnacTta ca CbCPedoTOMEHW B eKCrepuMeHTarHu
uscrnefBaHus M CUMYMaUMOHHO MOAenvpaHe 3a OoNnNTMMM3auMs Ha Au3anHa, KanubpupaHe Ha
pagnon3oTONHUTE YPeam U YCbBbpPLUEHCTBaHe Ha obpaboTkaTta Ha aaHHm [2], [3].

YecTo, npu ekcnnoaTaumnsata Ha pagnoMeTpuUyHN n3MepBaTernHM cuctemmn, e Heobxoammo aa
ObaaT n3BecTHM onpedeneHn napaMmeTpu. Tbi KaTo B MPOMULLINIEHN YCMNOBWUSE € MHOTO TPyAHO Aa
Oboe cumynumpaHa HeobxoavMmarta cpefa 3a u3mepBaHe, ce Hanara Tesu napameTpu ga obaaT
nsuncnsasaHu. Pa3paboTeHu ca OTAenHW nporpamMmu, NO3BONSBALLW M3YUCHEHWE Ha pPasnuyHu
XapakTePUCTUKM Ha mamepBaTenHata cucrema. OnuMTbT Nokasea, Ye paboTaTta C TsX B NONEBU
yCroBus 3aTpyaHsABa cneynanuctute, obcnyxeallm paguonsotonHata anaparypa.

lMporpamata 3a opasMmepsiBaHe e cCb3gajeHa C ugedtra fa YyNecHsBa W34YUCHeHudATa B
NPOMULLIIEHN YCNOBMS,, HO M fa Obae [ocTaTbyHO TOYHa, 3a Aa nognomara pabortata B
nabopaTtopHu ycrnoBusi.
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OnucaHue Ha nporpamara 3a opasmepsiBaHe

AnroputbmbT € BbBedeH B Microsoft Excel n gaBa Bb3MOXHOCT ga ObAaT W3YNUCIIEHM:
aKTMBHOCTTa Ha JafeH M3TOYHMK; Bpoi MMNyncu Ha geTekTopa unu ga 6bae opasmepeHa usinata
cucTeMa U3TOYHUK-AETEKTOP.

HakpaTko dhannsbT ce CbCTon OT:

- EkpaH 3a BbBexaaHe Ha Ha4yarnHu napaMmeTpu, nokasaH Ha dur. 1;

- EkpaH 3a pesyntatu OT NpecMATaHnATa;

- EkpaHu, cbabpxawm nHdopmMmaums 3a OTAENHUTE (PakTopu Ha cuctemarta U CbOTBETHUTE
dopmynu 3a npecmdaTaHe.

TU SOFIA DENSITY SIZING CALCULATOR

Input data for System Calculation Input data for Decay Calculation

Insulation

Pape vall Select Isotope | Cs-137

Lmer wall | 0.00{N/A 0 Lamer vall Selest Activity Unit | mCi|
Pipe wall 5.00|Steel 189 Origmnal Date 11.12.2013
Insulation wall | 0.00{N/A 0 [Omgimal Actrvity | 100
Other 0] 0 Enter Dte 20.07.2018
Enter Desired Actnaty | 50

.J.....I_ R —

Tune constamt 60[s

Insput data for Pulse Rate Calculation

Statwhe Vanabon | 0.8{%

§ | Empty vessel|-
Deensity min 1.000/g'em” Pulse Rate 6043 |eps

I—Emr.t)'nua: — | — Loofger’ | Deasity nsin | 0.050]8'cen’

Demsity max | 1480/ g/em”

Density 0.741 |glem’
Inner dimeter (d) 687.00|umn
Absorption coefficient y | 0087 E
Som

Distance factor Fg Attenuation factor Fa | Doserate Fdr | Constant T | Error | Decay | Pulse Rate | ... (3

Input | Results

o®ur. 1 EkpaH 3a BbBeXaaHe Ha HayanHu napameTpu

Mpn paspaboTBaHeTO Ha TakbB TWUM nporpama, TpsbBa pa Obgar cbobGpaseHu
XapaKTEPUCTUKNTE Ha cuUcTemaTta, OKasBallM BIMSIHWE MPU U3MEPBAHETO, C OrpaHuUYeHusTa oT
rnegHa TouHa Ha 3gpaBeTo U 6e3onacHocTTa npu paboTa.

M3TOYHUKBT Ha WNOHU3MPALWO JTbYEHME € HaN-BaXHUSIT KOMIMOHEHT Ha W3MmepBaTenHarta
cuctema. MNpu n3bopa Ha M3TOYHMK € BaXHO Aa ObaaTr oTyeTeHn matepuansT U gebennHarta Ha
cbpa/TpbbonpoBoda, KakTo M BMAa Ha M3MepBaHOTO BewecTBO. CbLo Taka, akTMBHOCTTa My
3aBUCM OT XenaHaTta Npeuu3HOCT Ha M3MEPBAHETO M XXefaHOTO BpEME 3a pearmpaHe Ha cuctemarTa.
Mpn TexHonorm4yHMTe npouecu, B KOUTO Ce W3Non3eaT rama-niibTHOMEpPWU rofnsma 4act oT
M3Mnon3BaHnTe cbaoBe ca ¢ aebenu cteHu, nsonaumm n Op., HanpaBeHW OT Matepuanu ¢ ronsmMa
NNbTHOCT. [Npn TO3N BapMaHT NpeMMHaBaHETO Ha raMa-nbynTe € TPYAHO M XKENAHUAT UHTEH3NUTET
Ha NbYyeHMEeTO He MOXe Aa AOCTUrHe AeTekTopa. 3a Tasu Len ce Hanara usTbHsABaHe Ha cTeHaTta
UINK NOCTaBsIHE Ha M3TOYHULUUTE B TPbOa, pa3nonoXxeHa BbB BbTPELLHATa YacT Ha cbaa.

Mopagn M3nNbYyBaHETO Ha rama b4k BbB BCUYKM MOCOKM, ONmM3o Ao M3TOoYHMKa MOXe Aa MMma
[030BO HaToBapBaHe. 3a Aa ce uM3berHe pUcKbT 3a 34paBeTo Ha paboTewuTe, U3TOMHULUTE Ha
NOHM3MpALLN NMbYEHNsT CE NOCTaBAT B 3aLUUTHU KOHTEAHEPW.

lonemMnHaTa Ha KOHTEMHEPUTE 3aBUCK OT aKTUBHOCTTA Ha M3MNoN3BaHWUs U3TOYHKK. Kputepnar
€ MOLJHOCTTa Ha gosata ga 6bae no-manka ot 3 uSv/h, namepeHa Ha 1 m pascTosiHMe OT U3TOYHUKA
[4].

3a yBenu4yaBaHe Ha TOMHOCTTa Ha M3MEPBAHETO MMa 3Ha4YeHne n n3bopbT Ha getekTop. MNpu
n3mepBaHe NITbTHOCTTA HA MaTepuanuTe ce U3non3BaT CUMHTUNALMOHHN aeTekTopu. Kato nsbopsT
Ha OeTekTop ce npasBu Ha Ga3a Ha OCHOBHUTE MY XapaKTepUCTMKU: YYBCTBUTEMNHOCT, peakumsi Ha
JeTekTopa, pasdensiHe Mo eHepruu, YHKUMS Ha peakumsita, BPEMEBM XapakTEPUCTUKU U
€(EKTUBHOCT.
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3a u3uMcngBaHe Ha aKTMBHOCTTa CbC Cb3gageHuss codTyep, ce u3nonseaTt 5 Buaa
CUMHTUMALMOHHN OeTEeKTOPM CbC criegHaTta YyBCTBMTENHOCT:
- [etektop 50x50 Nal, ¢ yysctBuTEenHocT 375 cps/ uSv/h;
- Hetektop 50x50 Nal, c yysctBuTenHoct 600 cps/ uSv/h;
- [etektop 50x50 Nal, ¢ yyscTBuTenHoct 1250 cps/ uSv/h;
- Hetektop 150x150 PVT, ¢ uyBctButenHoct 1500 cps/ uSv/h;
- [Hetektop 150x150 Nal, ¢ yysctButenHoct 7143 cps/ uSv/h.

KakTto 1 BbBeAEHO YCNOBME BbB BPpb3Ka C MOCTUraHETO Ha MO-rofisiMa TOYHOCT, CUrHambT Ha
Jetektopa npyv MuWHMManHa nabTHOCT Aa 6bae or 5 oo 10 NbTM NO-BUCOK OT €CTECTBEHUS
paguaumoHeH ¢OoH.

3a ga 6bae MMHMMM3MpaHa rpeLukaTa npy u3amepBaHe, B pa3paboTeHaTa nporpama € BbBAEHO
OTHOCUTENHaTa rpeLka ga 6bge no-manka unm pasHa Ha 0.8 %.

MoBeue mHGpopmauusa 3a paspaboTeHaTa nporpama 3a M3YUCIIEHWE HA napameTpuTe Ha
pagnomeTpuyHUTE NITbTHOMEpPM € NpeAcTaBeHa B npeaxoneH aoknaa [5].

Banupauusa Ha nporpamara 3a opa3mMmepsiBaHe
B HacTtosilwmsa goknag ca npenctaBeHM 4acT OT [JaHHUTE OT HarnpaBeHaTa Banujauust Ha
MoAyna 3a opasMepsiBaHe Ha cMcTeMara M3TOYHUK — AeTekTop. Banugauusara Ha octaHanuTe gBa
n3umcnuTenHn mogyna we 6vae o6ekT Ha Apyr AoKnaa.
M3uncnenunsaTta ca HanpaBeHn camo 3a pagunoHyknug Cs-137, nopagmn orpaHNYeHnsi BbBEAEHU
B copTyepa Ha NpoU3BOAMTENMTE Ha PAAMON3OTONMHU NITbTHOMEPW.
BanugupaHu ca pesyntatute 3a nbpBuTe 3 TMnNa AETEKTOpPW, Tbil KaTo B MporpamuTe Ha
npousBoanTeENUTE HAMa BbBeadeHa onuns 3a n3bop Ha getektop ¢ kpuctan 150x150.
PasrnegaHn ca 6 cnyyasd Ha opasmepsiBaHe Ha NbTHOMEPU 3a M3MEPBAHE Ha MITbTHOCT Ha
dnyua, npotmyaly B Tppbonposoa. Tosa ca:
- Manbk gnameTbp 1 6NU3KM CTOMHOCTU Ha NTbTHOCTTa — Cnyyan 1;
- Manbk gnameTbp 1 ronsMa pasnuka B CTOWHOCTUTE Ha NnbTHOCTTa — Criyyan 2;
- CpeneH gnametbp 1 61IM3KM CTOMHOCTU Ha NAbTHOCTTA — Cny4van 3;
- CpegeH gnameTbp 1 rondma pasnvka B CTOMHOCTMTE Ha NiTbTHOCTTa — Crniyyan 4;
- T[onam gnameTbp 1 6nM3ku CTOMHOCTM Ha NNbTHOCTTa — Criyyan 5;
- [onam gnameTbp v ronsiMa pasnuka B CTOMHOCTUTE Ha NibTHOCTTa — Criyyan 6.
B Tabnuua 1 ca npeactaBeHn BbBeAeHWUTE BXOOAHM OAHHW 33 BCEKW eduH OT pasrnegaHute
cny4am.
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Tabnuua 1
BxogHwn gaHHu

Mapametbp | Cniyyann 1 | Cnyvyan 2 | Cnyyan 3 | Cniyvyan 4 | Cnyyan 5 | Cnyyan 6 lErere
eanHnua

Brrpewen 25 25 250 250 800 800 mm

anameTbp

M. 1 1 1 1 1 1 glem?

NbTHOCT

Matc. 1.2 2 1.2 2 1.2 2 glcm?

MNNBTHOCT

Aebenvna 5 5 5 5 5 5 mm

Ha cTeHaTa

Matepnan | CtomaHa | CtomaHa | CtomaHa | CtomaHa | CtomaHa | CtomaHa -

MnbTHOCT 7.89 7.89 7.89 7.89 7.89 7.89 g/lem?®

HanpaBeHuTe n3uncrneHns 3a BCeKM e4uH criyvyan BKIYBaT:
- W3uncnsaBaHe Ha akTMBHOCTTA Ha M3TOYHMKA U OYaKBaAHUTE CPS Ha AEeTeKTopa C BCHAKa
efHa oT nporpamute. PesyntatuTe ca gagenn B Tabnuua 2;
- WsuncnsiBaHe Ha oO4vakBaHUTE CPS Ha [eTekTopa, Npu 3agafdeHuM akTMBHOCTU Ha
N3TOYHMKA,
N3uucnenmnata ca HanpaBeHu C paspaboTeHaTa nporpaMa 3a opasmepsiBaHe Ha
cucTemMarta M3TOYHUK — OEeTEKTOpP M ca npeactaBeHun B Tabnuua 3.

n3dynmcneHn cC nporpamnTe Ha npousBoauTenuTe,

B NbpBUA eTan.
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Tabnuua 2
Pesyntati oT n34McnsiBaHETO Ha akKTMBHOCTTA M OYaKBaHWUTE CPS Ha JeTekTopa

TU Sofia Density Sizing Calculator

[eTtekTtop ¢ [eTektop ¢ [etekTop ¢

yyBcTBUTENHOCT 375 | YyBCTBUTENHOCT 600 |UyBCTBUTENHOCT 1250 Mponseopuren 1 Mpouseoguren 2
cps/ uSv/h cps/ uSv/h cps/ uSv/h
Cnyyan 1

A [05|mCi|] A |05 (mCi| A 05 | mCi| A 10 | mCi | A 20 | mCi
nin | 2721 cps | lnin | 4353 | cps | lnin | 9069 | cps | Inin | 1497 | cps | Inin [343394| cps
Inax | 2805 | cps | lnax | 4487 | cps | lnax | 9349 [ cps | lwax | 2291 | cps | lmax |353852( cps
Cnyyan 2

A 05 | mCi| A [ 05 | mCi| A 05 | mCi | A 30 [mCi| A 1 mCi
lin | 2409 | cps | lnin | 3854 | cps | lnin | 8030 | cps | lnin | 817 | cps | lnin | 13744 | cps
Inax | 2805 | cps | lnax | 4487 | cps | lnax | 9349 [ cps | lnax | 6873 | cps | Imax | 15969 [ cps
Cnyvait 3

A 3 [mCi|] A 2 | mCi| A 1 mCi | A 3 [mCi| A 5 mCi
lin | 1074 | cps | lnin | 1145 cps | lnin | 1193 | cps | lnin | 3320 | cps | lnin | 3480 | cps
Inax | 1455 | ¢cps | lnax | 1552 | cps | lnax | 1617 | cps | lnax | 4500 | cps | lmax | 4641 | cps
Cnyvait 4

A 10 | mCi| A 7 | mCi| A 3 | mCi| A 3 | mCi| A 10 | mCi
lin | 1060 | cps | lnin | 1187 | cps | Inin | 1060 | cps | Inin | 983 | cps | lnin | 2099 | cps
Inax | 4851 | cps | lnax | 9433 | cps | lnax | 4851 | cps | lnax | 4500 | cps | lmax | 8691 [ cps
Cnyyan 5

A | 750 | mCi| A | 450 | mCi| A [ 200 | mCi| A |80 ]|mC| A | 2000 | mCi
lin | 1187 | cps | lnin | 1140 | cps | lnin | 1055 | cps | lnin | 784 | cps | lnin | 2324 | cps
Inax | 3143 | ¢cps | lnax | 3017 | cps | lnax | 2794 | cps | lmax | 2067 | cps | lmax | 6068 | cps

Cnyvait 6
A |3700| mCi | A |3700| mCi [ A |3700| mCi | A - mCi | A | 3000 | mCi
bin | 119 | cps | bnin | 191 | cps | loin | 398 | cps | lnin - cps | Imin 48 cps
Inax [15505] cps | lnax [24809( cps | lmax |51685( cps | Inax - cps | lnax | 5875 | cps

3abenexka: MapkupaHume pes3ynmamu, roKa3gam cpewkKa Ha us4ucriumersriHama
rpoepama (GLICOKU LIMI'IyJ'ICU/6J'IU3KU cmolHocmu unu 2onsMa omHocumersiHa apeLUKa).
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Tabnuuya 3

PesyntaTu oT ns4yncnsasaHe Ha cps Ha AeTeKTopa, Npv 3adadeHa CTOMHOCT Ha aKkTUBHOCTTA

TU Sofia Density Sizing Calculator

[ete KTOP C 4yBCTBUTENTHOCT ﬂeTenop C YyBCTBUTENMHOCT

[ete KTOP C YyBCTBUTENTHOCT

375 cps/ pSv/h 600 cps/ pSv/h 1250 cps/ pSv/h
Cnyvant 1
A 10 mCi A 10 mCi A 10 mCi
Imin 54411 cps Imin 87058 cps Imin 181370 | cps
Imax 56092 cps Imax 89747 cps lmax | 186972 | cps
A 20 mCi A 20 mCi A 20 mCi
Imin | 108822 | cps Imin | 174115 | cps Imin | 362741 | cps
Imax | 112183 | cps Imax | 179493 | cps Imax | 373944 | cps
Cnyyait 2
A 1 mCi A 1 mCi A 1 mCi
Imin 4818 cps Imin 7708 cps Imin 16059 cps
Imax 5609 cps Imax 8975 cps Imax 18697 cps
A 30 mCi A 30 mCi A 30 mCi
Imin | 144533 | cps Imin | 231253 | cps lmin | 481776 | cps
Imax | 168275 | cps Imax | 269240 | cps Imax | 560916 | cps
Cnyyart 3
A 3 mCi A 3 mCi A 3 mCi
Imin 1074 cps Imin 1718 cps Imin 3579 cps
Imax 1455 cps Imax 2328 cps Imax 4851 cps
A 5 mCi A 5 mCi A 5 mCi
Imin 1789 cps Imin 2863 cps Imin 5964 cps
Imax 2425 cps Imax 3881 cps Imax 8085 cps
Cnyyan 4
A 3 mCi A 3 mCi A 3 mCi
Imin 318 cps Imin 509 cps Imin 1060 cps
Imax 1455 cps Imax 2328 cps Imax 4851 cps
A 10 mCi A 10 mCi A 10 mCi
Imin 1060 cps Imin 1696 cps Irmin 3533 cps
Imax 4851 cps Imax 7761 cps Imax 16169 cps
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TU Sofia Density Sizing Calculator

,D,eTeKTOp C 4yBCTBUTEIHOCT ﬂeTeKTOp C YyBCTBUTENTHOCT ,EleTeKTop C YyBCTBUTENHOCT

375 cps/ pSv/h 600 cps/ pSv/h 1250 cps/ uSv/h
Cnyvan 5
A 800 mCi A 800 mCi A 800 mCi

Imin 1267 cps Imin 2027 cps Inmin 4222 cps
lnax 3353 cps lnax 5364 cps lnax 11175 cps
A 2000 mCi A 2000 mCi A 2000 mCi
Inin 3166 cps Imin 5066 cps Inin 10555 cps
lnax 8381 cps lnax 13410 cps lmax 27938 cps
Cnyvan 6
A 3000 mCi A 3000 mCi A 3000 mCi
lnin 97 cps lnin 155 cps lnin 323 cps
lnax 12572 cps lnax 20115 cps lmax 41907 cps

3abenexka: MapkupaHume cmolHocmU Ha u3qucreHume umryscu ca npubnuaumernHo pasHu
Ha me3u, U34uCceHu ¢ rnpoepamume Ha rnpoudsodumernume, rnpu Mbpeus emar om eanudayusi Ha
npoepamama.

AHanus Ha pe3ynTtaTuTte

Ot Tabnuua 2 e BMAHO, Ye Ham-mManko npu egmH ot CnyyauTe, BCAKa OT WU3NON3BaHWTE
nporpamMy faea rpellka npu u3uucnsBaHeTo. ToBa e B pesyntaT Ha paspaboTBaHeTo Ha
YyHMBEpCarnHa nporpama, KoaTo Aa obxealia:

- pasnuyHu No BUA M3MepBaTEnHW cpeau (pasnuyHM NO CTPYKTypa BeLllecTBa C pasnuyHa
NNbLTHOCT, TEMMepaTtypa n HansdraHe Ha cpegarta);

- pas’nNMyYHN KOHCTPYKLUMOHHM OCODOEHOCTM Ha cbaoBeTe wnu TpbbonpoBoauTe (ronsiMo
pasHoobpasue oT guameTpu, MaTepuanu 3a nspabotka, TemnepaTypHu 1 apyrn ocobeHocTu);

- Bb3MOXHOCTTA 3a 3aaBaHe Ha XeraHa NpeLun3HOCT Ha M3MEPBAHOTO.

XenartenHo e Bcekn oTAENEH criydan Ha opa3mMepsiBaHe Ha cuctemaTa U3TOYHUK — OeTeKTop
na 6bge no-nogpobHO pasrnefaH U aHanuaupaH OT creuuanucTa, 3aHumasaly ce ¢ u3bopa Ha
n3MepBarenHa cuctema.

AKo npuememMm, Ye pasnukaTa B M34UUCIEHMATA Ha NPOrpaMmTe ce ObIDKU Ha YyBCTBUTENHOCTTa
Ha JeTEeKTopuTe, U MM CpaBHUM C Te3u OT anropuTbma, TO Toraea:

- 3a manku gunameTtpm lNMpounssognTten 1 n3nonasa OETEKTOP C MHOMO HUCKA YYBCTBUTENHOCT <
375 cps/ uSv/h, a lMNMpoussognten 2 usnonssa OETEKTOP C YyBCTBUTENHOCT 6nmnska go 1250 cps/
uSv/h;

- 3a cpegHun guameTpu NMpomssoanten 1 u3nonssa AeTEKTOP C YyBCTBUTENHOCT Grim3ka Ao
1250 cps/ uSv/h, a lMNMpoussoguten 2 usnonasa AeTEKTOP C YyBCTBUTENHOCT 6nnska ao 600 cps/
uSv/h;

- 32 ronemMu guameTpu M OBaTa MPOU3BOAUTENS M3MNON3BaT OETEKTOPU C YYBCTBUTEMHOCT
©6nunska go 375 cps/ uSv/h.

Mopaan n3non3BaHETO Ha pPasnMyHM AETEKTOPU OT Pas3NUYHUTE NPOU3BOAUTENU Ha TO3W TUM
u3MepBaTenHn cuctemu, B pas3paboTeHaTa nporpama 3a oOpasMepsBaHe € 3aroXeHo
YyBCTBUTEIHOCTTA Ha AeTekTopa Aa 6bae nsbnpana ot notpebutens. Ot Tabnuvua 3 moxe ga 6bae
HanpaBeH M3BOObT, Ye pa3paboTeHaTa usuncnuTenHa nporpama pabotu ¢ 6rnmM3ska TOYHOCT 0 Te3un
Ha nporpamnTe Ha npoussoauTenute. [onsgma YacT OT M3YMCReHWTe WMMMyncu npu 3ajafeHa
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aKTMBHOCT, ce OoGnmxasaTt 4O Te3u, U3YMCIIeHN C OpyriTe ABe nporpamu npu NbpBusa eTan Ha
BanupauusaTa.

3aknueHue

Banvpaumdarta Ha moayna 3a opasmMepsiBaHe Ha cuctemaTta U3TOYHWK — OEeTeKTop, YacT oT
paspaboTeHaTa nporpama 3a u34mcrnieHme Ha pagMoMeTPUYHM MITbTHOMEPU, € HanpaBeHa YCMeLUHO.

PesyntatuTte nokaseaT, Ye M3YNCIEHNSTA HA aKTUBHOCTTA Ha M3TOYHUK Cs-137 1 nsymcnenundara
Ha MMMynNcuTe Ha OETEKTOpU C pasnuyHa YyBCTBUTENHOCT, ca OGNM3KM OO Te3u, HanpaBeHU C
nporpamMu Ha BogeLn NPoOn3BoANTENN HA PagUOMETPUYHM MITbTHOMEPU.

KbM TO3M MOMEHT He € OTKpMTa HEOBXOAMMOCT OT KOpPEKLUMsl Ha anroputbMa 3a U34NCNEeHNE,
KaKTO M Ha BbBEOEHUTE XapaKTEPUCTUKM Ha WUITOYHULW, OETEKTOPW, 3aLMTHU KOHTENMHEpU U
3axBallalln YCTPOMCTBA, KOUTO OKa3BaT BIIMAHME HA TOYHOCTTA.
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OueHKa Ha CBOMCTBaTa Ha MaTepuaniHuTe acnekT Ha BbTpeLuHonpucbLyaTa
Gapuepa npea pasnpocTpaHEHUETO Ha PeaKkTopeH NIyTOHWUIA NPU MHOFOKPaTHO
peuMKnupaHe B peakTopu ¢ BoAa noja HansiraHe

Meanno HanpgeHos, Kannu ®unmnos

MnymoHusm e eduH om oOcHo8HUMe sI0peHU Mamepuarnu, OonpuHacsawW, KbM pucka om
HepeanameHmMuUpaHoOmo UM pasnpocmpaHeHue. ®akmopume, cebp3aHUu C MamepuanHume
ceolicmea, uMam OCHOBEH MPUHOC KbM (hopMUpaHemo Ha m.Hap. 8 bmpelwHornpucbla bapuepa
nped pasnpocmpaHeHuemo. B Hacmosiwama cmamusi e pasanedaHo U3MeHeHUemo Ha me3au
acriekmu 8 criy4asi Ha MHO20KpamHo peyukupaHe Ha riymoHusi 8 peakmopu ¢ 80da rod Harsi2aHe
Kamo e HarnpageHo cpasHeHue ¢ 08a peghepeHmMHU 20pUBHU UUKBJIa.

KniouoBu AyMu: I'IJ'IyTOHVIVI, HepaanpocTpaHeHune, AapeHn ropuBHn LINAKINAN

Change of the Quality of the Material Aspects of the Intrinsic Proliferation Barrier
of Reactor-Grade Plutonium in the Case of Multiple Recycle in Pressurised Water
Reactors

Ivaylo Naydenov, Kalin Filipov

Plutonium is among the nuclear materials with major contribution to the proliferation risk. The
factors related to the material’s properties have the main role in forming the intrinsic proliferation
barrier. The current article examines the change of those aspects in the case of multiple recycle of
plutonium in pressurized water reactors. A comparison with two reference fuel cycles has been done
as well.

Keywords: plutonium, non-proliferation, nuclear fuel cycles

Introduction

The relevance of the problems, associated with nuclear materials’ non-proliferation is defined by
the following circumstances: (1) nuclear power is considered to be a dual purpose technology [10,11]
and (2) the probability for proliferation creates certain obstacles before nuclear power’s development
in terms of creating negative perception of nuclear technology [6]. Proliferation resistance is among
the core principles of nuclear power development and is an objective that should be fulfilled by
advanced fuel cycles [7,8]. Proliferation resistance also represents a necessary condition set forth
by the European commission that needs to be met, in order the future advancement of nuclear
energy in the European Union to be guaranteed [5]. It is thought that proliferation of nuclear materials
is one of the most important problems standing before the future progress of nuclear energy [13].

The main concerns about possible proliferation risk increase are based on the global plutonium
inventory that is estimated to be increasing at a rate of about 60 tonnes per annum [4]. Plutonium is
considered to be among the most important materials from non-proliferation perspective [13]. In
order to define the level of civilian plutonium’s usability for nuclear explosive device construction, it
is necessary to analyse those properties of the material that could make it suitable for non-civilian
applications. Most often, the attributes linked to material’s proliferation resistance are the bare critical
mass of a sphere, its decay heat, the spontaneous neutron emission, and the radiological barrier
[4,6].

Generally, three main plutonium management options can be outlined: (1) indefinite-term
storage in facilities with high physical protection levels; (2) reprocessing, MOX fuel manufacturing
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and burning in power reactors; and (3) immobilisation in glass or ceramic matrix. The burning of
plutonium in MOX fuel form and the metal’s immobilisation are considered the two least problematic
options for plutonium management [9]. Currently, the main approach for plutonium’s energy
utilization is MOX fuel manufacturing and its usage in thermal and, to a considerably lesser extent,
in fast neutron reactors [21]. The scheme of the classic single plutonium recycle in PWR is shown
on Fig. 1.

|_RAW
—
HLW .
Nuclear Fuel SNF “—\
Enrichedy * Manufacturing | " " Reprocessing | wm iocess L J
(UOX) b -
PWR _ T I
Plutonium -
Nuclear Fuel SNF Storage
Depleted U—*| Manufacturing | - - and Final
(MOX) PWR Disposal

Fig. 1 Partially closed fuel éycle with single plutonium recycle in pressurised water reéctor,
adapted from [17]

An alternative fuel cycle option that would allow multiple recycling of plutonium in PWRs is the
usage of MOX fuel that is manufactured by blending the plutonium with enriched instead of depleted
uranium. That concept is known as MOX Enriched Uranium Support (MOX/EUS) or MIX. Unlike
traditional MOX where the depleted uranium is used as a matrix material and the plutonium oxide is
the main provider of fissile nuclei, in MIX fuels PuO; acts as a secondary source of fissile isotopes.
In addition, the enriched uranium would enable multiple plutonium recycles in PWRs because it
would compensate the loss of reactivity due to the deteriorating plutonium isotopic composition
caused by the multiple consecutive irradiations [16,20]. This concept is illustrated on Fig. 2. On Fig.
1 and Fig. 2 the following abbreviations are adopted: UOX — uranium oxide fuel; PWR — pressurised
water reactor; SNF — spent nuclear fuel; RAW — radioactive waste; HLW — high-level waste; ILW —
intermediate-level waste; LLW — low-level waste; FP — fission products; MA — minor actinides; HM —
heavy metal; MOX — mixed oxide fuel.

| RAW
A

HLW
Nuclear Fuel
EnrichedU ~ Mal‘l:.llfj:)c;uring . %
) 4
PWR T
Nuclear Fuel .
Enriehedt Mmg?fgﬂg?g [ ' ’ Reprocessing FP, MA, HM losses
PWR
Plutonium

Fig. 2 Partially closed fuel cycle with multiple plutonium recycles in pressurised water reactor,
using the MOX/EUS concept, adapted from [17]

Objectives, input data, and methodology
In the current paper the effects of plutonium multiple recycling on material’s proliferation
resistance properties have been examined. The analysed fuel cycle realizes four-fold plutonium
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recycle using MIX fuel, the plutonium after the fourth recycle being set for 300 years decay. The
multiple recycle option is compared to two reference cycles: once-through fuel cycle and single
plutonium recycle using MOX fuel.

The stages of the MIX fuel cycle are as follows: first, enriched uranium oxide fuel is loaded in a
reference PWR (1000 MW gross electric power output, 33% gross unit thermodynamic efficiency)
and irradiated for 1241 EFPD, then the spent fuel is discharged (that is the zero recycle or R0) and
cooled down for 10 years. At that point the plutonium is extracted and used for manufacturing the
MIX fuel for the first recycling. The MIX fuel is also irradiated in the reference PWR for 1241 EFPD.
Those steps are repeated three more times. After discharging the fuel from the fourth recycle (R4),
it is set for 300 years decay. The overall fuel cycle duration thus becomes 356 years, considering
the moment of uranium fuel discharge as Year 0. The refuelling outages are not taken into account.

For comparability, the length of the reference cases is also set at 356 years. In the once-through
cycle, the spent fuel is set for 356 years decay right after initial discharge. In the MOX recycle case,
the discharged UOX fuel cools down for ten years; then MOX fuel is manufactured and irradiated for
1241 EFPD. The spent MOX fuel then cools down for 342 years adding up to 356 years total fuel
cycle length. The fuel cycles’ stages are illustrated on Fig. 3.

Year 0

X Disposal
Fresh UO, Rf;:::;(} 10 yrs. Tyglri) 10 yrs. Rfy{;:?s() 10 yrs. ny[eh';r):) 10 yrs. '-\:143.'(:-.;';) 300 yrs. (356 yrs.
load d d d y d " [ decay |
0ad oarereoy| % (1z2a1erpp)| 9% (1241erPD)| Y (1241 errDy| Y (12412Fppy| 96°% | aferRO
discharge)
Disposal
{
Freshuo, RO (UOX) 356 yrs | ©seyrs.
load (124%“ EFPD) decay after RO
discharge)
|
. ' Disposal
Fresh UO; | Rf;::f’ | toys. | R ;’:_"ff 342 yrs. | @seyrs
oad N 12a1 erpD) 9 (1241 EFPD) decay after RO

discharge)

1
Fig. 3. Examined fuel cycles and timeline of their stages; above: multiple plutonium recycles; in
the middle: no recycle; below: single plutonium recycle

The qualities of plutonium’s material barrier are assessed using the ‘Figure of Merit’ criteria. The
‘Figure of Merit' methodology is used to assess the material’s usability for the construction of a
nuclear explosive device by a nation or a sub-national group. The methodology uses two criteria,
FOM; and FOM_, in order to assess the material. They are calculated using Egs. (1) and (2). These
criteria include several intrinsic factors such as bare critical mass M, spontaneous neutron fraction
S, decay heat DH, and dose rate DR. The first criterion assesses the material’s usability when the
explosive yield is of little importance and pre-detonation is not an issue, while the second criterion
assesses the case when nominal yield and storability are desirable [2,3]. This effectively means that
FOM; criterion does not take into account the effects of the spontaneous neutron emission, while
FOM: could be used to assess the impact of even plutonium isotopes on the material barrier. The
present analysis has been carried out using the algorithm applied in [15].

1
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(2)

where: M is the bare critical mass (BCM) of a sphere, kg;
DH — the specific decay heat, W/kg;
S — the spontaneous neutron fraction, (n-kg)/s;
DR — the dose rate of 20% of the BCM at a distance from the source of 1 m, rad/h.

The FOM; values for some pure isotopes are shown in Table 1. The lower the criteria value, the
better the quality of the material’s barrier.

Table 1
FOM; values for some nuclear materials [1]
233U 235U 238PU 239Pu 240|:>u 241 Pu 242PU
FOM; 2.70 2.20 0.90 2.80 2.00 2.60 1.90

Isotopic benchmarking has also been used to evaluate the plutonium mixtures at the initial
moment (RO discharge) and at the end of the fuel cycle (at 356™ year). The used criteria are those
for 238Pu concentration for low technology, defined by Kessler et al. and by Kimura et al. (1.6 wt. %
and 2.0 wt. % respectively) [12,13]. As an additional criterion the plutonium grades according to 24°Pu
weight fraction, as described by Pellaud in [19], are also used. Those criteria have been applied for
assessment in a previous analysis [14].

The isotopic compositions, necessary for the assessment, have been calculated using the
ORIGEN-ARP module of the SCALEG.1 system. The bare critical masses have been calculated
using the KENOV.a module of the same system [18]. The isotopic compositions for each fuel cycle
stage have been calculated using the input data shown in Table 2. The critical masses have been
calculated for each plutonium mixture for a homogenous sphere with density of 19.84 g/cm?, as it
has been done in [15].

Table 2
Analysis input data
UOX MOX MIX
25 assay wt. % 4.80 0.25 4.80
Plutonium mass fraction wt. % - 5.00 5.00
Fuel mass power load MW/tHM 49.96 49.96 49.96
Irradiation duration per recycle EFPD 1241.00 1241.00 1241.00

Results and discussion
The isotopic compositions of plutonium at the beginning and the end of the analysed fuel cycles
are summarised in Table 3.
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Table 3
Plutonium’s isotopic vectors at the beginning and the end of the fuel cycles

Uox UoXx MOX MIX
wit% wt% wt% wt%

t 0 yrs. 356 yrs. 356 yrs. 356 yrs.

238py 3.581 0.280 0.298 0.688

B9y 47.706 58.507 39.544 24.992

240py 24.414 30.164 37.309 32.341

#1py 15.170 0.000 0.001 0.002

242py 9.128 11.049 22.847 41.977

It is evident that the plutonium from the discharged UOX fuel complies with the Kessler and
Kimura criteria, which is not the case of the other isotopic mixtures. That is due to the fact that the
half-life of 28Pu is 84.4 years which means that after 300 years of decay only about 8.5 % of the
initial 28Pu nuclei would be present. Concerning the ?4°Pu fraction, the mixture in the discharged
UOX fuel is reactor grade but is very close to the upper limit of 30 wt.%. All other mixtures are above
the 30 wt.% threshold that defines the MOX plutonium grade.

Another observation is that the weight fraction of the odd isotopes declines from 62.877 wt.% in
the year 0 to 58.507 wt.% in the 356" year of the once-through cycle, 39.545 wt.% at the end of the
MOX cycle, and 24.994 wt.% at the end of the multiple recycle cycle, with 2*2Pu being the main
isotope in the latter case. That illustrates the continuous deterioration of plutonium’s isotopic
composition caused by extended irradiation.

The results of the ‘Figure of Merit’ analysis are summarised in Tables 4, 5 and 6 with criteria
values calculated for each stage of the fuel cycle. Table 7 shows a comparison of the FOM criteria
values at the beginning and the end of each fuel cycle. The FOM values are similar to those obtained
in previous analyses (e.g. in [14,15]). The summarised results show general improvement of the
material barrier's qualities with exception of the no recycle case (when spontaneous neutron
emission is not considered).

Table 4
Change of the FOM values at different stages of the multiple recycle fuel cycle
Stage Year FOM; FOM;
Discharge RO 0 2.72 1.08
R0+10 (Load R1) 10 2.71 1.05
Discharge R1 14 2.61 0.78
R1+10 (Load R2) 24 2.60 0.73
Discharge R2 28 2.55 0.62
R2+10 (Load R3) 38 2.53 0.58
Discharge R3 42 2.55 0.58
R3+10 (Load R4) 52 2.50 0.52
Discharge R4 56 2.53 0.55
R4+1 57 2.53 0.55
R4+3 59 2.52 0.54
R4+10 66 2.50 0.51
R4+30 86 2.47 0.45
R4+100 156 2.45 0.40
R4+300 356 2.45 0.38
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Table 5
Change of the FOM values at different stages of the once-through fuel cycle
Stage Year FOM; FOM;
Discharge RO 0 2.72 1.08
RO+1 1 2.71 1.08
R0O+3 3 2.71 1.07
RO+10 10 2.7 1.05
R0+30 30 2.71 1.01
R0O+100 100 2.71 0.98
R0+300 300 2.71 0.97
R0+356 356 2.71 0.97

If the spontaneous neutron emission is not taken into account (the main effect of even plutonium
isotopes) it is evident that the properties of plutonium’s material barrier remain unchanged in the
case of no recycle (Table 5). In the single recycle case there is a slight improvement in barrier’s
qualities over time, mainly due to the irradiation stage (Table 6). The same observations can be
made in the multiple recycle case where the highest effect on the barrier's quality is observed (Table
5). Once again, the irradiation stages have higher impact. That influence however is highest after
the first recycle stage and incrementally decreases with each following recycle. That is due to the
deteriorating isotopic composition after each following recycle that limits the amount of burnt odd
isotopes, thus limiting the impact on the barrier’s quality. The circumstance that in the MIX fuel the
plutonium is not the main source of fissile nuclei, unlike in MOX fuel, also contributes to that effect.
Generally, it can be concluded that the impact of cooling time on material barrier's properties is
relatively low. That supports the results published in [14].

Table 6
Change of the FOM values at different stages of the single recycle fuel cycle

Stage year FOM; FOM,
Discharge RO 0 2.72 1.08
R0O+10 (Load R1-MOX) 10 2.72 1.05
Discharge R1-MOX 14 2.64 0.82
R1-MOX+1 15 2.64 0.82
R1-MOX+3 17 2.63 0.80
R1-MOX+10 24 2.62 0.77
R1-MOX+30 44 2.60 0.71
R1-MOX+100 114 2.58 0.67
R1-MOX+300 314 2.59 0.66
R1-MOX+342 356 2.59 0.65

If the effects of the spontaneous neutron emission are taken into account, the barrier’s quality
improvement becomes much more pronounced. In that case, improvement occurs much faster and
can be observed in all considered cases, the best effect again seen in the multiple recycle case.
That is due to the higher weight fraction of even plutonium isotopes. Once again, irradiation has
more pronounced effect than decay. The summary shown in Table 7 unequivocally shows the
positive effect of multiple recycle on the qualities of plutonium’s material barrier, with the
spontaneous neutron emission having significant contribution.



60 HayuHa koHdepeHLma EMD 2018

Table 7
FOM values at the beginning and at the end of the fuel cycles
UoX MOX MIX
FOM: (t=0 yrs.) 2.72 2.72 2.72
FOM2 (t =0 yrs.) 1.08 1.08 1.08
FOM: (t = 356 yrs.) 2.71 2.59 2.45
FOM: (t = 356 yrs.) 0.97 0.65 0.38

The discrepancies between the results of isotopic benchmarking (non-compliance with the 28Pu
fraction criteria) and the ‘Figure of Merit' values (showing improved barrier quality) show the
limitations of isotopic benchmarking, especially in the long-term analyses (good convergence in the
short term has been demonstrated in [14]) and the need of applying more complex and reliable
criteria in proliferation resistance analyses.

Conclusion

The present analysis has demonstrated that multiple recycling of plutonium is a viable option in
terms of improving the quality of its material barrier to proliferation, especially in comparison with
currently applied fuel cycle strategies. The limitations of isotopic benchmarking have also been
demonstrated.
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CEKUUA

EHEPITMAHA EQEKTUBHOCT W
Bb30BHOBAEMU N3TOYHULIN HA EHEPT UA



EHepruiiHa edekTMBHOCT M Bb30OOHOBAEMU M3TOUHULIM Ha eHeprus 63

EavH noaxopn 3a nsvuncnsaBaHe Ha eHepFMﬁHMTe cnecTtsAiBaHNA B OpaHXXepueH
KOMMJeKkc

Hwukona KanosiHoB

lpedcmaseH e nModxo0 3a oOueHsiBaHe Ha criecmsigaHusima 8 OpaHXepUeH KOMIIIEKC 3a
crlydaume, Koeamo uma 8beedeHU eHepaocrneamsigauju MEePKU, KOUMO CU 8/1UsIsIM 83aUMHO U HiMa
8b3MOXHOCM 3a U3sMepeaHe Ha eghbekma om ecska Mspka noomdesniHo. CbuwjecmeeH ¢hakmop ce
s8s18a epahukbm Ha 3acaxOaHe Ha 3eneHYyyuume. Pa3pabomeH e aneopumbM 3a aHasnu3 Ha
pa3xo0a Ha eHepauss U criecmsieaHusima 3a 0OaleH repuod om epeme rpu orpedesieHa
pegepeHmHa 6a3sa.

KnoyoBM Aymu: eHeprumHM  crnectaBaHus, ekonormyeH edyekt, MHOrocBbp3aHu
eHeprocnecTaBaLLy MepKu.

An approach to calculating the energy savings in a greenhouse complex
Nikola Kaloyanov

An approach to assessing savings in a greenhouse complex is presented for cases where
energy saving measures have been introduced that influence each other and there is no possibility
to measure the effect of each measure individually. An important factor is the planting schedule of
vegetables. An algorithm has been developed to analyze energy consumption and savings over a
given period of time on a given reference basis.

Keywords: Energy savings, environmental impact, multi-related energy saving measures.

BvwBegeHue

Mpn oueHsABaHe Ha MOCTUrHATU EHEpPruHU ChnecTsBaHWs B pes3ynTtaT Ha WU3MNbiHEHU
€HeprocrnecrsaBaliy MEpKM B OpaHXepuUHM KOMMMEKCKH, OT MbpPBOCTEMNEHHO 3HA4YeHWe ce siBsiBa
OTYUTAHETO Ha PEXMMUTE 3a PA3NNYHUTE OTIMNEXOAHM KYNTYpU, BKITHOYUTESTHO N3MNoN3BaHaTa nioLL,
CbOTBETCTBALUUTE BPEeMEBU WHTEPBANW, KakTo U cneumduyHuTe napamMeTpu Ha BbTpPEeLlHUs
MUKPOKITMMAT.

MaTemaTnyecko onncaHme Ha meToga

EovH npaBoMepeH Noaxod 3a OUEeHKa Ha eHEePrmmHUTE CNecTaABaHMS U eKONormyHus edpekt ot
npunaraHe Ha efuvHWYHU eHeprocrnecTsiBally MepKu uUnM naketu oT Mepku B OafdeH nepuog ot
BpeMe 3a TakMBa Cilydam ce OCHOBaBa Ha uaeHTudukauusa Ha 6asoBara nMHUA Ha noTpebneHne Ha
eHeprus npeau BbBeXaaHe Ha MepkuTe U cpaBHEHWE Ha pa3xoda Ha eHeprusi cnen BbBexaaHe Ha
MepkuTe ¢ basoBaTa nuHus. lNpouenyparta 3a pewaBaHe Ha npobrema ce u3nbrHgABa B criegHaTta
nocneaoBaTesiHOCT:

A. Udenmudpukauyusi Ha 6a3zoeama JIUHUSI Ha eHep2onompebeHue

1. Onpepgens ce 6a3oBa rogvHa 3a Hadano Ha oueHkara.

2. 3a Bceku mecel, OT basoBaTa roguHa, Npes KOWTO € M3Nnon3BaHa ToMNIMHa 3a OTOMNNeHne, ce
n3uncnsiea otonnsgemmss ob6emMm 1 ce oTyMTa cpegHata MeceyHa TemnepaTypa Ha Bb3ayxa,
nogaobpXxaHa B opaHxepusiTa.

3. 3a BCekM Mecel i OT OTOMMAMTENHUA Nepuog ce onpedend npou3BedeHMeTO Ha

OeHrpagycute n otonnaemMmua obewm:
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DD, V,, (1)
KbOeTo:
DD, =n.(t,,~t,,), 2)

DD, - oTonnuTenHuTe AeHrpagycu 3a meceua i,
n,- 6poAT Ha AHUTe B Mecela i,

tin,i - CpeaHaTa CTOMHOCT Ha nogAabpiKaHaTa TeMnepartypa B OpaHXepudTa npes3 meceua |/,

t,; - CPeAHaTa CTOMHOCT Ha BbHLIHATa TemnepaTypa npes meceua i,

Vi- otonnsaemuat obem npe3 Meceua i, m°. Korato BCUMYKM OpaHXepuitHW mModynu ca C

e[ HaKBa BMCOYUHA, OTONNAEMUAT 06eM MOXe Aa ce 3aMeHU C NoLTa Ha MogynuTe.

4. B cnyyauTe, Korato uma OpaHXepuHu MOLYNKN, B KOUTO Mpes i-A Mecel, He ce oTrnexga
KynTypa, HO ce nogabp)ka onpefeneHa MMHUMarnHa Temnepartypa 3a npegoTepaTsaBaHe Ha
3aMpb3BaHe Ha cucTemMmnTe, € HeobxoauMo Aa Ce M3YUCIM CbOTBETCTBALLO NpousBeaeHne
aeHrpagycute (Mo nogabpxaHaTa TemnepaTypa) u obema, M ga ce cymupa C
npou3BedeHneTo oT ypaBHeHuel.

5. TMNoTpebeHaTa eHeprus nNpe3 Meceua i ce onpedens KaTo CymMa OT BCUMYKM M3MON3BaHU
€HEepruiHM pecypcu, OTYETEHN C ropHaTa MM TOMMOTBOPHA CMNOCOGHOCT.

6. VpeHTnduumpa ce 3aBnucnMMocTTa Ha notpebeHaTa eHeprusi npes OTONMAUTENHUSA Nepmoa Ha
Gasosara roguHa Evx= f {DD, .V, } n ce onpenenat koeduuUeHTUTE Ha anpoKCcUMUpaLlms

nonnHomM. HopmarnHo e ga ce nony4ym MHOro ,D,o6pa anpokcnmmMauua Cc npasa JIMHUA.

b. U34ucnisigaHe Ha criecmeHama KQal‘]Ha eHepeaus

7. 3aBcekn MeceL, j OT OTONNUTENHNA Nepuo Ha roguHaTta, cnegsaiia M36paHaTa 3a 6asoBa,
ce onpeaend npon3BeeHNeTo Ha aeHrpagycute n otonndaemMmua obewm:

DDV, (3)
KakTo 1 nspasxonsaHata eHeprus Ej no npasunaTta, onucaHu B 1.1 - T.5 no-rope.
8. CnecTteHata KpaliHa eHeprus ce ns4ucnssa no gopmynaTta:
K
FES =) (f{DD’; V'} -E,), kWh
= (4)

KbaeTo:
f{ DD:VT} - U34YMCNEHMST No 6a30Ba NMHKS Pa3xod Ha eHeprus 3a j-a Mecel,

Ej- peanHo perncTpmpaHudaTt pasxog Ha eHeprus npes meceLa j,
K — ©poii Ha meceumMTe B OTONNUTENHMSA NEPUO HA OLEHSBaHaTa roguHa.

B. 34ucnsieaHe Ha cnecmeHama NbpPeUYHa eHepausi

9. Tpu m3nonssaHe Ha P Opos pasnuyHU €HEepruHu pecypcu Mpes3 OLEeHsBaHuA nepuvog,
obLuaTa crnecTeHa MbpBMYHA EHEPrUs MOXe Aa ce U3ducnu no uspasa:

PES =FES.f ,, kWh (5)

KbOETO:
PES - cnecteHata nbpBuyHa eHeprusi, kWh;
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FES - cnecteHaTa kpaWnHa eHeprus, kWh;
fp - cpegHo-npeTerneH kKoeduUNeHT 3a NPEBOA Ha KpariHaTa eHeprus ot P eHeprinHu

pecypcu B MbpBUYHA, ONpeaienieH Ha ocHoBaTa Ha NnoTpeGneHneTo 3a nepuoga ot Bpeme —
6asoBa rogvHa + oLeHsiBaH nepuoa.

I. U34yucnsisaHe Ha eKoJs102u4HUs1 eghekm — cnecmeHu emucuu CO;

10. Mpu mnsnona3eaHe Ha P Opos pasnuuHM eHeprunHM pecypcu npes3 OoLeHsiBaHWsA nepuog,
E€KOMNOMMYHUAT eKBMBANEHT Ha crnecTeHaTa eHeprusi oT npunaraHe Ha eHeprocrnecTsiBallm
MEepKM MOXe [a ce OLeHU Mo u3pasa:

ESc,, =FESe,, kg (6)
KbOETO:
ESC02 - cnecteHoto KonudectBo emucum CO, B pe3yntat Ha npurnoxeHuTte

eHeprocnecTsBallm Mepku, kg;
FES - cnecTeHaTa kpanHa eHeprusi, KWh;

ep - KoedUUNEHTLT Ha eKONorMyeH ekBUBarneHT Ha KpaviHaTa (focTaBeHaTa) eHeprus,

onpeferneH KaTto cpefHo-npeTerneHa CTOMHOCT Ha OcHoBaTa Ha noTpebneHveTo Ha
pasnUYHUTE EeHeprumHn pecypcu 3a nepuoga oT BpeMe — 6asoBa roauHa + oueHsiBaH
nepuog, gCO./kWh.

Pe3ynTaTM OT nNpunoxeHue Ha noaxona 3a OLEeHKa Ha cnecTdBaHUATaA B OpaHXepueH
KoMnnekc

MN3noxeHuaT noaoxod M anropuTbM ca MUNIOCTPUPaHM C edHO MPUNoXeHUe 3a OleHKa Ha
crnecTsiBaHUSITa B OpaHXepueH KOMMNIEKC B paiioHa Ha rp. Mbpeomaii.

U3x00HU ycrnoeus
lMpe3 natoTo u paHHata eceH Ha 2017 r. B OpaHXEpUMHMS KOMMMEKC Ca W3MbJIHEHU
€HeprocnecTsiBall MEPKU NO BEPTUKANHUTE Orpaxaally efieMeHTU Ha OpaHXepunHUTE MOayNn —
CblUeCTBYBaLUUTE CTbKINEHW OrpaXxaallm enemMeHTy ca nogMeHeHn ¢ NonnkapboHaTHM NIOCKOCTU 1
€ U3BbPLLEHA ONTMMM3ALMSA HA TEXHONOTMYHMTE NPOLIECH.
3a oueHKa Ha peanuanpaHuTe CnecTsiBaHNs ca NpUeTn CnegHNTe U3XOL4HWU YCIOBUS:

1. 3a onpegensiHe Ha 6a3oBus pasxon Ha eHepruda e n3dbpaH nepmnoabt 01 AHyapu — 31 MapTt
2017 .

2. 3a oueHka Ha o4YakBaHuUTE crnecTsaBaHus e n3bpan nepuoabT 01 Anyapu — 31 Mapt 2018 r.

MeprogbT siHyapy — MapT e u3bpaH 3a npeacTaBUTeneH nopaan gakra, ye npes Te3n meceuu
HAMa NpeKbCBaHe Ha OTOMMEHMETO Nopaamn NOBMLIEHA BbHLUHA TeMnepartypa.

3. lNpe3 gBata nepuvoga 3a OTOMNMEHWE Ha OpaHXepUMHUTE MOOYNM Ca W3MOoNi3BaHWM Kato
€HepruiHn pecypcu NpUpPOAEH ras, nenetm u TONNMHA OT cucTeMa 3a LieHTpanuanpaHo
TonnocHabasBaHe (OT KO-reHepaLMoHeH Moayn).

4. B Tabnuum 1 1 2 ca nokasaHu OCHOBHUTE NapamMeTpu Ha eHepronoTpebneHneTo 3a nepuoaa
saHyapu 2017 — mapT 2018 1.
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Tabnuua 1
*CpenHa KpanHa
Mecen mecena npoayk- | EnekrpuyectBo MpupopeH ras Menetn TonnuHa
Temnepary- st
pa
°C TOH MWh nB. xun.Ham® | MWh nB. TOH | MWh nB. MWh nB.
| -4,2 407,0| 27 398,0 | 769,0 |8120,6 263 806,0|67,0]339,6|9990,0(5207,0[135387,0
Il 2,5 291,01 19749,0 | 718,0 |7582,1]241278,0(350|177,4|5259,0[4773,0]124100,0
1] 9,8 499,0 270,0| 18498,0 | 540,0 |5702,4]177973,0(25,0|126,7 | 3 825,04 907,0| 127 574,0
\Y 12,7 233,0| 16042,0 | 298,0 |3146,9] 126 915,0 5129,0 [ 133 362,0
\Y 17,6 179,0| 12 547,0 0,1 0,6 26,0 3259,0| 84742,0
\ 23,5 1976,0 74,0 | 10162,0 0,9 9,5 387,0 85,0 2207,0
Vil 25,0 87,0 | 11988,0
VIl 25,2 112,0| 16 492,0 0,1 0,8 38,0
IX 21,3 2249,0 88,0 | 12442,0 0,0 0,1 4,0 410,0 | 10670,0
X 13,5 75,0 | 5787,0 2685,0( 69810,0
Xl 8,3 64,0 | 9770,0
Xl 4,5 1098,0 |131,0] 9541,0 3,0 31,7 126,0 2609,0( 67 826,0
Tabnuuya 2
M3xoaHu AaHHM 3a aHanu3a Ha eHepronoTpe6neHMeTo — AsHyapu-mapT 2018 r.
“Cpenna KpaiHa
Mecew _::';:ﬂc::::_ npoayk- | EnektpuyecTt-Bo MpupopaeH ras Menetn TonnuHa
Typa s
“© TOH MWh nB. xun.Hm® MWh nB. TOoH | MWh [ nB. MWh nB.

| 2,7 146,0 | 9508,0 | 301,47 3183,5 140 832,( 5125,0 | 133 239,
1] 3,9 204,0 | 13280,0 | 788,28 8324,2 368 469,( 4690,0 [ 121 932,
11 6,9 516,0 186,0 | 12 090,0 | 527,67 5572,2 239716, 125,01 633,5 [13 028,0] 5 170,0 | 134 415,

*MNopagwn nunca Ha MeTeoposIorMyHN aHHKM 3a rp. [NbpBomMan, cpegHaTa MecevyHa TemnepaTtypa
Ha BBbHLUHUSA Bb3OyX € OTYeTeHa 3a Han-0rM3KOTO HAcerneHo MACTO C HanuMyHa mMHdopmauuns -
cTaHums MaHone.
5. Npadhuk Ha oTrnexgaHnTe 3eneH4vyum
a) 6asoB nepuopg

5 6nok Jomatn — Hayano 25.01.2017 r.

6 6nok Kpactaemum — Havano 09.02.2017 r.

7 6nok KpactaBuumy — Ha4ano 15.01.2017 r.

8 6nok flomatn — Havyano 25.01.2017 r.

9 6nok KpactaBmum — Havano 03.02.2017 .

10 6nok JomaTtn — Ha4ano 16-20.02.2017 r.

11 6nok KpactaBmum cnama — Havano 12.01.2017r.
12 6nok Kpactasuum cnama — Havano 30.12.2016 r.

6) nepuog cnep BbBEXAaHe Ha MepKuTe
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5 6nok KpactaBuum — Ha4ano 12.01.2018 r.

6 6nok JomaTtn — Ha4ano 03.02.2018 r.

7 6nok KpactaBmum — Havano 06.01.2018 r.

8 6nok Kpactasmum — Hayano 17.01.2018 r.

9 6nok flomatn — Hayano 06.02.2018 r.

10 6nok Kpactaeuum — Havano 19.01.2018 r.

11 6nok Jomatn — Havano 28.03.2018 r.

12 6nok CanaTtun — Havano 29.12.2017r. kpan 13.03.2018r.

*Bceku 6rok e ¢ nnowy, 29788.8 m2.

MAPAMETPU HA BbLBENEHUTE EHEPIOCIIECTABALLN MEPKU

HaumeHoBaHuMe Ha msipkaTa
(no knacudmkaumaTa Ha AYEP)

[ognHa Ha
M3nbIiHe-
Hue Ha
Msipkata

BnoxeHnu
MHBECTULUMU
xunsou
neesa

YXuot
Ha
MmsipkaTa,
200.

—

BbBexgaHe Ha cUCTEMUM 33 MOHUTOPUHT U
kKoHTpon (CMK)

MepKVI no TEXHOOrM4H"

CbOPBXKEHUS

arperatm n

MogMsiHa Ha TEXHOMNOrMYHO o6opyuBaHe

MepKVI Nno KOHAEH3HU CTONaHCTBa

OTCTpaHﬂBaHe Ha Nponycku U Tonnounsonauuns

Mepku no reHepupaLy MOLLHOCTM

CmsiHa Ha ropmBHa 6asa

OI'IOJ'I3OTBOpF|BaHe Ha OoTnagHa TonjinHa

OO |INO|O| B |Wl N

MepKVI no enexkrpoasuratenmn

Mepkun no TpaHcdopmaTopu

S\ PN
)

MepKVI No OCBETUTESTHN MHCTanaunmn

-
N

OntumuanpaHe  eHepronoTpebneHneTo  Ha
crpagHuss ¢doHg  (HOBM  eHeprocnecTsiBalyv
crpagHu orpaxaalum eneMeHTH Ha
OpaHXepunHUTe 6rokoBe)

2017

62.85

10

13

KoreHepauusi

14

BU

15

Opyrv:  OnNTUMM3aUMs Ha  TEXHOMOTMYHUTE
npouecy (MpomsiHa Ha rpadpmka Ha 3acaxgaHe no
BUAOBE 3eneHYyuMm)

12.20
17-
01.2018

H/N

obL
o

62.85
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1. UdeHmudhuyupaHu napamempu om obpabomkama Ha epaduyume
2017 a.
SHyapu
Bnok Homep 6nok 12| 6nok5 | 6rnok 6 | Gnok7 | 6nok 8 | Grniok 9 | 6ok 10 | 6Grok 11
CpenHoaeHoHoLLHa
P o 19.5 17.5 21 21 175 21 17.5 19.5
TemnepaTypa 3a 3eneHuyyuute, “C
Bpow oHu B MeceLa ¢
noaabpXaHaTta 3a 3efeHuyka 31 7 0 17 7 0 0 20
TemnepaTypa
CpenHa CTOMHOCT Ha
noaabpXaHara 3a 3efneHyyumTe 19.47
Temnepatypa B opaHxepusTa, °C
Mnow, Ha oTonnsiemnTe 4o
Heobxogumata TemnepaTypa 3a 78796.181
3enenyyLmMTe Moaynu, m>
®Pespyapu
Bpoi oHu B MeceLa ¢
noaabpXaHaTta 3a 3efeHuyka 28 28 20 28 28 26 13 28
TemnepaTypa
CpenHa CTOMHOCT Ha
noaabpXxaHara 3a 3efneHyyumTe 19.36
TemnepaTypa B opaHxepusaTa, °C
Mnow, Ha oTonnsiemnTe 4o
Heobxogumata TemnepaTypa 3a 211713.257
3enenyyLmMTE MOAynu, m°
Mapm
Bpon oHu B Meceua ¢
nogabpXaHaTa 3a 3ereHuyka 31 31 31 31 31 31 31 31
TemnepaTypa
CpefHa CTOMHOCT Ha
nogabpXaHara 3a 3efneHuyuute 19.31
TemnepaTypa B opaHxepusTa, °C
Mnow, Ha oTonnsiemnTe 4o
Heobxogumata TemnepaTypa 3a 238310.400
3eneHyyLmMTe MOAynu, m*
2017 Briokoee ¢ omanexdaHu 3eneHqyyu B. 6e3 ol o: Ha yyu obLYo
CpepnHa
CpepHo- CTOMHOCT Ha CpegHa Mompe6eHa
Bpoit MeceyHa |noaabpxaHaTta| lMnow Ha [leHrpagycu| CTOMHOCT Ha Mnow Ha [Hexrpanycy (QeHnepadyc | eHepzusi
Mecey [HW B BbHLUHA 3a 6nokoseTe ARTTER ] xMnow, | nogabpxaHata | GriokoseTte Hexrpanycy x Mnowy u x Mnow;
Mecela |TeMnepaTypa| 3eneHdyuute Temnepartypa
Temneparypa
oc oc e °G 2 MWh
Anyapu 31 -4.2 19.47 78796.18 733.75| 57817082 8 159514.22 378.2| 60328278| 118145360 13667.20
despyapu | 28 25 19.36 211713.26 472.20 99971213 8 26597.14 154|  4095960| 104067173|  12532.46
Mapt 31 9.8 19.31 238310.40 204.89| 70274758 8 0.00 o| 70274758|  10736.10
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2018 2.

SHyapu
Bnok Homep 6rnok 12| 6nok5 | 6nok 6 | 6Grnok7 | Gnok 8 | 6rmok 9 | 6Gnok 10 | 6rok 11
CpearoneHoHoLIKa | o135 | 21 175 | 21 21 175 | 21 175
TemnepaTypa 3a 3eneHuyumte, “C
Bpon gHu B Meceua ¢
nogabpXxaHaTa 3a 3ereHyyka 31 20 0 26 15 0 13 0
TemnepaTypa
CpefHa CTOMHOCT Ha
noagabp)kaHaTa 3a 3eneHuyyumTe 18.79

TemnepaTypa B opaHxepusTa, °C

Mnouy Ha oTonNnAemnUTe A0
Heobxogumata TemnepaTypa 3a 100897.548

3ernenyyLmMTe MoAynu, m>

Pespyapu
Bpow gHu B MeceLla ¢
nogabpXxaHaTa 3a 3eneHvyka 28 28 26 28 28 23 28 0
TemnepaTypa

CpefHa CTOMHOCT Ha
nogabpxaHaTa 3a 3erieHyyumTte 18.98

TemnepaTypa B opaHxepusTa, °C
Mrow, Ha oTonnsieMuTe 4O

HeobxogumaTa TemnepaTypa 3a 201074.400
3ereHYyLmMTe MOAYnM, m°
Mapm
Bpon gHu B meceua ¢
nogabpXaHaTa 3a 3eneHvyka 13 31 31 31 31 31 31 4
TemnepaTypa

CpeaHa CTOMHOCT Ha
nogabpxaHaTa 3a 3ereHdyumTe 19.38

TemnepaTypa B opaHxepusTa, °C

Mnouy Ha oTonnAemnTe A0
Heobxogumata TemnepaTypa 3a 195068.594

3enenyyLmMTe Moaynu, m>

2018 Brokoee ¢ omanexdaHu 3eneHqyyu Brokoee 6e3 om: Ha vy obLo
CpepHa
CpepnHo- CTOMHOCT Ha CpegHa Mompe6exa
Bpon MeceyHa |noaabpxaHata| lMnouwy Ha LeHrpaaycn [leHrpagycu| CTOWMHOCT Ha Mnowy Ha LeHrpaaycn [exrpanycy (Jenepadyc | eHepausi
Mecew OHW B BBHLIHA 3a 6nokoseTe xMnow, | nogabpxaHata | GriokoBeTe xMnow, | u xMnow;
Mecelua |TemnepaTtypa| 3enenuyuute Temneparypa
Temnepatypa
°c °c m’ °c m’ Mwh
Anyapu 31 2.7 18.79 100897.55 498.66| 50313283 8 137412.85 164.3| 22576932| 72890215 8308.50
deBpyapu 28 3.9 18.98 201074.40 422.28| 84909996 8 37236.00 114.8| 4274692.8| 89184688 13014.20
MapTt 31 6.9 19.38 195068.59 386.93| 75478861 8 43241.81 34.1| 1474545.6| 76953407 11172.98

2. bazoea nuHusi Ha nompebs1eHUemMo Ha eHepa2usl

Ha cur.1 e nsobpaseHa noeHtudurumpaHaTa nuHenHa sasucumoct Enp=f { DD, .V, }, nonyyeHa

c anpokcumauma Ep, = 0,00006.DD.A + 6486,6 MWh/mecel, cbe cTeneH Ha kopenaumsa R?=0,9893.
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3. OueHKa Ha eHepa2uliHume crecmsieaHusi

®urypa 1. MgeHTudmumpaHaTa 6as3oBa nnHMUsSt Ha eHepronoTpebneHne

3.1 EHeprunHu cnectaABaHUs NO KpanHa eHeprus

NMompe6eHa | UsyucneHa eHepausi O6uwo
2018 CnecmeHa
Lenzpadycu x Mnow eHepeaust 2018 | 3a 2018 2. no 6a3zoea eHepaus cnecmeHa
MeceLy 2. SuHus eHepausi
MWh MWh MWh MWh
AHyapu 72890214.72 8308.50 10860.01 2551.51
deBpyapu 89184688.32 13014.20 11837.68 -1176.52 1305.82
MapTt 76953407.04 11172.98 11103.80 -69.18

3.2. OnpegensiHe Ha KoeuUMEHTUTE 3a NpPexoa KbM MbpPBUYHA €HEPrUA U €eKOJNTOTMYHUA
€KBMBAaleHT Ha LeHTpanM3npaHoTo TonyiocHabasaBaHe

3a umageHTMduMKaumMa Ha KOPEKTHUTE CTOMHOCTM Ha KoedUUMEHTUTE 3a WU3YMCNsSIBAHE Ha
NbpBMYHATaA €HEeprus M EeKONOrMYHMUS EeKBUBANEHT Ha TomnuMHata oOT  LeHTpanuMsMpaHo
TonnocHabasBaHe ¢ oTYMTaHe Ha cneundurkaTa Ha cuctemaTa 3a KOMOMHMPaHO NPOM3BOACTBO Ha
eHeprus, ca aHanusnpaHu napameTpuTe Ha Ko-reHepauMoHHaTa LeHTpana 3a 2017 r.
WN3pasxoaeHo konmyecTso npupoaeH ras — 6 080 000 nm?
ExkBMBaneHTHO konmyecTBo TonnmHa — 6 080 000 x 10,56/1000 = 64204.8 MWh
EdekTnBHOCT Ha NPOM3BOACTBOTO HA €MNEKTPUYECTBO M TonNnHa — 88%
Mpogagena TonnuHa — 29 064 MWh
M3pasxoaeaH NpupodeH ras 3a NpoM3BOACTBO Ha TonnmHa = 29 064/0.88 = 33 027 MWh
KoedunumneHT 3a npeBo Ha JocTaBeHaTa TONSIMHA KbM MbpPBUYHA EHEPrUs:

fo, =33 027 x 1,1/29 064 = 1,25

KoedunumeHT Ha eKoNnorniHns eKkBUBaneHT:

ep, =33 027 x 202 / 29 064 = 229,55 gCO./kWh
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3.3 EHeprunHu cnecTtsiBaHUsi N0 NbPBUYHA eHeprus
Mo npegoctaBeHnTe AaHHM 3a NoTpebneHneTo Ha eHeprusa 3a nepuoga Axyapu 2017 — Mapt
2018 r. (NpupoaeH ras, nenetu u LeHTpanuaMpaHo TonnocHabasiBaHe), € m3vucneHa cpegHara
npeTerneHa CTOMHOCT Ha KoeduuueHTa 3a NpeBo KbM NbpBUYHA EHeprus:
f ,. = 1,176
EHeprunHnte cnectsiBaHus No MbpBUYHA EHEPIUS ca U3YMUCNEHN No hopmynaTa:
PES = FES.fp =1305,82.1,176 =1535,64 MWh

3.4 ExonornyeH eKBUBaNeHT Ha eHepPrumHnUTe cnecTaABaHus

AHanorm4yHo Ha nNpeaxogHaTta To4Ka, N0 NpeaocTaBeHnNTe AaHHW 3a NoTpebneHneTo Ha eHeprus
3a nepuoga Advyapm 2017 — Mapt 2018 r. (npupoaeH ras, nenetm W LeHTpanuanpaHo
TonnocHabasBaHe), e 34ncrieHa cpegHata npeTernieHa CTOMHOCT Ha KoeduUMeHTa Ha eKonormyeH
€KBUBANEHT:

e,. =214 gCO./kWh
EKONOrM4yHmnAT ekBmBaneHT Ha eHepI'VIVIHVITe cnectdBaHn4A e N34ncrieH no cbopmynaTa:

ESco, = FES.e, =1305,82.1000.214/1000000 = 279,45 mona

3aknoueHue

MpenctaBeHUST Noaxo4 AaBa €4Ha Bb3MOXHOCT 3a OLEHKa Ha CnecTsiBaHMsTa B OpaHXXepueH
KOMMIEeKC B pe3ynTaT OT BbBeXAaHW Npe3 roauHnuTe eanHUYHM eHeprocnecTsiBalyn MepkM 1 nakeTu
OT Mepku. KaTo ecTecTBEHO CNeACcTBME, pe3ynTMpaLLMTE CNECTSIBAHNS — HA EHEPIUs OT PasnnyHUTE
N3Mon3BaHN eHepPrinHK pecypcu, kakto u Ha emucumTe CO2, ca NPOMEHMBU NPE3 FOAMHUTE U He €
Bb3MOXHO [ja Ce HaMepW OLeHKa Ha uHAMBuAyanHuTe ecdektu. FlonemMmmHaTa UM 3aBUCK CTPOro oT
B3aMMHOTO BMUSIHWE HA BbLBEAEHWUTE MEPKM, KAKTO M OT pexuma Ha 3acagaHe v oTrnexgaHe Ha
3eneHdyunTe. PaspaboTeHnaT noaxod v anroputbm 3a OLEHKa Ha CnecTsiBaHUsATa ca MPUIoXnM
©e3 orpaHMyeHns No OTHOLLEHWE Ha BUAA Ha Npou3BexaaHaTa NpoayKums.

Ilnutepartypa

1.HAPEOBA Ne E-P[-04-3 ot 4.05.2016 r. 3a gonyctummte MeEpKM 3a OCbLUECTBSBAHE Ha
€HeprumHn cnecTsiBaHMs B KparHOTO NOTpebrieHne, HaYMHUTE Ha AoKa3BaHe Ha NocTUrHaTuTe
€HepruiHn CNecTsiBaHUs, U3MCKBaHMATA KbM METOOUKUTE 3a TAXHOTO OLEHSIBAHE M HAYMHUTE 3a
NOTBbPXXAABAHETO WM.

Mpodb. a-p uHx. Hukona KanosHos, TexHndeckn yHmBepcutet — Cocms, ngk@tu-sofia.bg
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N3cnepBaHe Ha eHepPrumHUTE U aePOANHAMUYHM XapPaKTEPUCTUKN Ha Bb3AyLUeH
CNbHYEB KOJNEKTOP B €CTEeCTBEHMU YCIIOBUSA

Hwvkona KanosHos, Jlto6omup LlokoB, PoceH Llekos, Momunn Bacunes, LiBeTaH boxkos

Macoeomo usnonszeaHe Ha BEW 3a nodbpxaHe Ha MuKpoknumama 6 cepadu e bes
anmepHamuea. M3rnon3eaHemo Ha CribHYesama €Hepausi 4Ypes3 JIoKasIHU  MOMUHHU U
¢omosonmauyHuU Kornekmopu e echekmugHUs U HernocpedcmeeH Ha4yuH 3a nocmueaHe Ha masu
uen, Kakmo om mexHu4yecka, maka u om UKoHomu4yecka 2nedHa moyka. B Hacmosiwiama paboma
ca npedcmaseHu pe3ysimamu om u3rnumeaHe Ha XubpudeH CribHYe8 8b30YWEH KO/IeKmMop 3a
aBmoHOMHa 8eHmusiayusi Ha MOMeLWeHUsT 8 XUMUWHU U rpou3sodcmeeHu cepadu.

KniouoBu AyMU. Bb3ylleH CnbHYEeB KOIEKTOop, Bb300OHOBSIEMM eHepFMVIHM M3TOYHULMN,
BeHTUnNnauuAa.

Investigation of the energy and aerodynamic characteristics of solar air heater
in natural conditions

Nikola Kaloyanov, Lyubomir Tsokov, Rossen Tsekov, Momchil Vassilev, Tsvetan Bozhkov

The massive use of RES to maintain the microclimate in buildings has not alternative. The use
of solar energy through local heat and photovoltaic collectors is an effective way to achieve this goal,
both technically and economically. In the present work results of testing of an hybrid solar collector
for autonomous ventilation of premises in residential and industrial buildings are presented.

Keywords: solar collector, renewable energy, ventilation.

BbBeaeHue

Ha nonuroHa 3a Bb30OHOBAEMWU €HEPrUHWU U3TOYHMUM B TexHuyeckn yHusepcuteT-Codms
Oelle npoBedeHO NpeaBapUTENIHO EKCMEPUMEHTANHO M3CredBaHe M OLEHKa Ha EHEPruiHuTE U
aepoauHaAMUYHN XapaKTEPUCTUKM Ha Bb3ayweH crbHyeB konektop (BCK), kombuHupaH ¢
doToBONTAMYEH NaHEN 3a OCUrypsiBaHe Ha MpUHyguTENHa UMpKynauus Ha NpecHusa Bb3gyx npes
KonekTopa kbM nomelieHmeTo. OCBEH Ye ocurypsisa eHeprmmHa aBTOHOMHOCT, KOMOMHaUuATa oT
JBaTa Buda KONeKTopu BOAM OO0 CBOoeobpaseH aBTOMOAENEH pexunm Ha paboTa Ha cucTemara,
3aBUCELL, OCHOBHO OT MHTEH3UTeTa Ha CNbHYEBUSA TOMMMHEH MOTOK, MonagHan Bbpxy ABaTta
Konektopa. M3cnegsaHeto Gelle npoBedeHO B cpefaTta Ha Mecel Mawn, B YCNOBUSITA HA CUSTHO
NpPoOMeHNMBa 0651Ia4HOCT N TeMnepaTypu Ha aTMOCcEPHUS Bb3ayX Bapupallum B guanasoHa ot 15°C
0o 25°C. MapameTpute Ha KnumMaTa ce perncrpmpaxa oT METPONornyHaTa CTaHuMs KbM MOMMronHa,
a JaHHWTe OT M3MepBaHEeTO Ha CBOMCTBATa Ha Bb34YLUHWS NOTOK MPe3 KoNekTopa, napaMeTpuTe Ha
BeHTMNaTopa u Temnepartypata Ha abcopbepa ce 3anncBaxa Ha BCEKM OBE CEKYHON BbpXy
€reKTpOHHEeH HocuTen. Pesyntatute oT ekcnepumeHTa 6sxa obpaboTeHn u 0606LeHn. Mopagu
nMnca Ha [aHHW 3a NOBEAEHMETO Ha NoJoOHW XMOPUOHM CUCTEMW U YCTAHOBEHW KPUTEPUU WU
MOZEeNnu 3a oueHkaTa um, belle paspaboTeHa MeToauKka U hopma 3a TAXHOTO NPeACcTaBsHe C Len
M3Mnosi3BaHe B MpakTukara.

EHepruiHun n aepoanHamumyHu xapakrepuctuku Ha BCK

EkcnepumeHTanHa nocraHoBKa
ExkcnepumeHTBT ce npoBeae ¢ nnockk BepTukaneH BCK, mogen “KOCAN-AIR 4,0m?”.
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OnucaHve Ha TEXHUYECKUTE XapaKTepUCTMKM Ha u3cnedBaHUs Moden € MNpeacTaBeHo B
Ta6bnuua 1. MNpu NpoBexaaHeTo Ha M3MepPBaHETO KOHTPONEepbT 3a ynpasrieHne Ha paboTaTta Ha
BEHTMNaTopa B 3aBUCMMOCT OT TemrnepaTypaTa Ha Bb3[yXa B KONEKTopa € U3KIoYEH.

Tabnuua 1
TexHnyeckn xapaktepuctukm Ha BCK
Bua CtonHocT
MabaputHn pasvepu 4220x1000x100 mm
BpyTo nnouy 4,0m?
BpyTo Terno 48 kg
AnepTypHa nnoti 3,8 m?

Monukap6oHat 10 mm
[Mpo3payHo nokputme
WHTerpaneH koeduumeHT Ha nponyckaHe: 74 %

AGcopbep
KoeduumeHT Ha abcopbuus: a = 0,95
CEJNNIEKTUBEH —
CTteneH Ha yepHoTa: € = 0,04
TINOX
BrpageH Enektpudecka mowHocT: We=12W
MOCTOSIHHOTOKOB Hanpexenue n tok: U=12V, [=1A
BEeHTUNaTop O6opoTtun: 4500 1/min
HansaraHe B
MNogHanarane
KonekTopa
MakcumanHa enektpuyecka mowHocT: 36 Wp
doToBONTANYEH

HanpexeHne npu makc. mowHocTt: 17,5 Vmp
naHen 3a 3axpaHBaHe Ha
Tok Npy mMakcumanHa mowHocT: 2,06 Amp
BEHTMNaTopa
Paamepu: 985x370x5 mm

M3nntBaHuaT BCK Oelwe MOHTUpaH BepTUKANHO B MOCOKa HOr, yCNOPEeAHO Ha paBHUHATa Ha
NMpaHOMETpUTE 3a M3MepBaHe Ha Mpsika U andysHa crbHYeBa paguauns BbpXy BepTuKanHa
NnoBbpPXHOCT. CucTemata 3a M3MepBaHe Ha npskata M Audy3Ha CIbHYEBa pagvaumst BbPXY
XOpU3OHTanNHa n BepTuKanHa noBbpxHoCcTU /nupaHomeTbp Kipp & Zonen CMP 21, HanmbrHo
cbBmecTum ¢ I1ISO 9060:1990 Secondary Standard Instrument performance criteria (makcumanHo
Bb3MoxHaTa ISO kaTeropus nupaHoMeTbp)/ UMa CreaHUTe XapakTepPUCTUKK:

- MakcmmanHa nnbTHOCT Ha obnbyBaHe: 4000 W/m?;
- CnekTpaneH gnanasoH: 285 — 2800 nm;
- Bpeme 3a pekauus: 5 sec.

MapameTpuTe Ha okonHaTta cpefa ce uamepBaxa oT ABTOMaTU4HA METEOPOSIOrMYHa CTaHUms
Campbell Scientific. KomnnekrtoBkaTta 1, no3sonsBsalla n3mMepBaHe Ha CKOpPOCTTa M MocokaTa Ha
BATbpA, TEMMepaTyparta, BNaXHOCTTa U HanaraHeTo Ha aTMocepHNs Bb3ayX, € criegHaTa:

- Yawkos aHemomeTbp A100R ¢ gmnanasoH 0 — 75 m/s

- CeH3op 3a nocoka Ha BaTbpa W200P ¢ ananasoH 0 — 360°

- CoHpa 3a TeMnepartypa 1 oTHocuTernHa BnaxHocT Ha Bb3gyxa HC2S3 : -40 go +60 °C, 0 —
100%
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- bBapomeTtbp CS100 600 — 1100 hPa

3a oueHka Ha TOMMMHHMA NOTOK, abcopbupaH OT KonekTopa 1 NnpedafdeH Ha Bb3AYyLWIHMS NOTOK
npemMuHaBall, npe3 Hero, ce uaMmeppalle aebuta u TemnepaTypara Ha NOTOKa Ha M3xoda Ha
KonekTopa (paboTa B peXxvm Ha nogHansiraHe), a 3a AONbIHUTENEH KOHTPOM 1 TeMnepaTypaTa Ha
Bb34yxa Ha Bxofa Ha konekTopa. MNpu o6paboTkaTa Ha eKcnepMMeHTanHUTE AaHHW 3a TeMnepaTtypa
N BNaXXHOCT Ha Bb34yxa Ha BXOAa Ha KOMekTopa Cce M3nonaBaxa AaHHMTE OT MeTeoporiornyHaTa
CcTaHuusa. N3amepBaHeTo Ha napameTpuTe Ha Bb3QyLUHWS MOTOK, Temnepartypata Ha abcopbepa,
aepoanHaMn4HuTE 3arybu 1 enekTpuyeckaTa MOLHOCT Ha BEHTMIIAToOpa Ce U3BbpLUBALLE C YecToTa
0.5Hz 4pes cnegHnTe ypeau: ypea 3a namepBaHe Ha CKOpOCT, Temnepartypa n aebur; TpaHcMmmtep
3a n3MepBaHe Ha AndepeHunanHo HamnsraHe; yHMBepcaneH MHOrokaHaneH 24 GuTOB aHarnoro-
undpos npeobpasysaten (ALIM).

TectBaHeTo Ha BCK Gelwe npoBegeHo gBa nocrnegoBaTenHy AHN B MHTEPBAr OT BpeME Mexay
9:00 u 16:00 yaca. lNpencraBa 3a xapakTepa Ha cnbHYeBaTa pajuauus nagHana Bbpxy
XOpU30HTaNHa MOBBPXHOCT Ha MSACTOTO Ha W3NMTBAHE Ha KoNektopa Moxe ga ce gobue or
rpachukata nokasaHa Ha durypa 1.

MbnHa crbHYEBa paguaumuA BbpXy XOPU3OHTANHA NOBbPXHOCT
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Bpeme

®dur.1. IHTEH3NBHOCT Ha CrbHYeBaTa pagnauus Bbpxy NosiMroHa
3a BpEMETO Ha eKcrnepuMeHTa.

[aHHn 3a TemnepaTypaTa M OTHOCUTENHaTa BIaXHOCT Ha aTMmocdepHus Bb3AyX ca
npeacTtaBeHn Ha Purypa 2. CKopocTTa Ha BATbpa Npe3 BPEMETO Ha NPOBEXAAHETO Ha TecTa PsiAKo
HagxBbprswe 3m/s.
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TemnepaTtypa v B/IaXKHOCT HA aTMOCcPEePHUA Bb3AYX
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Bpeme
®ur.2. TemnepaTtypa 1 BNaXXHOCT Ha aTMOCHEPHUS Bb34yX Ha MNOSIMIoHa
3a BPEMETO Ha eKcriepumeHTa.

EkcnepumeHTanHu pe3yntatun

40

30

20

10

Bcuukn namepBaHusi BbB BpeMeTo Osixa NpuBeAeHV KbM YCPeAHEHWUTE Ha BCEKU NET MUHYTU
OaHHM OT MeTeoporiorMyHaTta ctaHums. Cnen obpaboTka U ycpeaHsiBaHe 3a MHTEpBan OT BpeMe
e[VH Yac - cbobpaseH ¢ YacoBWTE AaHHM 3a Knvumarta, NpeanaraHn oT pasfnuyHn U3ToYHULUM — 6axa
nony4yeHu crnegHuTe rpacdoukm U mMoZdenu 3a Aebuta Ha Bb3gyxa, TemnepaTtypara, MonesHus

TOMMANHEH A0OUB 1 TepMUYHaTa eheKTMBHOCT Ha KonekTopa.

O3HaueHus:

Osv— NMBbTHOCT HA CMbHYEBATa paavaunsa BbpXy KonekTopHaTa noBbpxHocT; [W/m?]
Gex - 06eMeH aebuT Ha Bb3ayLHUA NOToK; [M3/h]

AT - noBuwasaHe Ha TemnepaTtypaTa Ha Bb3ayLHusA noTtok; [°C]

Q - TOMMMHHA MOLLHOCT Ha Bb3AYLUHNA NOTOK; [W]

n - cpegeH TepmmdeHn KIO Ha konektopa [%]

Ge.{9s,)
160
140 y = -8E-05x2 + 0.2603x +32.627 141.018
2 121.93
R2 = 0.9694 /0/1;“ -
120 106-188 119.414
92.484
= 100 2 929
m{ 89.9T ]
E s 68.889 & 8745
- 77.024
(Dw * ¢ Gex[m3/h]
60 . 2 65.909
40 57.187 ——— Poly. (Gex[m3/h])
20
0
0 100 200 300 400 500 600
q,,[W/m?]

®ur.3. ObemeH aebut Ha Bb3ayLWHNA NoTok Nnpe3 BCK B 3aBMCMMOCT OT NABTHOCTTA Ha

NbliHaTa ClibHYeBa pagnaumna BbpXxy BepTukarnHata NnoBbpPXHOCT Ha KOJ1eKTopa.
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AT(q,,)
25
y = -5E-05%2 + 0.0687x - 112236
R?=0.95
20 € 20.245
#1850
1W0 16.414
o & .7 ’15 872
s, 12.010 a7
b 11.72 12.637
PT h)
10 =TT DT{gs;h)
77678 % 5 063
5 ——— Poly. (DT(gs,h))
© 4.260
0
0 100 200 300 400 500 600
q,,[W/m?]

®ur.4. HapactBaHe Ha TeMnepaTtypaTa Ha Bb3ayLHMs noTok npe3 BCK B 3aBucuMmocT ot
MABbTHOCTTA Ha MbJIHATa CMTbHYEBA paanauns BbpXy BepTUKanHaTa NoBbPXHOCT Ha KoMekTopa.
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®ur.5. NoneseH TonnmMHeH Aobus ot BCK B 3aBMCMMOCT OT NITbTHOCTTA HA MbnHaTa
CNbHYeBa pagmaums BbpXy BepTukanHaTa NOBbPXHOCT Ha KOJleKTopa.
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®ur.6. TepmuyHa edpektuBHocT Ha BCK B 3aBMcnmocCT oT 06eMHusa Aebut Ha Bb3ayLLHUA

3akntoyeHue

NoTOK Npes Konekropa (gur.3).

MonyyeHuTe pe3ynTaTM ca HeOOCTaTbYHW 33 OKOHYaTeNHa OUEHKa Ha eHeprunHuTe
XapaKTepUCTUKN Ha Korektopa. Te ca [OoCTaTbyHM 3a [a Ce YCTAHOBAT (haKTopuTe BRUsieln
CbLLEeCTBEHO BbpXY edekTuBHOCTTa Ha BCK, aa ce nnaHvpaT JONbNHUTENHUTE €KCNEPUMEHTH, Aa
ce cb3faje MeToavKa 3a OLleHKa Ha EHEPrMMHUTE U aepoaMHaMUYHN XapaKTepUCTMKM Ha KonekTopa
n chopmaTta Ha NnpeAcTaBsHETO UM M a Ce HanpaBsT M3BOAM 3a TSXHOTO nogobpsiBaHe. HaTypHusaT
XapaKTep M ycroBusiTa Ha MpoBeXJaHe Ha ekcnepumMeHTa gaeaT fobpa peanHa npecrasa 3a
kayecTBaTa M Bb3MOXHOCTUTE 3a U3Mon3BaHe Ha NofobHU cucTemu B NpakTukaTa.

Jlutepatypa

1.1ISO 9806:2013 Solar energy -- Solar thermal collectors -- Test methods
2.Solar Collectors Test Methods and Design Guidelines - European Comission.

npod. a-p nHx. Hukona KanosiHoe, TY—Codoms, kategpa , TonnuHHa 1 xnagunHa TexHuka“, Ten.
02 965 22 15, e-mail: ngk@tu-sofia.bg
oou. g-p uhex. Jllo6ommp Llokos, TY—Codous, kategpa ,TonnNMHHA 1 XnaaunHa TexHuka®, Ten.
02 965 22 35, e-mail: lubo@tu-sofia.bg
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U3cneaBaHe Ha Bb3MOXHOCTUTE 3a M3NON3BaHe Ha TepmMonomMmneHa cuctema Cc
paavaumMoHeH nanapurten 3a oTonsfieHne Ha crpaamn

Tpanyo TpasaHoB, Mepuma 3natesa

B Ooknada ce npedcmaseHU HSKOU pes3ynmamu om eKCriepuMeHmasnHo u3criedeaHe Ha
mepMOoromMreH aspesam mur ,ClbHUe — eoda“ ¢ paduauuoHeH u3snapumerl, rpoeedeHo ¢ uen
aHanu3 Ha 8b3MOXHOCMUMe 3a U3riofi3eaHemo My 3a omornsieHue Ha cepadu. [NpedcmaseHu ca
pesynmamu 3a QuHamukama Ha U3MEeHeHUEe Ha OCHO8HUME eKCryioamauuoHHU napamempu Ha
aspeeama, Kakmo U Ha OocmueHama memrepamypa 8 eKCrepuMeHmarnHo OmorisieaHo
nomeweHue e nepuoda om 10.01.2018 2. do 11.02.2018 e.

Knio4yoBu aymu: TepMonoMneH arperat Tun ,ClbHUE — Boda“, pagvauvMoHeH wusnapwvTen,
Bb306OHOBAEMU EHEPTrUIAHN N3TOYHULIM, OTOMMNEHNE C Bb30OHOBAEMU EHEPTUAHN U3TOYHULIN.

Investigation of the possibilities of using a heat pump system with a radiation
evaporator for heating of buildings

Traicho Trayanov, Merima Zlateva

The report presents some results from an experimental study of a solar-water heat pump unit
with a radiation evaporator, which was conducted in order to analyze the possibilities for its use for
heating of buildings. Some results are presented for the dynamics of change of the basic operating
parameters of the unit, as well as of the reached temperature in the heated room in the period from
10.01.2018 to 11.02.2018.

Keywords: solar heat pump system, radiation evaporator, renewable energy sources, heating
with renewable sources

BbBeneHue

Knumatnyumte ycnoBuss Ha bbnrapus nossonaBat eqEeKTUBHO OMON30TBOpPSiIBAHE Ha
noTeHumnana Ha cribH4YeBaTa eHeprusi B cucteMn 3a 6MTOBO ropeLuo BogocHabaseaHe. C WMpoko
pPas3npoCTpaHEHUTE BEYE Yy HAC TEXHOMOMMN € Bb3MOXHO MOCTMUraHe Ha 3HayYuMm Asn Ha gena n B
HeobxoaumuTe TONNUHHM ToBapu. CneundudHnTe 0COBEHOCTM Ha TOMNoNoGMEHHUTE npouecu
MeXay TEePMUYHUTE CNbHYEBM KONMEKTOPU U OKonHaTa cpefa obadve obycnaBsaT no-Huckata uMm
€dEeKTUBHOCT NMpe3 3MHUSA Nepuos U HEBb3MOXHOCTTA 3a NOCTUraHe Ha BUCOKM KOe(ULUMEHTHM Ha
NOKpUTNE B CUCTEMUTE 3a OTOMSNEHME Ha Crpagu.

[pyra, Ww1poko pasnpocTpaHeHa B NOCNeOHUTE AECETUNETUS € TEXHONOMMATa 3a OTOMNNEHNE C
TEPMOMOMMNEHN arperatv, OMNON3OTBOPSABALLUM MNOTEHUMana Ha aTtMoCepHUs Bb3OyX, YUATO
eheKkTMBHOCT 06aye 3Ha4YNTENHO HamarnsaBa NPy HACKW BbHLUHWM TemMnepaTtypu.

B Hactosiwata nybnukauus e npefcTtaBeHO M3criedBaHe Ha ekcrnepumeHTasniHa cucrtema 3a
OTONIIEHWE C MHTErpMpaH TepMOMNOMMeH arperaTt c paavaumMoHeH manaputen. To npeacTtaensiea
NpoAab/KeHMe OT M3cnegBaHusATa, 4YacT OT KOUTO ca obobuweHn B npegxogHa nybnukauus Ha
KONeKTUB, B KOWTO yyacTBaT u aBtopute (1).

OcHoBHaTa uen Ha npeacTaBeHUTE B HACTOAWMS OOKNag pesyntatm € OueHKa Ha
Bb3MOXHOCTUTE 3a WU3MOM3BaHe U e(EeKTUBHOCTTA Ha TEPMOMOMMEHUSA arperat B PeXuMMm Ha
OTONJIeHME Npe3 3UMHMSA nepuod. 3a NoCTUraHeTo M ca MpPOBedEeHU U3CNeABaHust U ca OLEHEHU
eKcnnoaTtauMoHHUTE napamMeTpu Ha cuctemata M KoedUUMeHTbT Ha npeobpasyBaHe Ha
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TepMONoMMNeHUs arperat npu pasnnyHn NoLl, Ha pagnaunoHHUAT n3napuTten 1 3agageHa CTOMHOCT
Ha BbTpeLllHaTa TeMnepartypa.

®DyHKUNOHaNHa cxeMa Ha eKCnepuMeHTanHus cTeHa

EdpektBHOCTTA Ha mM3cnegBaHus TEPMOMOMMEH arperat npu pasfiuvyHW ekcrnroaTaunuoHHU
YCrOBUSI € OLleHeHa uYpe3 HaTypHU M3NUTaHUS Ha eKcnepuMeHTanHaTa cuctema, usrpageHa Ha
nnowagka 3a BEW kbm TexHuueckn yHmsepcuteT - Codums. MNpuHumnHaTa i yHKUMOHanHa cxema
€ nokasaHa Ha durypa 1.

ALH MOMELIFAE

K- ff « Jl'
@
K3-4C] Ka-ife] e

2t
@ I{)

Mi-p .' = _." Kowrpecop

@ M2-F[Fa]

BOF0/ GpecH

TOA

{—
TP Lupryamitionna Tomougp /U O
roung Jetiurauep

dJMrypa 1. MNpuHUMNHa cXxema Ha ekcriepuMeHTarneH CTeH] — Kpblr OTOMNSIeHne

CxemaTa e paspaboTeHa no HauMH, NO3BOSBAaLL OLEHKa Ha NOBEAEHVETO U e(DEKTUBHOCTTA Ha
TEpMOMNoMneH arperat Tun ,CNbHUe-BOAA“ C paavauMoOHEH uM3naputen npu  pasnuyHu
eKcnnoaTaLMoHHN YCrNoBUA KaKTo Mpu 3arpsisaHa Boda 3a BUTOBU HYXOW, Taka U Npu NoaabpxaHe
Ha 3afajJeHa TemrnepaTtypa B eKcrepyMeHTanHaTa Kblia Npe3 OTOMNUTENHUAT Ce30H. [Mpu 3UMHM
YCroBUA OT eKcnepuMeHTanHaTa cucteMa paboTAaAT ABa Kpbra:

o Kpbr tepmMonomneH arperar

3a npeobpasyBaHe Ha CnbHYEBaTa eHEPrus B TOMNMNHA Ce N3MOoN3Ba TEPMOMNOMIEH arperat Tun
,CIbHLUe-Boaa“ ¢ otonnurtenHa mowwHocT 3 000 W. N3naputenaT e pagnaunoHeH Tun u e obopmeH
KaTo abcopbep-KoNeKkTop, B KOWTO XNaauUmHUAT areHT ce u3napsiea nog Bb3gencTBNETO Ha nNpsikaTa
1 gnudby3Ha cnbHYeBa pagmauus, Kakto u Ha obmMsHaTa Ha eHeprus ¢ okonHata cpega. [nowra my
MOXe Oa 6bae npomeHsiHa B rpaHuuute ot 0,0 m? go 3,2 m? KoHaeH3aTopbT € nnacTuH4yar
TONNooObMEHEH anapaTt C BOAHO OXfaxaaHe, OKOMMMEKTOBAH C UMPKynaunoHHa nomna, npegnasHa
W perynupaiia apmaTtypa.

e OTtonnurteneH Kpbr

3a oTHeMaHe Ha TonnmMHaTa OT KOHAEH3aTopa W nogabp)KaHe Ha 3ajafdeHa Temnepartypa B
NoMeLLEeHMeTO Npe3 OTOMNUTENHUAT Ce30H Ce W3MOoSi3Ba BEHTUNATOPEH KOHBEKTOP 3a MOAoB
MOHTaX Tun ,Bb3Qyx — Boga“ ¢ MakcummanHa otonnutenHa mowHoct 3 000 W. Mo nbTa Ha
3arpsiBaHUAT ToMfoHocuTen (Boga) ca MOHTUpaHu nebuTtomep, TemnepaTypHW Adatyvum Ha
nodaBalmnAT M Ha BpbLAWMAT TpbOONpPoBOA, aBTOMATMYHM 00e3Bb3gyLUINTENN, ClMpaTenHu
KpaHoBe, AonbrBalla u untpupalla rpyna, kakto n npegnasHa un perynupatia apmarypa.

e Cucrtema 3a nsmepBaHe



80 HayuHa koHdepeHuna EM® 2018

OcurypeHa e Bb3MOXHOCT 3a n3MepBaHe Ha AebuTa Ha TonnoHocuTens (Boaa), npeMuHan npes
BEHTUNATOPHUSA KOHBEKTOP, Ha HansraHeTo Ha XnagunHuWa areHT npeau u crep Kkomnpecopa Ha
TepMOMNOMMEHMs arperaT, KakTo M Ha cregHute Temnepatypy B cefdeM crneumdudHU TOYKU B
cuctemara:

K1 — Temnepatypa Ha xnagunHus areHT cneg TPB;

K2 — TemnepaTypa Ha xnagunHus areHT cnef KoHAaeH3aTopa;

K3 — TemnepaTtypa Ha xnagunHusa areHT cnej usnapurens;

K4 — Temnepatypa Ha XxnagurnHusa areHT crnej KoMnpecopa;

K7 — TemnepaTypa Ha TonnoHocuTens crneq KoH4eH3aTopa;

K8 — Temnepatypa Ha TOMMOHOCMTENSA crief BEHTUNaTOPHUS KOHBEKTOP;

K9 — Temnepatypa paboTHaTa 30Ha Ha NOMELLEHMETO.

Hsikon pe3ynTaTu oT eKCnepuMeHTanHoOTo u3cneaBaHe

Ha durypa 2 e npencrtaBeHa rpadumka C M3MEHEHUWE Ha CTOMHOCTUTE Ha BBbHLUHATa M
TeMnepaTypa B eKCriepuMeHTanHaTa kblia. AcHo ce 3abens3Ba npsikata Bpb3ka Mexay TsX, kaTo
Ce YCTaHOBSIBa, Y€ 3aKbCHEHMETO Ha NMOBULIABAHETO W JOCTUMraHe Ha MaKcMMmarnHa CTOMHOCT Ha
BbTpeLUHaTa TeMnepartypa € 1 4ac u 15 MyHyTV crnef ToBa Ha BbHLUHATa Temneparypa.

3aBucHUmoCT Mexay BbTpellHaTa U BbHIWHaTa TemMnepaTtypa

durypa 2. NameHeHne Ha BbHLLIHaTa 1 TeMnepaTypaTta B NoMeLLeHNeTo (M3mepBaHe Ha
25.01.2018r.)

Ha ®durypa 3 e nokasaH XxogbT Ha MbfiHaTa CNbHYEBa paguaumsi, nonagHana BbpXy
NMOBbPXHMHATA Ha paavaLVOHHNS U3napuTen 1 3aBUCELLLOTO OT HEFO 3MEHEHMe Ha TeMnepaTypaTta
Ha TOMMOHOCUTENS Ha BXOA4a BbB BEHTUNATOPHUS KOHBEKTOP.

Ha ®urypa 4 e nokasaHO M3MEHEHMETO Ha HSKOW OT eKCrnnoaTauuoHHWUTE napamMeTpu Ha
cuctemarta npes nepuoga Ha nposexaaHe Ha ekcnepumeHTta. OT rpadukata ce BuxAa SCHO
n3paseHarta 3aBMCMMOCT Ha BbTpelLHaTa TemnepaTtypa KakTo OT BbHLUHATa TeMnepaTypa, Taka u
OT CnbHYeBaTa paguauusi, nagHana Bbpxy pagvauuoHHUAT manaputen. BneyatneHue npasar
pesyntatuTe OT uaMepBaHuaTa, nposedeHn Ha 21.01.2018 r., Ha 24.01.2018 r. n Ha 03.02.2018 .

ExkcnepumernmarnHo uscnedeaHe Ha 21.01.2018 e.: tew = - 0,5°C; ter = 18,4°C; Gt = 1.37 KWh;

ExkcnepumeHmarnHo uscnedeaHe Ha 24.01.2018 2.: tew = - 6,9°C; tsr = 19,9°C; Gt = 15.31 KWh;

ExkcnepumernmarnHo uscnedeaHe Ha 03.02.2018 a.: tsy = + 9,0°C; ter = 30,1°C; Gr = 1.76 KWh.

AHanu3bT Ha NokasaHuWTe Mo-rope pesynTaTu CoYn, Y€ Npu BbHLWHA Temnepartypa - 0,5°C u -
6,9°C cboTBETHMTE CTOMHOCTM Ha BbTpelLHaTa Temnepartypa ca 18,4°C (21.01.2018 r.) u 19,9°C
(21.01.2018 r.). O4eBUgHO €, 4Ye NOBULLEHMETO Ha TemnepaTypaTta B nomelleHmeTo 21.01.2018 r.
Cce Ob/KM Ha 3Ha4YUTENHO MOo-BMCOKaTa CTOMHOCT Ha WMHTEH3UTETA Ha nonagHanata Bbpxy
pagnaumMoHHNA n3napuTen cnbHYEBa paguaums.

Mpun cpaBHUTENHO 6NN3KM CTOMHOCTM Ha UHTEH3UTETa Ha cnbHYeBata pagnauuns (1,37 KWh Ha
21.01.2018 r. n 1,76 KWh Ha 03.02.2018 r.), HO NpV CbLUEeCTBEHA pasfnMka BbB BbHLUHUTE
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Temnepatypu (- 0,5°C n +9,0°C), ca HabniogaBa M 3HauuTernHa pasnukata B AOCTUrHaTUTE
Temnepatypu B otonnsBaHoTo nomeweHune ( +18,4°C n +30,1°C). ToBa ce ObJKM OCHOBHO Ha
KOHBEKTUBHMWSA XapakTep Ha TonnoobMeHHMs npouec Mexay paavalnoHHNsS usnapuTen n okonHarta
cpega npyv HUCKW CTOMHOCTM Ha MWHTEH3UTEeTa Ha cnbHYeBaTa pagvaums. lpu nogobHu
eKcnnoaTauMoHHN YCroBUSA ePeKTMBHOCTTa Ha cucteMaTa B MHOrO Mo-rofniiMa CTeneH 3aBucu oT
BbHLUHAaTa TemnepaTypa, OTKONKOTO OT UHTEH3WUTEeTa Ha CnbHYeBaTa paguauus.

Ha cdurypa 5 e nokasaHa 3aBMCMMOCTTa MeXay BbHLUHATa U TemnepaTtypaTa B OTOMNMSBAHOTO
noMelleHre Npu Nrow, Ha paguaunoHHus usnaputen 3,2 m?, a Ha curypa 6 v curypa 7 —
yCTaHOBEHWTE 3aBUCUMOCTM Ha KoedmuMeHTa Ha npeobpasyBaHe Ha cucTemaTta OT BbHLIHAaTa
TeMmnepatypa M OT MHTEH3WTEeTa Ha CrbHYeBaTa paguauus. AHanorMyHM 3aBUCUMOCTM, HO MpuU
Mol Ha paguaumoHHua nanapuTen 1,6 m?, ca nokasaHu cbOTBETHO Ha dourypa 8 + durypa 10.

JasucumocT Mexay nagHanata Bbpxy KONEKTOPa CAbHYEBa pagrauva v TEMNEPaTYpaTa Ha TONMOHOCHTENA NodaBaHa KbM KOHBEKTOpa

patypa ["C]/ ea

durypa 3. lameHeHWe Ha NbIiHaTa ClbHYEBA pagvaumns BbpXy Ha pagvaunoHHNsS nsnapurten u
TemnepaTypaTta Ha TONfIOHOCUTENSI KbM BEHTUNATOPHMS KOHBEKTOP (M3mepBaHe Ha 25.01.2018 r.)

HIMEHEHME Ha CTORNOCTMTE Bb8 BPEMETO

durypa 4. lameHeHne Ha HSKOM OT NapaMeTpUTE Ha ekcnepuMeHTanHarta cuctema (3a nepuoga
ot 10.01.2018 r. 5o 11.02.2018 r.)
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BbvHWHa Temnepatypa / BeTpellHa Temnepartypa- 3a nepuoga ot 23.01.2018r. ao 28.01.2018r.

durypa 5. PyHKLMOHaNHa 3aBMChMOCT mexay B'bHLLII-IaTa W BbTpelHaTa TemnepaTtypa npv nioLy Ha
paavaumoHHUAT usnaputen 3,2 m? (u3amepsaHus 3a nepvoaa ot 23.01.2018 r. 4o 28.01.2018r.)

BbHWHa Temnepatypa / COP WHcTanauua - 3a nepuoga ot 23.01 .2018r. go 28.01.2018r.

®urypa 6. dyHKuMoHanHa 3asncumocT Ha COP Ha cuctemara OT BbHLUHATa TemnepaTypa npu noLy
Ha paguaumoHHVAT usnaputen 3,2 m? (M3mepsaHus 3a nepuoga ot 23.01.2018 . go 28.01.2018 1.)

CnbHuesa paguaumna [ COP MHcTanauums - 3a nepMoga ot 23.01.2018r. Ao 28.01.2018r.

.00 2,00 4,00 6.00 8.00 10,00 12.00 14.00 16.00 18,00

®urypa 7. dyHKumMoHanHa 3aBmucumocT Ha COP Ha cucTtemaTa OT MbfiHaTa cnbHYeBa pagnaums
Mpw NoLY Ha paguaumMoHHUAT usnaputen 3,2 m? (uamepBaHus 3a nepuoga ot 23.01.2018 r. go
28.01.2018r.)
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BbHWHa Temnepatypa / BuTpeluHa Temnepatypa- 3a nepuoga oT 29.01.2018r. go 07.02.2018r.

durypa 8. PyHKUMOHaNHa 3aBUCUMOCT MeXAy BbHLUHATa U BbTpellHaTta TemnepaTypa npu nnoLy, Ha
paguaumMoHHMAT usnaputen 1,6 m? (M3mepsaHus 3a nepuoga ot 29.01.2018 r. go 07.02.2018 1.)

BbHwHa Temnepatypa / COP MHcTanauma - 3a nepuoga ot 29.01 .2018r. go 07.02.2018r.

= 8

durypa 9. dyHkumoHanHa 3asncumoct Ha COP Ha cucTemaTta OT BbHLUHATa TeMnepaTypa npu noL
Ha paanauMoHHUAT nanaputen 1,6 m? (u3mepsaHus 3a nepuoga ot 29.01.2018 r. go 07.02.2018r.)

CnbHueBa paguauua [ COP MHcTanauua - 3a nepuoga ot 29.01.2018r. go 07.02.2018r.

.00 1.00 2 100 300 4.0 5.00 [ 7.00 9.00

durypa 10. dyHKUMOHanHa 3asucumMocT Ha COP Ha cuctemara oT nbfHaTa CribHYeBa pagvauus
Mpw MAoLY Ha paauaumMoHHUAT usnaputen 1,6 m? (uamepsaHus 3a nepuoga ot 29.01.2018 r. go
07.02.2018r.)
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M3Boaun u 3aknoyeHue

AHanu3bT Ha pe3yntaTtuTte, NpeacTtaBeHn Ha rpadmnkMTe, Nokassa 3HayMmaTa Kopenauus Ha
OOCTUrHaTMTEe TemnepaTtypy B €eKCNepuMeHTanHata Kblla OT BbHWHATA Temnepartypa.
CTtorHocTuTe Ha KoedmLmeHTa Ha NpeobpasyBaHe ce M3MEHSAT B rpaHmumTe oT 1.67 4o 2 (npw nnoy
Ha pagnaunoHHusa usnaputen 3.2 m?) n ot 1,5 go 2,1 (Npv nnow Ha paguaunoHHus nanaputen 1.6
m?). SicHO e n3paseHa NuMHeHaTa My 3aBMCMMOCT OT BbHLUHaTa TemnepaTtypa (purypa 6 n durypa
10). ®yHKLMOHaNHaTa 3aBMCMMOCT MexXay kKoeduumneHta Ha npeobpasyBaHe 1 nonagHanaTa Bbpxy
NOBbPXHUHATA Ha paguauNOHHMA M3NApPUTENT EHEPrnst ce anpoKCumMpa C NIMHEMHU OYHKUUK C
HUCbK KOe(UUMEHT Ha MHoxecTBeHa kopenauus (R? = 0,023 npu nnow, Ha paguaunoHHUA
nanaputen 3,2 m? n R? = 0,068 npwv nnol Ha paguauvoHHus usnaputen 1,6 m2).

OT aHanu3a Ha nony4eHuTe pesyntatu Moxe Aa 6bae HanpaBeH U3BOAbLT, Ye TONOOOMEHHUTE
npoLecu Mexay pagnaunoHHUS n3napuTen u okonHaTta cpefa uMmaT npeobnagaBallo KOHBEKTUBEH
xapakTep. NogobHo 3aknoyeHne e HanpaBeHW N Cref aHannsa Ha eKCnepMMeEHTanHNTE pesynTaTu,
nony4yeHn Npu M3nNuTaHue Ha TepMOMOMMEHUs arperat npes neTHUs nepuog npu 3arpsiBaHe Ha
TONMoHocuTen 3a OMTOBO ropeLLo BogocHabasBaHe.
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BnusiHne Ha OCTbLKINEeHU Tepacu BbpPXy roauliHuUA pa3xoa Ha eHeprusa 3a
oTonjfieHne u oxnaxpaHe

KoHcTaHTuH LWywynos

lMpedcmaseHu ca pe3ynmamu om u3criedgaHe 3a ycmaHo8sisaHe Ha 6/UsSHUemo Ha
OCMBKIIEHU mepacu 8bpxy pa3xooume 3a oxraxoaHe U omorisieHUe Ha MoMeuleHUsima cebp3aHu
¢ msx. lscnedeaHemo e u38bpUWEHO YPEe3 KOMMIOMBbPHO MOOesiupaHe U CUMyupaHe Ha XunuuHa
cepada Ha Yyemupu emaxa.

Knio4uoBu aymu: eHeprusi, UKOHOMUS, KOHCTPYKLIMS, OCTbKINEHM Tepacu

Influence of glazed terraces on annual energy consumption for heating and
cooling

Konstantin Shushulov

Survey results are presented to determine the impact glazed terraces on the costs of cooling
and heating the premises associated with them. The study was carried out by computer modeling
and simulation of a four-storey residential building.

Keywords: energy, savings, construction, glazed terraces

YBopa

CoblyecTByBalLMTE MeTOAMKN B Bbnrapusa 3a onpegensHe Ha rogvlHus pasxof Ha eHeprus ca
3a cpegHomeceyvHn TemnepaTypu. Npu peanHu ycnoBus NOYTU HE € Bb3MOXHO [a ce onpenensaT
pasxoguTe 3a OTOMMIEHWE M OXNaX4aHe B MOMELLEHMS, KOUTO rpaHu4aT C OCTBbKIIEHM Tepacwu.
OcCHOBHWTE haKTopK, KOUTO 3aTpyAHABAT U3YNCNEHNsTa ca:

- HebecHa opueHTaumsa Ha pasrnexgaHuTe NOMeLLeHNs:;

- pasMmepuTe Ha OCTbKINEeHUTE Tepacy;

- KOHCTPYKUMS Ha OCTBbKIEHUTE Tepacy;

- MPOLEHT OCTBbKINEHNE Ha oTonndgeMuTe/oxnaxgaemMmTe NoOMeLLEHNS;

- TemnepaTypu B OCTbKIIEHUTE Tepacu npes fnsaTo 1 3uma.

HanpaBeH e onuT 3a onpegensHe Ha TemnepaTtypute (MakcMmarHa, MUMHUManHa v cpegHa) B
Te3u NOMELLEHNS, KaKTO 1 a Ce U3YNCIM FOOULLHNS pasXxon Ha eHeprus 3a NeTEH U 3UMEH PEXNM
B MpuUnexawumte noMeLleHns KbM OCTbKINeHUTe GankoHu.

3a uenta B cpepata ESP-r [1] e HanpaBeH moAen Ha XunuiiHa crpaga. Ha ¢wur.1 e nokasana
Koornepaumsi Ha YeTUpu eTaxka. BbHIWIHUTE CTeHN ca narpageHn oT NbTHU Tyxnu. Mpo3opuuTe Ha
crpagata ca PVC npodwmn. MNokpuBbT € Nnockk (CTyaeH) ¢ koeduumeHT Ha TonnonpemmHasaHe U
= 0,39 W/m?K. OTonneHneTo ce ocbLUEeCTBsABa NOCPeACTBOM aboHaTHa cTaHuus. 3a oxnaxaaHe
ca npegsuaeHu KnuMmatuumy (MyntucnnuT cuctema). HanpaseH e rpadmk Ha obutaTtenuTte, KOUTO B
paboTeH OeH ca B pasrnexgaHuTte nomelleHus (2, 4 un 6) no 8 yaca, a B nounmBHuTE Mo 16 u.
MowyHocTTa Ha enekTpuyeckuTe ypeam € 1,5 kW n paboTHmaT um rpacmk e cyTpuH, oben n Beyep
no yac. OcBeTneHneTo e ¢ MOLLHOCT ABecTa BaTa.

Tepacute ca OT BTOpM [0 YETBBbPTU eTax (cur 1).

KnumaTtuyHuTe gaHHu ca 3a rpag Codus.

M3cnepBaHeTo e HanpaBeHo 3a cnegHute nepuoan: ot 15 oktomepu o 15 anpun u ot 1 man
po 30 centemBpu.
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TemnepatypaTa, KosITO ce noaabpKa B pasrnexaaHus o6ekT e npueTa 3a anuMeH pexunm e 20°C,
a 3a neteH e 25°C.

Project; terasi
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®ur.1. Mogen Ha XunuuiHa koonepauus B cpegata ESP-r

YcnoBus Ha eKkcnepyMMeHTa

CrpapgaTta ce TpeTnpa kaTo MHOFO30HOB OBEKT CbC CTyAeH NOoKpuB.B cyTepeHa € nHcTanmpaHa
aboHaTHa cTaHuus.

Tepacute ca c pasmepn: LxW xh =3 x1 x2,9m. KOHCTpyKumuTe ca:

- BapuaHT 1 — BMHKEeNHa KOHCTPYKUMS C eAHOKaTHa gorpama;

- BapuaHT 2 — 3ugapusi oT ra3o06eToOHHM TYXNn C ABYKaTHa gorpama

- BapuaHT 3 - BUHKESHA KOHCTPYKLMSA C egHOKaTHa gorpama 1 8 cm TonfmMHHa n3onaumsi KbM

cTeHaTa Ha OTOMNSAEMOTO/OXIIaX4aeMOTO NOMELLEHME;

- BapuwaHT 4 - 3ugapus OT ra3o0eTOHHW TyxXNM C OByKaTHa gorpamMa M 8 cm TOMMMHHA

n3onaumsi KbM CTEHaTa Ha OTOMIAEMOTO/OXITAXKAAEMOTO NOMELLEHMNE.

Jorpamata Ha nomeLleHuaTa npunexawm kbm Tepacute e PVC npodun ¢ koedunumeHT Ha
TonnonpemuHasaHe U = 2,0 W/m?K. OcTbkneHneTo e 60 % ot chacagara.

M3cnegBaHu ca 4eTpmnTe OCHOBHM HEDECHM OpreHTaumm Ha dacagnte C OCTBbKIEHN Tepacu.
Pa3mepuTe Ha n3cneaBaHute otonnsgemu/oxnaxgaemm 3oHmn (2,4 mn6)ca: LxWxh=3x5x2,9m.
O6embT 1M e 43,5 m3. HanpaBeHo e cpaBHeHWE 3a pa3xoaa Ha eHeprus 3a oxnaxmnaHe v oTonneHne
npyu pasnuuHuTe HebecHW OpueHTauMu, KakTo U MpU BUHKENHA KOHCTPYKUWUS M 3ugapust oT
rasobeToHHN TyXIn.

CumynauuuTe ca HanpaBeHU Npu 2 YoBeKa B pasriexgaHnuTe 30HU.

NHdunTtpaumaTa Ha BbHLIEH Bb3OyxX 3a nomelleHusata e n = 0,5 h', a 3a Tepacute npu
pasnuyHUTE BapuaHTK € KakTo criefBa:

BapmaHtm 1n3-n=1,0 h"

BapmaHtM2u 4 -n=0,6 h"'

MonyyeHu pe3yntatm oT cUMynauymsaTa

A. BuHKesiHa KOHCMpPYKUuUsi ¢ eOHOKamHa doz2pama

OT churypu NeNe 2 n 3 ce Buxaa, Ye UsSMEHEHMETO Ha TemnepaTypuTe Ha TepacuTe npu HebecHa
OpvEeHTaLMs 1or Mpe3 NeTeH U 3UMEH PEXMM e B roniemMu rpaHuum. lNpes naroTo e B MHTEpBana ot
15 po 37°C, a npe3 3nmaTta oT -7 go 27 °C. OT 4YeCTOTHOTO pasnpegesieHne Ha Temneparypute
MOXe [a ce onpedenu efHa cpefHa, KOaTo CbOTBETHO 3a NAToTo € okono 23 °C, a 3a 3umarta e
8°C. Korato TepacuTe ca opneHTUpaHn Ha U3TOK UNK Ha 3anag Temnepartypute gocturat go 39-40
°C ( cpeaHuTe okono 25-26 3a nato u 7-8°C npes 3umarta). Ha ceBep npes 3umara e okono -10°.
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B 1abn. 1 ca npeacraBeHn pesynTtatuTe 3a HeobxoanmaTta eHeprust 3a 3UMeH U NETEeH PeXnM
B MomMeLleHunaTa (2,4 u 6) npunexaium KbM Tepacure.
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Zane db temperature (degl). Bin width = 1.0

Time Hrs

durypa 2 Xop Ha Temnepatyparta npes nepuoga 1.05. go 30.09 n yecTtoTHOTO U
pasnpegeneHue (Tepacu tor)
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Tine: Hes Zore db tewperature (desC), Bin uidth = 2,0

durypa 3 Xop Ha Temnepatypara npes nepuoga 15.10. go 15.04 n 4ecToTHOTO U
pasnpegeneHue (Tepacu tor)

Tabnuua 1
lMoTpebeHa eHeprns 3a OTONNEHME U OXNaXgaHe Ha 30HM 2,4 1 6
Otonnexun OxnaxgaH
e e HebecHa
MomeLlleHne
opueHTauu
kWh kWh A
nomeLLeHne MbpBY eTax - 30Ha 2 1550 410 3anag
nomMeLleHne BTOPU eTax — 30Ha 4 1440 430 3anapg
noMeLLeHne nocneaeH eTax — 3oHa
6 1770 480 3anag
nomeLLeHne MbpBx eTax - 30Ha 2 1430 355 tOr
noMeLLeHne BTOpU eTax — 30Ha 4 1340 370 tOr
noMeLLeHne nocnegeH eTax — 3oHa
6 1640 425 HOor
nomMeLleHne NbpBu eTax - 30Ha 2 1510 400 N3Tok
nomeLleHne BTOpU eTax — 3o0Ha 4 1410 415 N3Tok
NMoMeLLeHne NocneaeH eTax — 3oHa
6 1730 455 M3TOK
NnoMeLleHne MbpPBY eTax - 30Ha 2 1580 320 CeBep
nomMeLleHne BTOpU eTax — 30Ha 4 1490 340 CeBep
nomMeLleHne nocrneaeH eTax — 3oHa 6 1860 390 Cesep
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B. 3udapusi om 2azob6emoHHU myxJsiu ¢ 0eykamHa doepama

B Tabnuua 2 ca npeacraBeHu pe3yntatu OT YUCMEHOTO CMMYNMpaHe 3a Tepacu nsrpageHu ot
rasobetoHHa 3ugapus n PVC pgorpama v 3a pasxoja Ha eHeprus B Mpunexawute um
oTonnsAeMn/oxXnaxgaemm 30HW.

Tabnuua 2
MoTpebeHa eHeprns 3a oToNneHe 1 oxnaxaaHe Ha 30HM 2,4 1 6
max min cpepHa
Temnepartypm naTo B TepacuTe 39 12 28
TemnepaTvpu aumMa B TepacuTe 32 2 12
OTonneHne OxnaxpaHe HebecHa
MNomelyeHne
kWh kWh opveHTauus
noMeLLeHne MbpBx eTax - 30Ha 2 1460 570 3anag
noMeLLieHNe BTOPU eTax — 30Ha 4 1390 510 3anapg
NoMeLLIeHMe nocneaeH eTax — 30Ha 6 1610 610 3anapg
max min cpepHa
Temneparypu naTo B TepacuTe 36 16 25
TeMnepaTtmpu 3avuMma B TepacuTe 30 3 13
OTonneHne OxnaxngaHe HebecHa
MNomeLieHne
kWh kWh opueHTaumd
noMeLLieHne MbpBM eTax - 30Ha 2 1390 430 tOr
nomeLleHne BTOpM eTax — 30Ha 4 1330 400 tOr
NOMELLIeHME NocreaeH eTax — 30Ha 6 1560 480 HOr
max min cpefHa
Temneparypu naTo B Tepacute 38 12 27,5
TeMnepaTmpu 3avuma B TepacuTe 30 3 12
OTonneHne OxnaxpaHe HebecHa
MomeLleHne
kWh kWh OpueHTauma
noMeLLeHne MbpBM eTax - 30Ha 2 1445 550 M3ToK
noMeLLeHne BTOpKU eTax — 30Ha 4 1370 495 MaTok
nomMeLLeHne nocneneH eTax — 3oHa 6 1590 600 N3ToK
max min cpepHa
Temnepartypm niaTo B TepacuTe 31 12 23
TeMnepaTmpu 3uMa B Tepacute 25 1 9
OTonneHne OxnaxpaHe HebecHa
NomelyeHune
kWh kWh OopueHTauna
noMeLLieHne MbpBU €TaX - 30Ha 2 1490 390 Ceeep
NnoMeLLLEHNEe BTOPU eTaX — 30Ha 4 1420 370 Ceeep
NoMeLLIeHMe nocreaeH eTax — 30Ha 6 1650 440 CeBep

Pesyntatute nokaseat, 4Ye pa3xoauTe 3a oTonneHve BbB BapuaHT b Hamangasat mexay 5-8%
B CpaBHeHMe C BapuaHT A M B 3aBMCUMOCT OT HebecHaTa OopueHTauus, HO 3a OxfaxgaHe ce
yBenuyasat ¢ okono 10 %.

B. BuHKesiHa KOHCmpyKkyusi ¢ eGHOKamHa doz2pamMa u 8 cm MornuHHa u3onayusi KbM
cmeHama Ha omornisieMmomo/oxnax0aemMomo rnoMeujeHue
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B tabn. 3 ca npeacraBeHn pe3ynrtatute nojiyd4eHn ot cpenarta ESP-r 3a roanwHus pa3xon Ha
€eHeprusa 3a oTonneHne n oxnaxagaHe B pasrnexgaHute 30H1 NeNe 2,4n6.

Tabnuuya 3
MoTpebeHa eHeprns 3a OTOMMEHME U OXNTaXKgaHe Ha 30HU 2,4 1 6
OTonneHun OxnaxaaH
e e HebecHa
MNomeLueHne
opueHTaum
kWh kWh a
nomMeLleHne NbpBY eTax - 30Ha 2 1430 430 3anag
noMeLLeHne BTOpU eTax — 30Ha 4 1385 390 3anag
NoMeLLIeHNe NMOCNeAeH eTax — 30Ha
6 1650 450 3anap
nomMeLleHne NbpBu eTax - 3oHa 2 1390 400 HOr
noMeLLieHne BTOpU eTax — 30Ha 4 1340 345 tOr
rnomelleHne nocrneaeH eTax — 3oHa
6 1560 415 tOr
NnoMeLleHne NbpPBM eTaxX - 30Ha 2 1420 420 N3TOoK
nomMeLleHne BTOpKU eTax — 3oHa 4 1370 385 N3ToK
rnomelleHne nocrneaeH eTax — 3oHa
6 1630 440 M3TOK
nomeLLeHne MbpBY €Tax - 30Ha 2 1480 340 Cesep
nomMeLleHne BTOPU eTax — 30Ha 4 1410 320 Cesep
NnoMeLLieHne NocneeH eTax — 3oHa
6 1680 380 CeBep

TemnepatypuTe B OCTbKINEHUTE Tepacu U TyK Ce M3MEHSAT B LUMPOKM rpaHuun. Npes natoto
pocturat go 41-42°C, a npes aumarta ca okono -1°C.

I'. 3udapusi om 2a306emoHHU myxJsiu ¢ deykamHa dozpamMa u 8 cm monsauHHa usonayus
KbM cmeHama Ha omoriisiemomo/oxsiax0aemMomo rnomMeuweHue

B 1abn. 4 ca npegctaBeHun pesyntatute nosnyyvyeHu ot cpegata ESP-r 3a roguwHmna pasxog Ha
€Heprusi 3a OTOMMEHNe 1 oxnaxaaHe B pasrnexgaHute 3oHn NeNe 2, 4 n 6.

Tabnuua 4
lMoTtpebeHa eHeprns 3a OTONNEHME U OXNaXaaHe Ha 30HM 2,4 1 6
MomeLueHMe OTonnexne OxnaxpaHe HebecHa
kWh kWh OpueHTaums
nomeLLeHe NbpBU eTax 1410 565 3anag
NnoMeLLLeHNe BTOpU eTax 1295 470 3anapg
NoMeLLIeHNE NMocneaeH eTax 1540 545 3anag
nomMeLleHne MbpBu eTax 1380 415 Or
noMeLLeHne BTOpU eTax 1260 380 HOor
nomMeLleHne nocnegeH etax 1500 465 tOr
NnoMeLLeHne NbpPBU eTax 1430 545 MNsTok
nomeLleHne BTOpu eTax 1280 440 N3Tok
nomeLLeHne nocnegeH etTax 1525 525 N3ToK
nomeLLieHme NMbpBK eTax 1490 360 Cesep
nomeLleHne BTOpU eTax 1340 330 CeBep
nomMeLleHne nocrnegeH eTax 1600 400 Cesep
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Hait-6naronpuaTHUAT BapuaHT 3a roavleH pasxo Ha eHeprus 3a OToMMeHne KakTo ce Buxaa
o1 Tabn.NeNe 1,2,3 n 4 e: Tepacu usrpaeHu ot auaapus oT rasobeToHHN TyXINK ¢ AByKaTHa Jorpama
M 8 cm TOMMMHHA M3onauus KbM CTEeHaTa Ha OTOMNMAEeMOTO/oXNaX4aemMoTo MoMeLleHne, HO 3a
NeTeH pexuM e TPYAHO eAHO3HaYHO Aa ce onpeaeniu.

3aknoueHue

Bbnpekn orpaHM4YeHOCTTa Ha eKCNepuMMEHTa, pe3ynTaTUTe NokaseaT BNSIHUE BbPXY FOAULLHNUS
pas3xof Ha eHeprus Ha HebecHaTa OpueHTaums Ha pasrnexagaHuTe NOMELLEHUS, KOHCTPYKLMSTA Ha
OCTbKNeHUTe Tepacu, TemnepaTypuTe B TAX 7 NpoueHT OCTbKNeHne Ha
oTonnsAeMuTe/oxnaxgaemmTe 30HW.

HeobxoamMmo e ga ce HanpaBsaT oOlle M3cneaBaHus 3a pasnuyYyHU TUMNOBEe Crpadu, KakTo U 3a
pasnMYHn pasmMepu Ha OCTbLKMNEHWTE Tepacu M ga ce MnoTbpcu 0006LleHa 3aBUMCMMOCT 3a
npecmsTaHe Ha roAvlleH pasxo[ Ha eHeprusi 3a OTOMMNEHME U oxNnaXgaHe B npunexawmTte KbM
TepacuTe NoOMeLLEeHUS.

Ilntepartypa
1. Hand J.W.The ESP-r Coocbook. University of Strathclyde, Glazgow, UK.2008.
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YucneHo uscnegBaHe Ha TepMUYHaTa ePeKTMBHOCT Ha OTBOPEHA CTeHa Ha
Tpom6 B NnpeKbCHAT peXuUM Ha ecTeCTBEHA BeHTUNauus

eoprn Tomoe, bopucnae CraHkoB, Hukona KanosiHos

lNpedcmaseHu ca pe3ynmamu om 4YUCIEeHO u3criedeaHe Ha eHepaulHuUme Xxapakmepucmuku Ha
omeopeHa cmeHa Ha Tpomb 8 pexum Ha fpekbcHamo rodagaHe Ha BbHWEH 6b30yX 4Ypes
ecmecmeeHa eeHmunayus. MscriedeaHo e enusHuemo Ha euda Ha abcopbepa, nowyma Ha
8eHmMusIayUOHHUMe 0meopu U Yacoeeme Ha paboma. Llenma Ha cucmemama e ocuaypsieaHemo,
upes ehekmueHa ecmecmeeHa eeHmusiauusi, Ha KpamHocmu Ha 8b30yxoobMeHa, o2paHuvyasawu
pucka om riosiea Ha cumMnmomume Ha ,,6o1iHama czapada”.

Knroyoeu dymu: cmeHa Ha Tpomb, nacueHa CribHYeea cucmema, ecmecmeeHa eeHmurnayusl,
TRNSYS

Numerical study of the thermal efficiency of a vented Trombe wall
in an interrupted natural ventilation mode

Georgi Tomov, Borislav Stankov, Nikola Kaloyanov

This paper presents the results of a numerical study on the energy performance of a vented
Trombe wall, operating in interrupted natural ventilation mode, used for supplying fresh outdoor
air to the building. The influences of the type of absorber, the area of the vents and the hours of
operation have been investigated. The aim is to provide sufficient air exchange rates, through
efficient natural ventilation, limiting the risk of occurrence of the "sick building" syndrome.

Keywords: Trombe wall, passive solar system, natural ventilation, TRNSYS

BbBeaeHune

HanpaBeH e guMHamuMyeH MoAen Ha OTBOpeHa cTeHa Ha Tpomb, 4pe3 KOWTO ca uscnensaHu
OCblLieCTBABALLMTE Ce TOMSIONPEHOCHN NMpoLEecK, Korato cuctemara ce M3rnons3ea 3a nogasaHe Ha
BbHLWIEH Bb3dyX KbM MOMELlEeHNEeTO. M3cneasaH € npekbcHaT pexunm Ha paboTta, npu KOWTO
OBVXXEHMEeTO Ha Bb3ayxa e U3LAMOo B pe3ynTaT OT eCTeCTBeHa KOHBeKLMS. HanpaBeHa e oueHka Ha
edeKTUBHOCTTa Ha ONON30TBOPSsIBAHE Ha CiTbHYEBAaTa €Heprusi OT cTeHaTta Ha Tpowmb, a CbLyo Taka
1 Ha cnocobHoCTTa 1 ga Hamanu cuMmnTomuTe Ha ,6onHaTa crpaga” [6].

MapameTpu Ha cTteHaTa Ha Tpom6G:

KnumaTtuyHa 3oHa — Cocpmsa (ASHRAE 3oHa 5);

OpveHTaums — tor;

Pasmepu — B (BucounHa) = 2.0 m; H (wnpuHa) = 0.9 m;

Bug v 6pori Ha Nnpo3payHMsa enemMeHT — cTbknonakeT (aBe 6enu cTbkna);
MaTepuan Ha akymynupawimsi enemMeHT — KIMHKepHa Tyxna;

HebennHa Ha akymynupawms enemeHT — L =0.24 m;

BbTpelwwHa nsonauuns — gebenmHa 0.15 m;

A =0.032 W/(mK);

e PasctosiHve mexay npo3padHus u akymynupawms enemedtn — D = 0.06 m.

U3cnepBaHu cakTopm:
e Bupg Ha abcopbepHOTO NokpuTme — YyepHa 60s (bp) unm cenekTMBHO NoKpuTue (sc);



92 HayuHa koHdepeHuna EM® 2018

e [now Ha BeHTMNaumoHHnTe otBopu: Av = 0.10; 0.15; 0.20 m?
o Pexumun Ha paboTa:

AM — cyTpeLueH 7:00-13:00 4
PM — cnepobepneH 13:00 — 19:00 y
WT — gHeBeH 8:00-17:00y

24 h — peHoHoLleH 0:00 — 24:00 4

EkcnepumeHTanHo uscnegsaHe

CbrnacHo npuHUMNHaTa cxema Ha oTBOpeHaTa cTeHa Ha Tpomb [4] u Ha ocHoBaTa Ha CbCTaBeH
AnHamnyeH mopen [1] Ha TonnonpeHocHuTe npouec B TRNSYS [5], e ocbliecTBeH 4yucneH
eKCMepUMEHT C ropHWUTe napameTpu U pakTopHO NPOCTPaHCTBO. MonyyYeHn ca cpefHOMeceyHUTe
noyacoBu TemnepaTypu 3a OKTOMBPU, HOEMBPU, EKEMBPU, AHYapu, heBpyapu, MapT 1 anpus, npu
BCUYKN YacoBMW pexrmMmn Ha paborTa.

Mony4yeHu ca pedynTaTtu 3a TemnepaTypHUTe Npocuny n TepMmudHaTa edpekTMBHOCT N [2], kKakTo 1
3a napameTpuTe Ha nodaBaHUsA B MOMeLleHWeTO Bb3ayX (0ebut u Temnepatypa). Ha cwur.1 e
nokasaH JeHOHOLLHWS X0 Ha TeMmnepaTypuTe 3a eQnH OT n3cnegsaHuTe Meceuu (Aekemspu), Npu
pasnUYHUTE YacoBU PEXNMU, NPY NNOLL, Ha BEHTUNAUMOHHWUTE oTBopK A, = 0.15 m2.
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dur.1 CpeaHOOEHOHOLLIEH YaCoBM X0 Ha TemnepaTypuTe 3a Mecel, 4EKEMBPM Ha CTEHA CbC
cenektmaHo nokputne npu A, = 0.15 m? un pexumn AM; PM; WT; 24 h

Ha dour.2 ca nokasaHu (ocpeaHeHn 3a MeceuuTe OT OTOMBPUM 0 anpui) TemnepaTypute Ha cTeHaTa,
Ha BBbHLUHWS 1 NOAaBaHNS B MOMELLEHNETO Bb3aYX, KAKTO U CpeaHo4YacoBuAaT ebuT Ha Bb3ayxa 3a
paboTHUTE YacoBe U 3a feHOoHoWMeTO. [NokasaHuTe pe3ynTaTu ce OTHACAT 3a KOHCTPYKLUUK C YepHa
605 1 CENEKTMBHO NOKPUTUE, NPY NNOLLY Ha BEHTUNAUMOHHKUTE oTBopu A, = 0.10 m2. TemnepatypuTe
Ha cTeHaTa M nodaBaHusl Bb3gyX ca Han-BMCOKM 3a pexum 7-13 4, cnegeat 13-19 u; 8-17 4 n Han-
HUckn npu 0-24 u.
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Mpwn nokpuTHe OT YepHa 60s CTOMHOCTUTE 3a NOBLPXHOCTHATa TemMnepaTypa ca ¢ okono 20 °C no-
HWCKM OT Te3Wn Npu CENEKTMBHO NOKpUTME, AOKaTO Mpu TeMnepaTyparta Ha nogaBaHus Bb3gyx Tasu
pasnuka e B rpaHnumnte Ha 5 °C. CpegHovyacoBuTe 0ebntn Ha Bb3gyxa 3a paboTHUTE YacoBe ca
GrM3KM MO CTOMHOCT 3a peXmMMuTe C npekbcHaTta paboTa M MO-HUCKM 3a AEeHOHOLWHUA pexunm. C
yBenMyaBaHe Ha NroLuTa Ha BEHTUNALMOHHNTE OTBOPU, 4eOMTUTE Ha Bb3ayxa Ce YBeENn4yaear, KaTto
Te3n npu A, = 0.15 m? ca oT nopsigbka Ha 30%, a 3a A, = 0.20 m? — 0o 46% Hapg Te3un npu A, = 0.10
mZ.

TEMMEPATYPU U OEBUTU
npu cteHa ¢ Av=0.10 m?
°c NOKPUTHUE YepHa 6osn cenekTMBHO NOKpUTUE ke/h
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=—4#—BbHLUIHA TEMMEPATYPA *C =8 TEMMEPATYPA HA NOOABAHUA Bb3AYX °C
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our.2 Temnepatypu n gebutn npm cteHa ¢ A,=0.10 m?

Ha ¢wur.3 ca nokasaHu ycBoeHaTa TonnvHa, AeOMTBHT Ha Bb3dyxa, cpegHaba Temnepartypa Ha
noaaBaHuNs Bb3ayX U ePeKTUBHOCTTa Ha cTeHaTa Ha TpoMb npu pasnuMyHUTE YacoBM pPeXnmu 3a
A,=0.10m2. OT Tasu n cboTBeTHUTE rpacdumkn 3a A,=0.15m? n A,=0.20m? moraTt ga ce HanpassaT
cnegHvTe M3BOAM:

o  O6WMAT AebuT Ha Bb3ayxa 3a AeHOHoLWMe pacTe oT pexum 7-134, npes 13-19y, 8-174 oo
0-24y4, norM4yHoO CLNBTCTBAH OT HaMarsiBaHe Ha cpefHaTa TemrepaTtypa Ha nofgaBaHe Ha
Bb34yXa;

e YcBoeHaTa ToMnfMHa CbLUO HapacTBa, HO C Mo-Masku TEMMOBE.

Ha cour.4, cour.5, cur.6 n cur.7 ca nokasaHu CblUnTe pesyntaTu, HO Mo 4Yacosu pexumm AM (7-
13h); PM (13-19h); WT (8-17h); 24h (0-24h).

C yBenunuyaBaHe Ha Nnowita Ha BEeHTMNaUMOHHUTE OTBOpU AebuTnTe HapacTBaT, KaTo ycBoeHaTa
TONMMHA oOcCTaBa MOYTUM KOHCTaHTa. EdyekTMBHOCTTa CbLO HapacTBa, KaTo Mpu pasnuyHuTe
BEHTUNAUNOHHM OTBOPYU yBenudeHneTo € o 3%, a Npu oTaenHuTe pexumn sapupa ot 17% 0o 47%
npu YepHo nokpuTtne u ot 27% [0 59% npu cenekTMBHO NokpuTune. KaTto uano BCcuyku napameTpu
Npv CENEKTUBHO NMOKPUTUE MMAT NO-BUCOKN CTOMHOCTM OT Te3un nNpu YyepHa 6os.
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PE3YNTATU npu creHa ¢ Av=0.10 m?
kWh °C
m? NoKpuTHe YepHa 6os CeNneKTUBHO NOKpUTHE %
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®ur.4 Pesyntati npy pasnmMyHNTE NIOLWM HA BEHTUNALMOHHUTE OTBOPU B pexnm AM

wh PE3V/ITATU npu pexxum 13:00 - 19:00 4 =
m? nokpuTue YyepHa 60n CeNeKTUBHO NoKpuTHue %
1000 35
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®ur.5 Pesyntati npu pasnuMyHnTE NOLWM Ha BEHTUNALMOHHUTE OTBOPKU B pexum PM
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. PE3YNTATU npu pexxkum 8:00 - 17:00 4
m?* NOKpUTHUE YepHa 6osa CenekKTMBHO NOKpUTHUE ;
1000 a5
900 frl ] - =] — - 40
800 |l e - 35
700 = 30
600 e | 25
500
400 20
300 & & 15
200 F 10
100 -5
0 4]
Av=0.10 m? Av=0.15m? Av=0.20 m? Av=0.10 m? Av=0.15m? Av=0.20 m?
I NBAHA CNBEHYEBA PAOMALIMA kWh m TOMNNMHA 3A BEHTWIALIMA kWh
m— [IEEMT HA Bb3[1YXA - 0610 3a 24 yacam®  —e—TEMIMEPATYPA HA NOOABAHUA BL3[IYX °C
——efektiwnost %
dur.6 PesynTaTM npwn pasjindHnTEe niown Ha BeHTUNauMoHHUTE OTBOPU B PEXUM WT
ik PE3YNTATU npu pexkxum 0:00 - 24:00 4 i@
m? NOKPUTHE YEPHA 6oA CENEKTUBHO NOKPUTUE %
1800 70
1600 - 60
1400 = -
- 50
1200 1
1000 - 40
800 I 1 L 30
i | L 20
400 ]

200 . [an
0 . 0
Av=0.10 m? Av=0.15m? Av=0.20 m? Av=0.10 m? Av=0.15m? Av=0.20 m?

I MBAHA CNTBHYEBA PAOWMALIMA kWh m TOM/MHA 3A BEHTUIALKMA kWh
m N1EEMT HA BB3/1YXA - 0610 33 24 vacam®  —e—=TEMMNEPATYPA HA NOJABAHWA BL3AYX °C
—efektiwnost %

®dur.7 PesynTtatv npu pasnuyHUTE NIIOLWM Ha BEHTUNALMOHHUTE OTBOPU B pexnm 24h

Ha ¢ur.8 n gur.9 ca nokasaHu KpaTHOCTUTE Ha Bb3ayxooOMeHa (cpefHa 3a EHOHOLMETO U
cpegHa 3a paboTHuTe 4dacoe (n/h), u3dncneHu npu npegnoctaekaTa, vYe creHata Ha Tpomb
obcnyxBa 30Ha (nomelieHne) ¢ abvnboumnHa 7.0 m u BucoumHa 3.0 m — obem 42m?3 — TMnNMyHa
,KnacHa ctaa“ unm opmcHo nomellieHne oT oTBOpeH Tun). Tpsbea aa ce oTbenexu, Yye cpegHaTta
[AEHOHOLLIHa KpaTHOCT € Hal-B1COKa 3a HEMPEeKbCHAT peXuM Ha paboTa, AoKaTo CpefHaTa KpaTHOCT
3a paboTHMTE YacoBe € MNO-HMUCKa MpW HEeMnpekbCHAT pPexuM U NpubnuanMTenHo egHaksa 3a
npekbcHatute pexumu. OT nogobHute rpadpukn 3a A,=0.15m? n A,=0.20m? ce Bmxga, 4ye C
yBENUYaBaHe Ha MIoWTa Ha BEHTUMALMOHHUTE OTBOPM AeOUTUTE ce yBenuyaBaT, KakTo U ye
CTOMHOCTUTE NPU CENEKTMBHO NOKPUTUE Ca NO-BUCOKW OT Te3U Npu YepHa 6os.
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KPATHOCT Ha Bb3ayxoobmeHa u TEMMNEPATYPU Ha Bb3Aayxa
npwu cteHa ¢ Av=0.10 m? u nomeuieHue c p-pu B=7.0m; H=3.0m
o/h NoKpuTue yepHa 6oa CeNeKTUBHO NOKpUTHE o

2.00 25
1.80

1.60
1.40
1.20
1.00
0.80
0.60
0.40
0.20
0.00

bp.7-13 bp.13-19 bp.8-17 bp.0-24 sc.7-13 sc.13-19 sC.8-17 sc.0-24

20

15

10

5

0

s HPATHOCT Ha Bb3gyxooBmena - cpegHo 3a 24 vacan/h = KPATHOCT Ha ebw3gyxoolmena - cpeaHo 3a pab.uacose n/h

—+— BLHIUHA TEMMEPATYPA °C —E—TEMMEPATYPA HA NMOOABAHUA BL3OYX *C

®ur.8 KpaTtHocT Ha Bb3gyxoobmeHa 1 TemnepaTtypuy Ha NoJaBaHns Bb3ayX
npv pasnu4HMTEe YacoBu pexmmun 3a cteHa ¢ A,=0.10m>2.

KPATHOCT Ha Bb3ayxoobmeHa n TEMMEPATYPU Ha Bb3ayxa

npv cteHa ¢ Av=0.20 m? u nomewieHne ¢ p-pu B=7.0m; H=3.0m
n/h nokpuTtue yepHa 6o CeNeKTUBHO NOKpUuTHue c
3.00 25
2,50
2.00
1.50

1.00

0.50

0.00
bp.7-13 bp.13-19 bp.8-17 bp.0-24 sc.7-13 5c.13-19 sc.8-17 sc.0-24

e KPATHOCT Ha eb3ayxoo0meHa - cpeHo 3a 24 yaca nfh . KPATHOCT Ha Bb3gyxoobmeHa - cpeHo 3a pab.yacoee nfh
== BLHLIUHA TEMMEPATYPA °C ~@—=TEMMEPATYPA HA MOJABAHMA BL3YX °C

®ur.9 KpartHocT Ha Bb3gyxoobMeHa n TeMnepaTypu Ha nogaBaHWs Bb3gyx
npu pasnuUYHNTE YacoBM pexnmm 3a cteHa ¢ A,=0.20m?2.

EdektuBHoCcTTa Nin (%) € Han-Bucoka Npy HenpekbCcHaTUA pexum Ha paboTa, cnegsaHa OT Ta3u
3a WT (c npogbmmkutenHoct 9 yaca). OT gBaTta pexvma C NPpOoAbIPKUTENHOCT 6 Yaca pexumbT PM
€ no-egektTmBeH oT AM, Tbi1 KaTO HEMNOCPEACTBEHO NPEeAM HavyanoTo My € akyMynupaHa 3Ha4unTenHo
KonmyecTBo TonnuHa. Npu ectectBeHaTa KOHBEKUMS € MO-UHTEPeceH eheKkTbT OT NogaBaHETO Ha
npeceH Bb3ayx B NOMeLLEHMsTA (a HE YCBOSIBAHETO Ha TOMJIMHA OT CITbHLETO), KOETO NPOMEHS KaTo
LiSIN0 OLeHKaTa Ha pexxumuTe. KpaTHOCT Ha Bb3gyxoobMeHa cpefHa 3a 24 yaca e BaXeH B cryvyaunTe
Ha HOBW Crpaguv UNu crnej PeMOHT Ha CbLUECTBYBALLM NOMELLEHMS, KOraTo ca Ha fvue 3Ha4YnMTenHo
KONM4YecTBO BPe4HOCTU OTAENSAHN OT MebenuTe, NogoBMUTE HACTUIKU, CTEHHUTE NOKpUTKA. Toraea
HEMNPEKbCHATUAT PEXUM Ha paboTa e 3HaunTenHo no-edekTnBeH. KpaTHOCTTa Ha Bb3ayxoobMeHa
CpeaHo 3a paboTHMUTE YacoBe € OT 3HAaYEHNe 3a NOMELLEHNSI B HOPMAaSieH PEXUM Ha ekcnnoaraums,
Korato MpecHWs Bb3OyX € Heobxooum 3a nogbpXaHe Ha ,CBeXecTTa“ MM M HamansiBaHe
cvHapomuTe Ha ,6onHata crpaga“ [6] (dur.10).
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OTHOCUTE/IHA BEPOATHOCT 3a
noABa Ha a1IepPrM4yHn CMMNTOMU

2
1.5 4
1 -
0 T T T
0.17

0.26 0.38 0.62
KpaTHOCT Ha Bb3ayxoobmena [1/h]
our.10 HamansBaHe Ha BEPOATHOCTTa 3a NOSIBA Ha anepruyHn CUMNTOMM
B 3aBMCUMOCT OT KpaTHOCTTa Ha Bb3ayXxoobMeHa

B T031 cny4ar npekbcHaTUTE peXMMM ca No-e(PEKTMBHN OT HENPEKbCHATUS, KaTo nokasaTenuTe UM
ca MHoro 6nm3ku — Hanpumep 3a A,=0.20m? npu yepHa 605 ce nonyyaBaT KPaTHOCTM KaKTO cneaBsa:
AM-2.21; PM-2.24; WT-2.16; 24h—1.84. [lpn cenekTUBHO NOKPUTME CTOMHOCTUTE Ca MO-BUCOKM:
AM-2.57; PM-2.57; WT-2.44; 24h—2.00. [Npn no-mankute CTOMHOCTM Ha A, nokasartenuite ca no-
HUCkN. TemnepaTypuTe Ha NogaBaHUSA Bb3gyx ca CboTBETHO 16; 15; 13 1 8 °C 3a 4yepHa 605, KbM
19; 18; 15; 7 °C 3a cenektmBHO NokpuTue.

3akntoyeHue

Mpun ocbllecTBsABaHE Ha €CTECTBEHA BEHTUNAUUSA B MPEKbCHAT PeXMM Mpe3 OTBOpPEHa CTeHa Ha
Tpom6 moraTt ga ce MocTUrHaT KpaTHOCTU Ha Bb3ayxoobmeHa B paboTHMTE 4YacoBe 3HAYUTESNHO
HamarnsBallu pMCcKoBETE OT NosiBa Ha cMMNToOMUTE Ha ,60nHaTta crpaga“. 3a uenta morat aa 6baaT
N3MOM3BaHN KaKTO CTEHM C YepHa 605 kaTo abcopbepHO NOKPUTUE, Taka N CTEHN CbC CENEKTUBHO
NoKpuTW1e, NPU yCrioBne Ye OTHOLLIEHNETO Ha MO Ta Ha BEHTUNALMOHHNTE OTBOPM KbM MNJIOLLTa Ha
crteHata e AJ/Ay > 0.05. TemnepaTypuTe Ha NogaBaHunsa B NOMELLEHNETO Bb3gyx ca Hag 13.3°C npwm
yepHa 605 1 15.3°C npu cenekTmBeH abcopbep.

BnarogapHocTu

Hay4yHOTO wm3cnepgBaHe e ocCblLeCcTBEHO C MaTtepuanHata 6asa, ocurypeHa ¢ duHaHcoBaTta
nogkpena Ha doHa "HayyHu nacnegsaHus” kbM MuHucTepcTBo Ha obpa3oBaHMETO M HaykaTta no
poroeop OYHK-01/3 “Cb3gaBaHe Ha YHUBEPCUTETCKN Hay4HO-n3cnegosatencku komnnekc (YHUK)
3a MHOBaUUM U TpaHcdep Ha 3HaHWA B obnacTTa Ha MUKPO/HAHO TEXHOMOMMKM KU Martepuvanu,
eHepruiHaTa eheKTUBHOCT 1 BUPTYarnHOTO UHXEHepPCTBO” 1 nporpamMaTta Ha gorosop A®HU E 02/17
"MapameTpuyeH aHanu3 3a OuUEeHKa Ha eeKTMBHOCTTa Ha MpOo3payHn CTPYKTYpU B CMCTEMM 3a
OMNon3oTBOpsABaHe Ha ClbHYeBaTa eHeprua“.
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MeTopn 3a onpeagensiHe Ha pa3npeaerieHMeTo Ha MacoBuA AeOUT Ha BXoasLuTe
noTouu B CACTEMMU OT TONJIOOOMEHHM anapaTu

Momuumn Bacunes, Hukona KanosiHos, YaH BaH XbHr

lMpedcmaseH e MmampudyeH Memod 3a orpederisiHe Ha Macosusi 0ebum Ha exodsuwume nomouu
8b8 8CeKU morioobmeHeH anapam om dadeHa cucmema, Ko2amo ca u3gecmHu debumbm Ha
8CeKu om exodAawume fomouyu 3a cucmemama Kamo Usno u pasnpedenumenHume
XapakmepucmuKku Ha HeliHUMe 6b3u. Memodbm e npunoxuMm, Ko2amo cucmemama e
OecbuHupaHa Mo KAOHU (cbbupawu u pas3densuwju ce 6b8 8b3/u), KbOemo 6CeKU KIOH
npedcmasrisiea MOMOK € NocmosiHeH Macog debum.

KniouyoBu aymu: cuctemu o1 TonnoobMeHHU anapaTtui, MaTpuyieH MeTod, Teopus Ha rpacure.

Method for determining the mass flow distribution of entering hot and cold
streams in heat exchanger networks

Momchil Vasilev, Nikola Kaloyanov, Tran Van Hung

This paper presents a matrix method for calculating the mass flow rate of the inlet streams of
each heat exchanger in a given network, when the known parameters are the mass flow rate of each
stream entering the network and the distribution characteristics of the network’s nodes. The method
is applicable when the system is arranged in branches, where each branch corresponds to a stream
of constant mass flow rate.

Keywords: heat exchanger networks, matrix method, graph theory.

BbBeneHue

Mpn aHanuM3 Ha cuctemu OT TONNOOBMEeHHWM anapatu € HeobxoAMMOo 3a BCeku anapaT da e
n3BecTeH MacoBMAT AeOUT Ha ABaTa BXoASALM NOTOKa — ropeL 1 cTyaeH. Korato npu geduHnpaHe
Ha cucTemara He e 3aajeH MacoBuAT OebuT 3a BCEKM OT TONNOOOMEHHUTE anapaTu NooTAENHO, a
€ u3BecTeH 0ebutbT Ha BCEKM OT BXOAALLUMTE B CUCTeMaTta NoTouu, KakTo 1 pasnpegenutenHute
XapaKTepuUCTMKN Ha Bb3NWTE Ha cucTemarta, € HeobXoaAMMO npuraraHeTo Ha UTepaTUMBEH UMK
MaTpu4eH MeToj 3a pasnpegensHe Ha gebutute no TonnoobMeHHn anapatu. PasnpegenvrenHaTta
XapakTepucThKa Ha BCEKU Bb3ersl B cUCTemMaTa Nnokassa KakbB AAMn OT NOCTbMBALLMSA B HEro MacoB
0ebuT oTMBa BbB BCEKM OT u3xoaswmrte My knoHW. OT cBOs cTpaHa, obwumat macoB Aebwur,
nocTbnBall, BbB Bb3ena, € Cyma oT Aebutnte Ha BxogsawmTe My KnoHu. Benukn TonnoobmeHHuuu,
Ha KOUTO eanHMAT hNymMaeH NOTOK (ropeLL, Uinn CTyAeH) ce OTHACs KbM JafeH KINOH e; Ha cuctemarTa,
umat eguH 1 Cbly, MacoB AebuT Ha CbOTBETHUSA riynaeH NOTOK M TON e paBeH Ha AebuTa Ha KroHa
e;. [o Ta3n npnynHa He e Heo6xoaAMMO MacoBuAT AebuT Ha noToumnTe Aa 6bAe N3YMCNEH 3a BCeku
anapaTt B cuctemaTa NoOTAEeNnHO, a € AO0CTaTb4yHO Aa Ce onpefenu camo 3a BCEKW KIOHW OT
cucrtemara.

KoraTo c Bxogdwute noTouM B cucTemMaTa He MocTbnBa CamMoO edHO BELecTBO, a pasfnunyHu
drymam, e Bb3MOXHO MpK pasKnoHeHa cuctema fa ce nosflyum cMecBaHe Ha BXOASALUM MoTouw, B
pesynTtaT OT KOeTO Mo onpegeneHun KNoHMU e npoTnya cMec OT pasnuyHuM MaTepuanHu cpeau. o
Tasn npuvyMHa ¥ nopagu pasnuyuneTo B TOMNNOMU3MYHUTE XapakKTepUCTUKM Ha BellecTBaTa ce
Hanara ga ce onpegenu OANoBOTO pa3npeferneHve Ha MmacoBus 0ebut Ha BxogsLmMTe noToum no
BCUYKM KNOHM Ha cuctemata. C nonydyeHuTe CTOMHOCTU 3a ToBa OAMOBO pasnpeferneHue ce
dopmupaT matpuum R u R.
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HacTtoswara paboTta ce oTHacs A0 TOMMOOOMEHHN CUCTEMM YMATO CTPYKTypa € onucaHa no
Teopusa Ha rpaduTte, cnopeg koATo kpalHuam gpagh G [1] ce gedpmHMpa KaTo CbBKYMHOCT OT . Ha
6poni ew3nu V = {v,,vy,...,v,} U m Ha Bpon pebpa wnu KIoHU (OpueHmupaHu pebpa) E =
{e1, ey, ...,em}, T.€. G(V, E). EQHO npegnoxeHue 3a TakbB BUA OMUCaHWE € MpeacTaBeHo B [2].
Cuctemarta OT TONNOOOMEHHU anapaTn nMa OBE MPEXU — ropella U CTydeHa, kaTto Bcska OT TaxX
MOX€e [a CbAbp)Ka MO [ABE MHOXECTBAa OT KIMOHM — MHOXECTBO Ha KIMOHW C TOMSI00OMEHHMLUM r
MHOXXECTBO Ha KIroHM 6e3 anapaTu, Hape4yeHu owe cebp3sawju KroHuU. [peacrtaBsaHeTo Ha ABeTe
MPEXW CE OCBLUECTBABA YPE3 CMUCBK Ha KITOHUME, C TEXHWUTE ABOWKW UHYUOEHMHU Bb3nu (v, v;"),
T.e. Cc ABe yncna € N, CbOTBETHO MbPBOTO YACIO € HavYanHUAT Bb3en 3a ™" KMNoH (Mnn owe e;), a
BTOPOTO YMUCIIO € KPanHUAT Bb3eN 3a e;. Taka Mpexara Ha ropeliyu notoum ce npencrass vpes

T AN A ;T 172 nt T T
Bektopn v = [vi", vy, .., v | m v =[v] T,v2 e MHO»T<eCTBOTo Ha KIMOHW C
anapatv v upes Bektopn B = [#1", %5, .., U | n B =[5, 95", ..,V "] — 3a MHOXecTBOTO Ha

CBbp3BaLLM KITOHW, KbAETO 1. € BpOoAT Ha KMNOHM C anapaTu, a m, e 6poaT Ha CBbP3BaLLM KIOHMU.
BekTopuTe 3a npeacTaBsiHe Ha CTy[eHaTa Mpexa Ha cuctemaTa ca CboTBeTHO: V', v, ¥'“ n v’

CToMHOCTUTE Ha pasnpedenuTenHaTa XxapakTepucTuka Ha Bb3nuTe ce 3anuceart B matpuua R”’
3a MHOXECTBOTO OT KMOHM C TonnoobmeHHn anapati. Matpuuata R”’ ce n3nonssa cbOTBETHO 3a
MHOXXECTBOTO OT KIIOHM ©e3 TonnoobmeHHM anapatu (CBbp3BawiM krnoHu). B gageH Bb3en e
Bb3MOXHO [a MMa pasfiMyHa CTEMEH Ha CMeCBaHe MMM Ha cenapupaHe npu npemMmHaBaHe Ha
pasnMyHUTE BELLECTBa MNpe3 Bb3esia, No Tasu nNpuuMHa 3a 3agaBaHe Ha pasnpegenurenHa
XxapaKTepucTuKa ce U3nonasaTt MaTpuum, a He Bektopu. Pegosete Ha R” n R"' ce oTHAcCAT 3a KIOHU
Ha MpexaTa, a CTbiboBeTE Ce OTHACAT 3a BXOASALLM NOTOLUM B CbLUaTa Mpexa, KakTo MOXe ga ce
Buan B (18).

[JsnoseTe Ha pasnpeaeneHne opmupaT maTpuua R, YunTo pefose CbOTBETCTBAT Ha KIIOHUTE
Ha MpexaTa, a cTbnboBeTe CbOTBETCTBAT Ha BXOASALUMTE MOTOLM B MpexaTa (3a cBbp3BaluTe
KMoHM maTtpuuata e R). Taka CTOMHOCTTa Ha enemeHTa i € AenbT OT MacoBus OebUT Ha S-Tus
BXOASLL NOTOK B MpexaTta, NpoTnyaly ¢ hrnynagHns NoToK B i-TUSA KIOH HA MpexaTa.

MaTtemaTunyecko onucaHue

3a HamupaHe Ha enemeHTMTE Ha mMaTpuua R e HeobxoanMo [ja ce CbCTaBu M peLun cucTema
(Mnn cnctemmn) oT NNHENHN anredpuyHN ypaBHEHMS UNN A ce TbPCU APYr NOAXOA 3a peLlaBaHe Ha
3agavaTta. CberaBsHeTo Ha CJTAY ce ocHoBaBa Ha NMbpBusi 3akKOoH Ha Kupxody, KOMTo 3a gageH
Bb3es v, U UHUMAEHTHN MY KITOHWM C MacoB AebuT Ha pnynaHusa NOTOK m; MMa CnegHus Bua;

deg(vy)
Z g = 0, (1)
i=1

kbaeTo deg(vy) e cTeneHTa Ha Bb3ena vy,.
Kato ce B3eme npeaBua, Ye Bb3enbT v, UMa BXOAALLM U U3XOOALWM KIOHW, Torasa (1) ce
TpaHcdopmumpa B:

d'(vk) d”(vk)
Z My, = Z My, ()
p=1 q=1

KbOEeTO:

i, — MacoB Ae61T Ha pryuaHMA NOTOK B P-TUA BXOAALL, KINOH Ha Bb3ena vy, kg/s;

1y — MacoB AebuT Ha (rynaHWS NOTOK B g-TWA M3XOMsLL KIOH Ha Bb3ena vy, kg/s;

d' (v, ) — nonycreneH Ha BxoAa Ha Bb3ena vy, op.;

d'' (v,) — nonycrteneH Ha usxoga Ha Bb3ena vy, op..

YpaBHeHMWe (2) MoXe Aa ce NpeAcTaBu Taka, Ye Aa obxBalla eqHOBPEMEHHO BCUMYKMN KIOHWU Ha
efHa Mmpexa (ropewya unu ctygeHa). Npu ycrnosue, Ye ce pasrnexga ropeLiarta Mpexa v B Hest HaMma
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CBbP3BaLLY KINOHKU, TOraBa ypaBHEHNETO MOXE [a Ce NpeacTaBu Ype3 BCUYKM KIMOHW OoT 1 o 1. m
3a BCeku Bb3en vy, C HoMmep oT n). + 1 go #i. — n;’ ce nony4asa:

ml' 7:':"l"
T .
Z m = 2 M- (3)
i=1, i=1,
vl

=i v{rzvk

Bwanute ¢ Homepa OT 1 OO0 n, CbOTBETCTBAT Ha HayanHWTe Bb3NU Ha BXOAALIMTE MOTOLM
(I, T3, ...,Tpy,) B TOpela Mpexa, a Bb3nuTe G HOMepa oT 7, —ny' + 1 A0 7, CbOTBETCTBAT Ha
KpalHWUTE Bb3MNM Ha U3XOOALMUTE NOTOLM OT ropeLla Mpexa.

3a ga ce paswvpu BanugHOCTTa Ha YypaBHEHMETO 1 3a Bb3NK C HOMepa oT 1 4o n/, kaTo no 103u
Ha4YMH TO CTaBa B CuIla 3a BCEKW KMOH v, B MHTepBana ot 1 go i, — n,’, e Heobxoanmo kbMm (3) Aa
ce OoTHecaT U MacoBuTe AebuTK Ha BXoOsLMTE NOTOLM B ropeLla Mpexa.

n; My My

LT .r . T
I D, = ) @
s=1 j=1, i=1,

S=v r 2y
k 17]’-’ =Vk v; =vg

KbOETo 1}’ e MacoBuAT AeBUT Ha S-Tusi BXOASALL, NMOTOK B ropella mpexa, kg/s.

EnvH noaxop 3a onpeaensiHe Ha pasnpeaeneHUeTo Ha MacoBUA AeOUT Ha BXoasiLuTe
noToLM NO KNOHUTE Ha TONNTIOOOMEeHHU cUcTemMu

YUpes ypaBHeHue (4) Moxe Ja ce CbCTaBM MacoBusi bGanaHC Ha usnata Mpexa, ako To ce
NPUIoXu 3a BL3NUTE B MOCOYEHUS] MHTepBan. Tbi kaTto ce TbpCU ASNOBOTO pasnpeneneHue
(MaTpuua R") Ha macoBuTe Ae6UTM Ha BXOOALIMTE MOTOLW MO KMOHMTE Ha ropella Mpexa, 3aTosa B
ypaBHeHWEeTO ce 3aMecTBa C i U mL'

n. My
2
s=1, j=1
S=Vgk v,.,r

J

3a ga ce m3pasun ypaBHeHue (5) 3a gebuta nocTbnBaly B j-TUS KIMOH Ha ropellata Mpexa e
HeobxoamMMo Aa ce u3nonaea rj, U Toraea:

LGS

i s=1 =1, s=1
T

=V Ul-’ =Vk

!

y n} nl 1

T 8,(s) + 2 Z(fj‘;.mgf) =Z<7'r';;.mgf>, ©)
; Tis
j=1, s=1 s=1

nr__gr

i Vi
KbaeTo §;(s) nMa cxoacTBO CbC cumBona Ha KpoHekep, HO ce onpeaens No Apyru ycrioBus,
T.e.

r
1, v, =5

. .
0, v, #S

&@={ @)

B ypaBHeHue (6) HeM3BECTHU ca enemeHTMTe Ha R™. 3a Bceku S-TM cTbN6 Ha maTpuuara,
CbOTBETCTBALL Ha S-TUHA BXOASLL NMOTOK B MpeXara, MoXe [a ce CbCTaBW Mo eAHa cuctemMa nNuHenHu
anrebpunyHn ypaBHeHUs1 OT Buga Ax = b, KbAETO BEKTOPBHT C HEN3BECTHM X CbOTBETCTBA Ha CTbi10
oT matpuua R'. Ako ToBa e MbpBUAT CTbNG Ha MaTpuuata (s=1), KONTO ce OTHaca 3a MbpBUS
Bxoadw, notok (1) B MpexaTa, ToraBa BEKTOPbT C HEW3BECTHUM C€ CbCTOM OT efnieMeHTu 7]
(i=1,2,..,M.). YpaBHeHue (6), npeacTaBeHO CaMO 3a TO3U MbpBU BXOAsW, NOTok 1 (s=1),
npugobuea crnegHus BUA:
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i1

ml'

iy ar e 1. .,

mi".8;(1) + Z (rjrl.mlr :Fr{l.mlr. (8)
j=1,

nr r
Lo=p

J
Cneq npeHacsiHe Ha ;] OT AsicHaTa YacT Ha paBEHCTBOTO KbM NisiBaTa My YacT ce Mnonyyasa:
T
WA o -y T o A
ri.my . 6;(1) + 1] Z (#.my") = #.my" (9)
j=1,
(IF_ T

i =Y
M3BexaaHeTo Ha ;' Npef cymata Y7 W NpeHapexAaHeTo Ha ypaBHEHWETO Taka, Ye oT
AdacHaTa My CTpaHa ga oCTaHe MHOIro4neHbubT CbAbpXKal CaMo n3BeCTHU, BOAU O0:

ml‘

wr o g T nm T 173 R ) B R

Py —r.my Z i1 = rp.my . 6;(1). (10)
Jj=1,
I_IF_UIF

J i
[BeTe CTpaHM Ha TOBa PaBEHCTBO, KaToO Ce pasdendT Ha m) ce nonyyasBa W3XOAHOTO
ypaBHeHue 3a cbeTaBsHe Ha CIIAY, oTHacsLa ce 3a NbpBUSA BXOASL, NOTOK B ropeLlarta Mpexa:
e
. n 133 n
i — 1 Z iy =11 6;(1), (1)

Jj=1,
nr_ i
J i
Ypes npunaraHe Ha (11) 3a BCMYKM KIOHU B MHTEpBarna oT 1 4o 1. MoXe Ja CbCTaBu cuctemara:
lal_lff‘l + alyz‘i':zrll + - + al,mpﬁfg’lr,l = bl

o o e
A1ty + A2fo 1 + 0 + Qo n 1 = b2 (12)

L L e
Ay, 1711 + Qi 2T20 + 00+ Qi T 1 = D,

Tasn cncrema nuHenHN anrebpudHM ypaBHEHUA MOXe [a ce npeacTtaBu B maTpuyHa dopma,

KaTo:
a1 Qi 1| 71 b,
: : Pl=] (13)
r
rr'rir,l bmr

A1 7 Qg
KoeduupeHtute a;; npen HesaBMCUMUTE MNPOMEHNMBKA U CBOGOAHUTE KOEUUMEHTU b;
(i,j =1,2,..,M,) ce onpenensT Bb3 0cHoBa Ha (11) no crnegHWTE 3aBUCUMOCTMU:
a® _ @

Aij=aq;; —a;,
KbAeTo:
w_(L i=j,
a; _{0, EYE (14)
" Tl
a® = N Vi =V
vl 0, vi’r * vj”F ’

R G
' 0, v '#1 (15)
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Mo aHanorua ¢ BxoasL NoTok N, MOXe fa ce CbCTaBu Mo efHa cUcTema JIMHENHU ypaBHEHUS
W 3a BCUYKM OCTaHanu n, — 1 BXoAsLwM noToum B ropeluarta Mmpexa. Cnea HamvpaHe Ha pelleHusaTa
Ha BCUYKM cbeTaBeHn CIIAY ce nonyyasat n. Ha 6poit Bektopu. MaTpuuara R™ ce dpopmupa, kato
Ce 13nons3eaT Te3n BEKTOPU 3a HEMHU CTbnboBe.

Mpun cbcTaBsHe Ha s-Ta no pea CNAY (s =1,2,..,n.) 3a S-TUS BXOAsLL NOTOK B Mpexara,
koeduumeHtuTe a; ; U b; (i,j = 1,2, ...,71,) ce onpeaenst no:

o _ @

Qij = Aj — 4,
KbOeTo:

w_(L i=j,

% =1o, i) (16)
" Tl

a® = Tiso Vi =V

Yo lo, vty

7]

1 I
Tic, v; =S

by=1" o (17)
0, v, #S

3a pa ce cdopmupaT U aBeTe matpuum — RT u RT e HeobXoaMmMO KbM KIOHWUTE C
TONNOOOMEHHMLUM Aa ce OTHecaT 1 cBbp3BawuTe Knonn (i,j = 1,2, ... m,m, + 1,...,m, + m.), cneq
KOETO da ce CbCTaBAT n, Ha Opon cucteMu NUHENHU anrebpuyHM ypaBHEHUA U Aa ce HaMepaT
TEXHUTE n,. Ha OpoN peLleHus (BEKTOPMK).

MpuMep 3a onpeaensiHe Ha CTOMHOCTUTE Ha eneMeHTuTe B MaTpuum R° n RT moxe aa 6bae
npeacTaBeH 3a ropeLaTa Mpexa Ha cuctema oT TonnoodmeHHM anapath (20 Ha 6powt), npu KoATO
BXoOdLLNTE noToum B ropeLda mpexa ca I';, ', u I's, a Bxogdawurte notouu B ctyaeHa mpexa C; + Cg
(Pwur. 1).

Bb3nuTe Ha Tasu courypa ca HomepupaHu ¢ Lsino YMCno crea KoeTo nma Tovka. KnoHure, konto
MMaT TOMSI00OMEHHU anapaTu ca HOMepUpaHu ¢ usano Yucno. Cebp3BaluTe KNOHM ca ¢ HoMepa
BbpPXY KOUTO MMa yaapeHue.

Mpe3 Bb3en v; (Ne 4.) npemnHaBa eAMHCTBEHO BXOAAWMAT noTok 1, npe3 Bb3en vy (Ne 6.)
npeMmMHaBa eaVHCTBEHO BXOAALWMAT NOTOK 3, a npe3 Bb3en vy (Ne 7.) npeMuHaBaTt BxogswuTe
notouu 'y n N's. Ako MacoBuAT OedUT B TeE3N Bb3NKM Ce pasnpeaens KakTto cnenea:

- BbB Bb3en v;: 25% kbM knoH Ne 3 1 75% kbMm krnoH Ne 2;

- BbB Bb3en vg: 70% kbM KnoH Ne 7 1 30% kbM knoH Ne 8;

- BbB Bb3en vy: (1) 3a Bxoasw, notok 1 B cboTHoweHne 40% kbM krnoH Ne 4 1 60% KbM KMnoH

Ne 5; (2) 3a Bxogsw, noTok '3 B cboTHOLWweHne 20% kbM KnoH Ne 4 n 80% kbm KnoH Ne 5,

TOraea enieMeHTUTe Ha MaTpuum R” n R” umat CToMHOCTK:

ry Ty T3 rh Ty T3
- 1,0 0 01e 0 1,0 071¢&
0 0 10| e R'=]075 0 0] &
025 0 0 |es 1,0 1,0 1,0/ ¢&
R — | 040 0 020 ey (18)
060 0 0,80] es
1,0 1,0 0 |es
0 0 0,70} e;
[ 0o 0 030] e
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FZ
2.1
- *r
1 8"’-’—61;'—”'7 Il i LI—6‘—"
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@ @Dy @O,
e L
R OO @ @',
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< 5 Q@ @ : —10
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il it 3
Loy 3, of 10

1 3

®ur. 1 Cxema Ha TonnoobmeHHa cuctema ¢ 20 6posi TONNMOOOMEHHMLM U Pa3KNOHEHa ropeLya
Mpexa

3a npefcraBeHUTE BXOOHW AaHHM ce cbCTaBaT Tpu CITAY Mmallm crnegHus matpuyeH Bug v
peLleHns:

Mbpeu (s=1) BxOAALL NOTOK B MpexaTa — ['1:

CIlIAY PeweHue

1 0 0 0 0 0 0 0 0 0 O01#1] 711,07 (1,0 7
0 1 0 0 0 0 0 0 0 0 oflf: 0 0
—-0250 1 0 0 0 0 0 0 0 0|3 0 0,25
0 0 -041 0 0 —040 0 0 Offlf: 0 0,10
0 0-060 1 0 —-060 0 0 0|, 0 0,15
0 0 0 0 0 1 0 0 —-1-10|lfas|=|0]; 0,75] (19)
0 0 0 0 0 0 1 0 0 0 oOflf: 0 0
0 0 0 0 0 0 O 1 0 0 O0|fss 0 0
0 0 0 0 0 0 0 0 1 0 0|l 0 0
-0750 0 0 0 0 0 0 0 1 ol 0 0,75

0 0 0-1-1 0 0 0 o ulr.d Lo 10,90

BTopu (s=2) BxogsL NOTOK B MpexaTa — [2:
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CIlTAY PeweHue

10 00 0 0 0O 0 0 0121 101 [0
01 00 0 0 0 O0 0 0 O}l 0 0
001 00 0 O0O0 0 0 oflfs2 0 0
000 1 0 0 0O0 0 0 O|ffi 0 0
0000 1 0 O0O0 0 0 0|l 0 0

0000 0 1 00 —-1-10|fszl=]0]; 1,0f (20)
0000 0 010 0 0 0|l 0 0
0000 0 0 010 0 Off 0 0
0000 0 O0O0O0 1 0 off 1,0 10
0000 0 0 OO0 O 1 0|l 0 0
Lo 00 0-1-10 0 0 o0 1dm,l Lo U

TpeTtn (s=3) BxoAsL, NOTOK B MpexaTa — I3
CINTAY Pewenue

10 0 00 0 0 0 0 0 O07ffiz] 07 [ 0 7
0 1 0 00 0 0 0 0 0 oflf2s] [10 1,0
0 0 1 00 0 0 0 0 0 oflfss 0 0
0 0 —-021 0 0 —-02 0 0 0 Of]3 0 0,14
0 0 -080 1 0 —-080 0 0 Of|fs53 0 0,56

0 0 0 0 0 1 0 00 0 offsz[=|0]; 0 | @1
0-07 0 0 0 0 1 0 0 0 Offfys 0 0,70
0-03 0 0 0 0 0 1 0 0 Offlfss 0 0,30
0 0 0 0 0 0 0 0 1 0 Of™s 0 0
0 0 0 0 0 0 0 0 0 1 0l 0 0
Lo 0 0 0-1-1 0 o0 0o 0 1llm31 Lol 10,56

EnHa Bb3MOXHOCT 3a pellaBaHe Ha MaTpuyHK ypaBHeHua (19) + (21) ca sBrpageHuTe dyHKUUK
Ha ,spreadsheet” nporpamu kato Microsoft Excel. lNpeacrtaBeHnTe Tpu peLleHnsa ca NonyvyeHn npu
M3nosidaBaHe Ha (PyHKUMSATa 3a MaTPUYHO YMHOXEHME, NoApobHO onucaHa B [3; 4] n dyHKumMATa 3a
nony4aesaHe Ha obpaTHa maTpuua, npeacraBeHa B [3; 5]. C BekTopuTe, NOMy4YeHN KaTo PELUEHUS B

(19) = (21), ce cpopmmpat matpuum R™ u R* kakTo creasa:

Iy
1,0
0
0,25
0,10
0,15
0,75
0
0

Rr

0

I's

0 -

1,0
0
0,14
0,56
0
0,70

0,30

€
€2
€3
€4;
€5
€6
€7
€g

Rr‘

I Iy

0 10
075 0
090 1,0

Q¢ ™ D¢
w N e

(22)

Bb3 ocHOBa Ha nonyyeHNTe MaTpuumn MoXe Aa ce U3dncnn aensT OT MacoBus Aebut B kg/s, Ha
BCekn Bxoadwma notok [j (unu Cj), npoTtvyall no gafeH KroH e; (unu é€;) Ha paskrnoHeHa
TonnoobmeHHa cuctema. JlecHO ce npecMsTa U MacoBuAT OeOMT Ha KnoHa kaTo udano. Heka sa
pasrnexagaHus npuMep ce AonycHe, Ye MacoBuTe AebuTn Ha ropeLm NoToum BXOASALM B cuctemaTa
ca: m}" =10 kg/s; m, =20 kg/s v my" =30 kg/s. AKo e HeoBXoaNMO [a ce Oonpeaern Kaksw
KOnmM4ecTBa OT TsIX NpeMMHaBaT no KnoH Ne5, ce n3BbpLIBaT CreAHUTE M3YUCTEHNS:

mE, =#my" =0,15x10 = 1,5 kg/s;
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mg , :7'”'5r,2m’2F =0 X2 = 0 kg/s;
mE 3 = #ams = 0,56 X 30 = 16,8 kg/s.
MacoBuat gebut Ha dnyngHusa NOTOK NpoTudaly no krnoH Ne5 e:

3
mL = Z # " =15+ 0+ 16,8 = 18,3 kg/s.
j=1

3akntoveHue

MpeonoxeHuAT MeTod € efHa OT Bb3MOXHOCTUTE 3a pellaBaHe Ha 3adayn OT TO3u Twun.
MeToabT e NpunoXum, Korato cuctemaTa e geduHMpaHa no KnoHu (cboupawum u pasgensium ce
BbB Bb3NN), KbAETO BCEKU KMOH NpeAcTaBnsBa NOTOK C NOCTOsAHEH macoB AebuTt. MNMpeamMmcTBoTo
My €, Ye CpaBHUTEMHO MECHO MOXe Aa ObAe NpuUnoxeH B COPTYEPHU Mporpamu, pasnonarawiy ¢
Bb3MOXXHOCTM 33 U3BbpPLLUBaAHE HA MaTpu4Hu onepauuu, kato MATLAB n Microsoft Excel.
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MogenupaHe n cumynupaHe Ha TONMJIMHHOTO NoBeAeHMWe Ha NPOMULLIIeH
XNaaunHUK B AMHAMUYEH eKCnioaTaLuMOHEH Pexum

Bopucnae CtaHkoB, KoctagmH ®ukmmH

PaspabomeH e YucneH Modes 3a cuMmysupaHe Ha morjiuHHOMOo nogedeHuUe Ha cbujecmeaysall
pomuwinieH xnadusHUK 3a CbXPaHeHUe Ha 3aMpaseHU XpaHu rpu MpOMEHSIU80 HamosapeaHe,
cmydornpou3eodumesTHOCM Ha UHcmasiayusma u KiumMamuyHu ycrosusi. Modesmm e peanusupaH
8 MATLAB kamo yacm om no-obuw, Modes1 3a eHepaulHU cuMyiayuu Ha cucmema 3a KpuO2eHHO
CbXpaHeHUe Ha eHepeausi.

KniouyoBu gymun: xnagunHa Bepura, XnaguriHO CbXpaHeHwe, HecTauuMoHapeH TOMf000MEH,
OWHaMnyHo cumynupade, MATLAB.

Modelling and simulation of the thermal behaviour of a refrigerated warehouse in
dynamic operation mode

Borislav Stankov, Kostadin Fikiin

A numerical model has been developed for dynamic simulation of the thermal behaviour of an
existing refrigerated warehouse for storage of frozen foods under variable load, plant’s refrigeration
capacity and climatic conditions. The model has been implemented in MATLAB as part of a more
general model for energy simulations of a cryogenic energy storage system.

Keywords: cold chain, cold storage, transient heat transfer, dynamic simulation, MATLAB.

BbBeneHune

Esponenckmatr npoekt CryoHub uscnegsa u paspaboTBa noTeHUMana Ha KPWOTreHHOTO
CbXpaHEeHWe Ha eHeprus B ronemMn NPOMULLMAEHU XNAAWUMHULW WU XPaHUTENHWU MpeanpuaTus,
obopygBaHn C xnagunHu cbopbxenus [1]. PaspaborBaHata TExXHONMOrMs cCe OCHOBaBa Ha
aKymynupaHeTo Ha Bb30OHOBsieMa eHeprusi Kato BTEYHEH KPUOreHEeH ras, U3rnon3BaH 3a 4acTU4HO
NMoKpuBaHe Ha CTyaonoTpebHOCTTa Ha XnagurnHuTe cbopbXxeHus (obneryasarvikm pabotata Ha
KOHBEHUMOHAanNHaTa UHcTanauus), Kakto 1 3a reHepupaHe Ha enekTpuyecTBo, KOETO MOXe Aa ce
uspasxodBa Ha MACTO WNM Aa 3axpaHBa ernekTpuyeckata Mpexa B MepuoauM Ha MUKOBO
notpebnenue [1, 2, 3]. 3a nscnegsaHe Ha pasnNUuHKM CTpaTerm 3a yrnpaBneHne Ha cucTemara 3a
KPUOreHHO CbXpaHeHne Ha eHeprus e cbeTtaBeH vncneH mogen B MATLAB, upes KonTo AMHaMU4YHO
ca CUMynMpaHu eTanuTe Ha akymynvpaHe u otTgaBaHe Ha eHeprus. LIAnocTHUAT Mogen ce CbCTou
OT pasnuMyHyY B3auMOCBBbP3aHN MOAYMNMW, eAVH OT KOMTO € MoAdenbT Ha XNaaurnHOTO ChbOopbXKeHue,
OXnaxgaHo OT BTEYHEHWSA KPUOreHeH ra3 B eTana Ha OTAaBaHe Ha eHeprus OoT cucTemara 3a
CbXpaHeHue.

N3cnegBaHoOTO XnmagunHo CbOpbXeHue MpeacTaBnsdsBa peaneH NpoMuLINeH XnagunHuk 3a
CbXpaHeHue Ha 3aMpaseHUn XpaHu, CbCTOoSLL Ce OT XnaaurHa kamepa 1 ToBapo-pa3ToBapeH OTCeK
(BbTPELWHO MaHWMNynauMoHHO MOMeLleHNe 3a MOMMCTUYHM onepaumuM KaTo nakeTupade,
naneTusmpaHe, TOBapeHe U pasToBapBaHe Ha XnagunHu kamuonn) (dur. 1). Kato nHterpanHa vact
OT 00LWMSA eHeprreH Moden Ha cucTeMaTta 3a eHEPIMUHO CbhbXpaHeHue, MOOEMbT Ha XNafunHuka e
cbobpaseH C BXOAALWMTE N U3XOAALMTE NapaMeTpn Ha UHTEPaKTUBHUTE KOMMOHEHTU, KakTo U C
LUSANOCTHOTO HMBO Ha crnoxHocT. MogenbT npuema Kato BXOAHW napameTpu TemnepaTypata u
OTHOCMTENHaTa BNaXHOCT Ha BBLHLIHWUA Bb3dyX, MHTEH3UTETa Ha MbiHaTa CnbHYeBa pagnaums
BbpXYy XOpU3OHTaNHa MOBBbPXHOCT, obuiata CTygonpOM3BOAUTENHOCT Ha MapoKoMMpecopHaTa
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XnagunHa MHcTanauusa U cuctemarta 3a KPUOTEHHO CbXpaHeHWe Ha eHeprus, KakTo U BEKTOp C
BPEMEBU CTOMHOCTM, OMWCBALL, BpeMeBaTa CTblka Ha cumMynaumsTa. Maxoaswmre napameTpu ca
TemnepaTypata Ha UMPKYNUPaHWa Bb3AyX BbB BCAKO OT [BeTe MNOMelleHUss U cpedHaTta
TemnepaTypa Ha CbXpaHsBaHUTE NPOAYKTU. Te3n BENUYMUHU ce NodaBaT KaTo BXOASALLM apryMeHTH
3a BCska criefBalla BpemeBa CTbMka. TemnepaTypuTe ce OonpeaensT Bb3 OCHoBa Ha GanaHca
MeXxay XnaaunHus Tosap M CTy4oNpou3BOAUTENHOCTTA, OTYMTAKMA HANMYHUA TONMNMHEH KanauuTeT
Ha 0GeKTUTE BbB BCSKO OT MOMELLEHUATa.

dur. 1. Cxema Ha mMoaennpaHna npoMuLLneH XxnagunHuk.

XnagwuneH ToBap

XnagunHuaT ToBap Ha BCSIKO OT ABeTe NOMeLleHus ce M34YUCnsiBa CblnacHo MeToaukaTa Ha
ASHRAE [4] n oTyuTa TONAWHHWTE MOTOLM OT TOMNMONpeMuHaBaHe, WUHUNTpauus, BbTPELUHU
M3TOYHULM 1 XNagunHoTo obopyaBaHe (BeHTUnatopu um obesckpexxaBaHe). TONMUHHUAT NOTOK OT
TOonnonpeMnHaBaHe npes BCEKU orpaxaall enemMeHT ce U34YnCrnsiBa KkaTo:

Qtr = Z UiAi[(Ty + ATe); — T; ] (1)

kbgeto: T, — TemnepaTypa Ha Bb3gyxa B nomeryeHueTo [°C], T, — TemnepaTtypa Ha BbHLUHATA
cpeda (BbHLIEH Bb3gyx unu Bb3gyxa B cbceaHoTo nomeuwleHue) [°C], ATs — TemnepatypHa
KOpekuMs 3a oTuynTaHe Ha edekta OT cnbHYeBO rpeeHe [°C]l, U — koeduumeHT Ha
TonnonpemuHasaHe [W/(m?K)], A — nnoLy Ha orpaxagaluus enemeHT [m2].

CbrnacHo eHepruiHua 6anaHCc Ha BbHLWHATaA MOBBbPXHOCT Ha Orpaxaalunsa eneMeHT,
TemnepaTypHaTa Kopekumus, otynTalla edekta Ha abcopbupaHata cnbHYeBa paguaums, Moxe Aa
ce onpefenu kaTo:

a;l;

ho;

2

ATy, = 2)
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KbAETO: a — KoehMUMEHT Ha NornbLUaHe Ha cribHYeBaTa paguaums [-], | — HTEH3MTET Ha NbfHaTa
CIbHYeBa pagvaums BbpXy noBbpxHocTTa [W/m?], h, — KoeduumeHT Ha TonnonpeaasaHe [W/(m2K)].

MHTEH3NTETHLT Ha NbiiHaTa ClbHYEBA paguaums BbpXy XOPM3OHTaNHUs NOKPUB Ha XNaannHuka,
In, € BXogdl, mapamMeTbp 3a Mojena, KOWTO ce fofyvaBa OT 4acoBUTE KIMMATUYHW OaHHW.
M3uncnenndarta 3a nagawiata cnbHYeBa pagnauns Bbpxy BCUHKM BbHLUHM BEPTUKANHN NOBBPXHOCTU
(cTeHuTe Ha xnagusHuka) ca onpoCTEHUN KaTo I, Ce YMHOXaBa Mo KOPEKUMOHEH KoeduumMeHT. Toan
KoepuumneHT e onpefeneH 4pe3 aHanua Ha KIMMaTU4HWTE OaHHW 3a MECTOMOJSIOXKEHMETO Ha
XNagunHuka nocpencTBOM cpefHo-npeTerfieHaTa CTOMHOCT Ha MHTEH3UTEeTa 3a BCUYkM | = 1,...,n
BbHLUHW BEPTMKASHN MOBBPXHOCTU C pa3fMyeH asuMyTeH brbJi:

_ 2iLiA;
Xid;

KbAETO: /j— UHTEH3NTET Ha NbIHATa CbHYeBa paanaums Bbpxy noBbpXHOCT i [W/m?], A;— nnouy,
Ha noBbpxHoCcTTa [M?].

MHTEeH3NTEeTHT Ha Nagallarta CnbHYEBa pagnauuns 3a Bcska OT BbHLUHUTE CTEHM Ce M34ncnssa
no metoga Ha Perez et al. [5]. OT aHann3a Ha gaHHUTE € YCTaHOBEHO, Ye B rOAMLLEH MnaH Tasu
CpeAHo-NpeTerneHa CTOMHOCT ce anpokCcMMmMpa cpaBHUTENHO [o06pe 4pe3 u3nona3eaHe Ha
KopekunoHeH daktop 0.67 3a cTeHuTe Ha xnagunHata kamepa (dur. 2) m 051 3a
MaHUMNynayMoHHOTO NOMELLEHME.

I, 3)

350

300 = XOopWu3oHTanHa

250

200

W/m?2 =—CpepHo npeterneHa

150 3a BepTMKanHuTe
NMOBBbPXHOCTU

100

50 ===67% ot
XOpU3OHTanHaTa
0

012345678 91011121314151617 1819202122 2324
Yac om deHoHoOWw,uemo

dur. 2. IHTEH3UTET Ha CrbHYEBAaTa pagnauuns Bbpxy orpaxkgalimte efnemMeHTu
Ha XxnagunHaTa kamepa.

BbHWHUTE orpaxpaliyM enemMeHTU Ha XNaduiHuKa ca M3rpageHyd OT CaHABUY-NaHenu ¢
nsonauusa ot nonumsoumaHypat (PIR). MNogoBaTta KOHCTPYKUMA WMa n3onauus oT eKCcTpyaupaH
nonumctnpeH (XPS) n e cHabgeHa cbe cucTema 3a 3awmra cpelly 3ampb3BaHe. KoepmumneHTsT Ha
TonnonpeMnHaBaHe Ha noja e U34YMCIeH Npu npueta NnocTosHHa Temneparypa ot 4°C Ha gonHata
NMOBBbPXHOCT Ha m3onauuaTa. MauncneHmTte koeuuneHT! Ha TonmnonpeMmHaBaHe, KakTto U opyru
napameTpu 3a onpegensHe Ha TONMWHHUTE NOTOUM Mpe3 orpaxjalimMTe enemMeHTu, ca AafdeHun B
Tabn. 1.
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Tabnuua 1
MapameTpu 3a n3ymcneHme Ha TONfAMHHUTE NOTOoLM OT TonfonpeMmHaBaHe
Orpaxpalll A d 1/ho
W/(m? Ty a / (m?K
enemMeHT 2
m K) YW
XnagunHa kamepa
Mo 2572' 0.137 4°C - - -
nOKpMB 2572 0.094 TB’bHLLleH Bb3JyX 0.15 Ith 0.05
B 2707. 0.6 0.07
CTeHMbHUJHM 2 0096 TB’bHLI.leH BB3AYX 0 1 5 7Ith
BbTpelwHn 1113. _
CTeHUu P 3 0.094 TMaHHn.HOM. - -
ToBapo-pa3ToBapeH OTCEK - MaHWUMyIauMOHHO NMOMeLLeHne
Mon 1947 0.137 4 _ _ -
I-IOKpMB 1941 ' 0.094 TB’bHLLleH BB3/yX 0.15 Ith 0.05
B 2471. 0.5 0.07
o Y 5 0096 | Tymuensssms | 015 | 4]
B 1113. -
CTeHM'preLUHM 3 0.094 TXJ[.KaMepa _ -

TONMMHHMAT NOTOK OT MHCUNTPaLMS 3a Besika j = 1,...,m BpaTa Ha CbOTBETHOTO NOMELLIEHUE Ce
n34dncrnsia no ypaBHeHneTo Ha Gosney & Olama [4]:

. Di ; 0.5 05
Qiny = Z De;Dy (1 - E;)0.2214; (hi; = hy) oy (1 - p_r]) (9.81H;)" Fn,
]

_ 2

1/5

(4)

o I (5)
1+ (pr/pij) :

Fn;

kbOeTo: A — nnouwy Ha Bpartata [m?], h; — cneunduyHa eHTannuUs Ha UHAUNTPUPAHUS Bb3ayX
[J/(kgK)], hr — cneundpmnyHa eHTannusa Ha Bb3gyxa B nomelleHueTo [J/(kgK)], pi — NNBTHOCT Ha
nHpmnTpupanmnsa Bb3gyx [J/(kgK)], pr — NAbTHOCT Ha Bb3gyxa B nomewieHueto [J/(kgK)], H —
BUCOYMHA Ha BpaTaTa [m].

MmbTHOCTTAa M cneunduyHaTa EHTannMs Ha BrAXHWUS Bb3OyX CE u34ucnsesat cropesn
TemnepaTypaTta, OTHOCUTENHaTa BMaXHOCT M DapoMeTpMYHOTO HansraHe. 3a onpegensHe Ha
HandraHeTo Ha HacullaHe/cybnumauuna ca uanonssaHu ypasHeHudata ot IAPWS-IF97 n IAPWS-06
[6]. MapameTpuTe 3a N34nCnsaBaHE Ha TOMMHHUTE MNOTOLUM OT MHAUNTPaUmMs ca gageHu B Tabn. 2.
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Tabnuua 2
MapameTpu 3a U34ncreHne Ha TONNMHHUTE NOTOUM OT MHAUNTPaums
VE WnpounHa BucouuH D D E
poi , m a,m f

Bpata Ha xnagunHaTta 0.0 0 0

kamepa ! 2.84 4.60 625 | 8 | 9
ToBapHu pamnu 6 2.44 3.05 0.0 1 0

' ) 75 A .81

BbTpelHnTe TONAMHHU NPUTOLM BbB BCSIKO OT NOMELLEHMATA Ce U3YMCNSBAT KaTo:
Qint = 1.25N, (272 — 6T,) + Z Py + F.Qyes 6)
k

kbaeto: N, — 6poi Ha NpemmHaBaly, nepcoHan, T, — TeMmnepaTtypa Ha Bb3ayxa B MOMELLEHNETO
[°C], P — BbTpeLUHM TONANMHHU NPUTOLM OT OCBETNEHME, NOAEMHO-TPAHCNOPTHW MaLUNHW, ONAKOBBbYHO
v apyro o6opyasaHe [W], 0, 5 — CTYAONPOV3BOANUTESNIHOCT Ha XrnadaunHarta nHctanaums [W].

TonnuHHWMTE npuTOouM OT paboTaTa Ha XxnagunHata WHCTanaumsa BKMYBaT ToMNnuHaTa,
oTAeneHa OT ABuWraTenuTe Ha BeHTUNAToputTe W Ta3n 3a nepuogmyHo obesckpexaBaHe Ha
usnapuTenuTe B Kameparta 3a 3aMmpaseHu npoaykTu. Tesam npuToum ca anpoKcUMmpaHu cropefn
CTYOONpOM3BOAMTENHOCTTa Ha MHCTanaumsaTa JYpes dakropa F.

TonnuHHO NoBeAeHWe Ha XNaguITHUKa

TonnMHHOTO MOBefeHMe Ha XNaguiiHUKa ce onpedensi OT HanNM4MeTo Ha CTygoaKyMynmpLym
06eKTM CbC 3HauUNTENHA Maca BbB BCSKO OT MOMeLeHnsaTa. B xnagunHaTta kamepa ce cbxpaHsiBa
roNsmMo KOMMYeCTBO 3aMpaseHn XpaHW, YMMTO MbfeH TOMNMHEH KanauuTeT € MHOro no-rofisiM oT
TO3M Ha Bb3gyxa B kamepata M orpaxgawuTe enemeHtu. 3aTtoBa akymynauusTa Ha CTyd B
NPOAYKTUTE € OCHOBHUAT (DaKTOpP, OT KOMTO 3aBUCK TOMMMHHATA MHEPLMS Ha XNagusHuKa.

[MoBeyeTo npoaykTy B xNnagunHata kKamepa oOcTaBaT 3a ObJIFOCPOYHO CbXpaHeHue u
OTHOCUTENHO ManbK NPOLEHT OT OOLIOTO KONMYECTBO CE BHACHA M U3HACs B paMKuTe Ha €4HO
neHoHowwme. OcBeH TOBa, OCHOBHOTO KOMWYECTBO NPOAYKTM MOCTbMBAT Beye 3aMpas3eHn Ao
cTaHgapTHa Temnepatypa oT okono —18 °C, KoATO MOXe fa ce € NOBULLMIIAa HE3HAYMTENHO B Cry4van
Ha TpaHcnopTupaHe. [pu Te3n obcToATencrBa € HanpaBeHO ONPOCTABALLOTO AoMyckaHe, ye
NpoAayKTUTe MpeacTaBAT oUKCMpaHa mMaca C efHakBa TemnepaTypa, KOATO Ce NPOMEHs caMo B
pesynTat oT npomsaHaTta Ha 6anaHca mexay XnaaunHus ToBap M CTYAOMPOU3BOAMTENTHOCTTA Ha
xnagunHarta cuctema. Tbi KaTo MOAENbLT Lienn Aa ce OLeHN TemnepaTtypaTta Ha BbTPELUHUS Bb3ayX
B Kpas Ha BpemMeBaTa CTbMKa Ha cuMynauusTta (U No TO3W Ha4yMH Ha TOMMAMHHaTa MHepUMs Ha
cucrtemara), a He Ha TeMnepaTypHOTO MNose B NPOAYKTUTE, Te Ca MOAENMPaHN KaTo CbCpefoTOYEH
ToMMnHeH kanaunteT. CbnpoTMBEHMETO Ha TOMMNOMNPOBOAHOCT Ha NPOAYKTUTE € OT CbLUMS NOPSABK
KaTo CbMPOTUBMEHMETO Ha TONMONPeAaBaHe Ha NOBbLPXHOCTTA UM, MOpaaun KOeTo To He ©1 Morno
a ce npeHebperHe. 3aToBa KaTo anpoKCMMaLUuMs e U3Mnon3BaH aganTupaH BapMaHT Ha MoJena Cbe
CbCpPenoTodeHN MNapameTpu, KbAeTo Ce M3MNon3Ba EeKBUBANEeHTHO TEPMUYHO CbMNPOTUBIEHME,
OTYMTALLO KaKTO TomnonpegaBaHeTo Ha NOBBbPXHOCTTA, Taka U TONSONPOBOAHOCTTA B MaTtepuana
[7]. Ha Ta3n ocHoBa, TOMMMHHUAT NOTOK, OOMEHEH MeXay 3ampaseHuTe NPOAYKTU U Bb3gyxa, ce
n3umcnsiBa 4pe3 oOcpedHeHa Temnepatypa Ha MpoaykTuTe W npuBedeH koeduumeHT Ha
TonnonpenasaHe (h):

Qst = EA(Tst -T) (7)
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. 1
h=—-"—

V/A (8)
T

Sl

KbOeTo: h — koedumUMeHT Ha TonnonpeaasaHe [W/(m?K)], A — nnoLy Ha oTKpuUTaTa NoBbLPXHOCT Ha
npoayktute [m?], V — obem Ha npogyktute [m?], k — koedmumeHT Ha TonnonposoaHocT [W/(mK)], T, —
ocpegHeHa Temnepartypa Ha npogyktute [°C], T, — TemnepaTtypa Ha Bb3gyxa B nomerleHneTo [°C].

Makap u gocta onpocTeH, TO3M MeTo MO3BoNisiBa nNpubnuantenHa oueHka Ha edekta oT
akymynaumsita Ha CTyg B NPOAYKTUTE BbPXY HECTaALMOHApHUSA eHeprmeH 6anaHc Ha xnagwsHuka.
MpunoxeH e ¢ npe3ymnuusTa, 4ye JONyCTMMUTE TemnepaTtypHu konebaHunsi ca manku — npu
cUMyrauumnTe Ha cuctemarta TemrepaTtypaTta Ha Bb3ayxa OOMKHOBEHO Ce M3MEHS B rpaHuuuMTe Ha
okono 1 K, a Tasu Ha npogyktuTe ocTtaBa no4yTu noctosiHHa. Kopekuusata Ha koeduuueHTa Ha
TonsfionpeAaBaHe HamansBa CTOMHOCTTA My, OTYMTaMKW, Ye 3apaan TEMMNEpPaTypHUSA rPagueHT B
CbXpaHaABaHUTE NPOAYKTU, TEMMNepaTypaTa Ha MOBbPXHOCTTA UM € CpaBHUTENHO 6riM3ka 00 Ta3un Ha
Bb3ayxa. [10 TO3n Ha4YnH, MIBMEHEHNETO Ha OCpeaHEHaTa TeMnepaTtypa Ha NPOAYKTUTE BbB BPEMETO
ce onucea 4Ype3 0OMKHOBEHO AUMepEHLMarHO ypaBHEHNE:

aT,, .
Cst d_; = _Qpr (9)
det _ EA(TSt — Tr)
dt Cst
kbaeTto: Cs — MbNEeH TOMMAMHEH KanauuTeT Ha cbXxpaHsBanuTe npoayktn [J/K], msdncneH
cbrnacHo gaHHuTte B Tabn. 3.

(10)

Tabnuua 3

[MapameTpu 3a U34UCNEeHNe Ha akyMyrnaumsaTa Ha CTyq B NpoayKTuTe.
KoeduLmeHT Ha TonnonpoBOAHOCT Ha 3ampaseHuTe npoayktn [W/(mK)] 1.3
CneunduyeH TonnNnHeH KanaumTeT Ha 3ampa3seHuTte npoayktu [J/(kgK)] 2100
Pa3smep Ha onakoBkaTa [cm] 60 x40x 12
HeTHa maca Ha npogyktuTte B egHa onakoBka [kg] 23
Pasmep Ha nanet [cm] 120 x 80
Buco4yrHa Ha HaToBapeHusa nanet [cm] 168
Bpoi onakoBku Ha nanet 56
Bpon Ha MOBUNHUTE cTenaxm 19
Bpown Ha padToBeTe Ha cTenax 5
bpoi naneTtu Ha eguH padTt 32
00w, 6poi NaneTn Ha BCUYKN CTENaxu 3040
O6em Ha npoayKTUTe BbpXY eduH nanet [m?] 1.6128
Moy Ha oTKpMTaTa MOBLPXHOCT Ha NMPOAYKTUTE BbPXY eanH nanet [m?] 8.64
KoeduumeHT Ha TonnonpeaasaHe, h [W/(m?K)] 10
MpvBeaeH koeduUMeHT Ha TonnonpeaasaHe, h [W/(m?K)] 4.1
Maca Ha npogykTute Bbpxy eauH nanet [kg] 1288
[MbreH TonnMHEeH KanaunTeT Ha CbxpaHsBaHuTe NpoaykTu, Cst [kJ/K] 8 222 592

M3aMeHeHneTo Ha eHTannuMaTa Ha Bb3gyXxa B MOMELLEHMETO, KOATO € QYHKUMA Ha
TemnepaTtyparta 1 Bnarocb4bp>XaHWETO, € PaBHO Ha CyMaTa OT BCUYKMN TOMIIMHHM noTouu. Tbi KaTo
B XNnagurHaTta kaMmepa ce nogabpka HUCka Temnepartypa Ha Bbagyxa (—20°C), BnarocbabpXaHueTo
Bapvpa B Mankum rpaHuum u He Hageuwasa 0.001 kg/kg. 3a onpocTsiBaHe Ha M34MUCNEHUSTA €
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npueTo, Ye M3MEHEHMETO Ha eHTannuaTa ce ObIDKM caMO Ha siBeH TONMooOMeH, mpu KoeTo
eHeprMinHMAT GanaHC Ha 3o0HaTa ce npeactaBs uYpe3 AudepeHuManHo ypaBHeHue 3a
TemnepaTtypaTta. EekTbT Ha TONNMHHUAT KanauuTeT Ha orpaxgaliuTe eneMeHTu Ha crpajarta €
npeHebpexunm, ¢ U3KNIYEeHNe Ha KOHCTPYKUUSATa Hag nogosaTa u3onauus. 3a ga ce ot4yeTe To3n
JOMbIHMTENEH TONMMHEH KanauuTeT B 30HaTa, € NPUMoXeH ONPOCTEHNS Noaxon, KOMTO NOHsIKora
Ce M3nonseBa 3a oT4yMTaHe Ha BbTpellHa Tonsnoakymynupawa maca B EnergyPlus [8]. Torasa
JombrHMTENHaTa Tonnoakymynupatlia Maca ce OT4MTa KaTo TOMMMHHUAT KanauuTeT Ha Bb3ayxa ce
YMHOXaBa C KOpeKkuuoHeH caktop. OnpocTsiBaHeTO ce npasBu C npesymnuusTa, Ye ronemMust
TemnepaTypeH rpagveHT Ha nogoBaTta KOHCTPYKUMs ce obpasyBa B m3onauusata nog 6eToHHaTa
nnova, AoKaTo cpefdHaTa TemnepaTtypa Ha nnoyarta e 6nvska o TemnepaTypaTa Ha Bb3gyxa B
nometleHuneTo. Mpu Tean gonyckaHus, MU3MEHEHNETO Ha cpedHaTa TemnepaTypa Ha Bb3gyxa BbB
BpeMeTO ce onucea 4pe3 OBMKHOBEHOTO AudepeHuManHo ypaBHeHue (C TOMMAMHHM MOToun OT
AscHaTa cTpaHa - yHKUMM Ha TemnepaTtypaTa):

drT, . . . . .
Crd_[ =0Qu + Qinf + Qine + Qs — Qref (11)
Cr = E.crprVy (12)

KbAeTo: ¢, — cneundumyeH TonnuMHeH kanauuTeT Ha Bb3gyxa [J/(kgK)], Fc — KOpeKunoHeH
dakTop, pr— NMBLTHOCT Ha Bb3gyxa [kg/m?®], V. — obem Ha Bb3ayxa [mA].

Cucrtemarta oT aese gudepeHumanHn ypaBHenus (10) u (12) ce pewasa B MATLAB upes
UMMAMUNTEH MeTo[n, 3anoXeH BbB (pyHKkumdATa ode15s [9]. KaTo untocTtpauma Ha TonnuvHHaTa
WHEpUMsl Ha XnagunHuka, Ha dur. 3 e nokasaHO M3MEHEHVWETO Ha TeMnepaTypuTe Ha Bb3gyxa
(NMMbTHa NUHWS) M Ha CbXxpaHsBaHUTE 3ampaseHu NpoaykTu (MYHKTUPHa NWHWSA) B XragunHaTa
Kamepa, Mpu pasnUYHM HavanHW TemnepaTtypy W CTyAONPOM3BOAMTENHOCTM Ha XnagunHaTa
cuctema. lNokasaHuTe rpadukm ce OTHacCAT 3a CMMynauMmM C BpeMeBa CTbMKa eduH Yac, npu
NOCTOsIHHa CTyOONPOU3BOAUTENHOCT M MOCTOSIHEH XNagwuneH ToBap B paMKuTe Ha BpemeBaTa
cTbnKa. padurknTe NO KOMOHU Ce OTHACAT CbOTBETHO 3a HyrieBa CTy40NPOM3BOANTENHOCT (BMSBO)
W CTyaonpou3BOAMTENHOCT, MpUBNU3MTENHO MOKpMBALLA XnagunHua ToBap (B cpepaTa) wnu
HagBvLwaBalla TONfMHHUA ToBap nNpubnuantenHo Aea nbTu (BASCHO). PegoseTe Ha durypata ce
OTHACAT 3a Pa3nNMYHU HayanHW TeMNepaTypu Ha Bb3Ayxa M Ha MPOAYKTUTE B XnagurnHaTta kamepa —
rpacmknTe Ha NbpBUSA pef ca 3a HavanHa Temnepartypa —20 °C Ha Bb3gyxa M NPOAYKTUTE, Ha
BTOpMS pes ca 3a HadanHa TemnepaTypa —20 °C Ha npogyktute n —19 °C Ha Bb3ayxa, a Ha TpeTus
peq ca 3a —20 °C Ha npogyktnte n —21 °C Ha Bb3gyxa. Ha BTOpus pen TtemnepaTypaTa Ha
NPOAYKTUTE € NO-HUCKa OT Ta3n Ha Bb3AyXxa U akKyMynmnpaHuAT B TAX CTy4 BOAM 4O NOHWXaBaHe Ha
TemnepartypaTta Ha Bb3ayxa, JOpMW KoraTto XnagunHuAT ToBap npesuLlLaBa CTyaonpon3BoguTenHocTTa
Ha cuctemaTa. 3a cMeTKa Ha ToBa, Temrnepartypara Ha npoaykTute 6aBHO ce nokayea.
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Qrer = 0KW Qres = 100 W Qe = 200 kW
-19.4 N ———————— N ———————=—=——
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20— ———————=
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20— —————-
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-20.5
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dur. 3. MIameHeHne Ha TeMnepaTypaTa Ha Bb3fyxa U NpodyKTuTe B XNaaunHaTta kamepa
npuv pasnUyHM HavarnH ycrosums

3akno4veHue

MpenctaBeHMAT Moaen Ha NPOMULLNEH XNaaUNHUK NpeacTaBnsiBa CbCTaBeH efleMeHT Ha eanH
06006LLeH MHOrOKOMMNOHEHTEH MOAEN Ha LUSNOCTHA CUCTEMA 3a KPUOreHHO CbXpaHeHNe Ha eHeprus
(kosiTO akyMyrnMpa eHeprust oT (hOTOBOMTaNYHaA CUCTEMA U NPOU3BEXKAA ENEKTPUYECTBO B Nepuoaun
Ha NKOBO HaToBapBaHe B MpexaTa, AoKaTo M3napsiBallims ce BTeYHEH KpUOreHeH ras nognomara
NOKpPUBAHETO XnaaurnHusa Toeap). Makap B cnyvas (pokyCbT Ha cuMmyrnaumuTe Aa € rnaBHO BbpXy
TemnepaTypaTta Ha Bb3yXa B NOMELLEHUSATA 3a CbXPaHEHNE U MaHUMNynaums Ha 3aMpaseHmn XpaHu
(koeTo e HeobXxooMMO 3a ynpaBfieHME Ha CUCTEMATa 3a KPUOrEHHO CbXPaHEHWE Ha eHeprusl),
3HAYMTENHO MO-CMNOXHW cLeHapun MoraT Aa 6baaT obxBaHaTW C He3Ha4uTenHo aganTupaHe Ha
mMmoaena. Oor rmegHa TO4YKa Ha ,EleI7ICTBVITeﬂHOTO HeCTauMoHapHO noBegeHune Ha XnaaunHuka,
npeancTtaBeHnAT noaxon € cpaBHUTESTHO ONPOCTEH, HO AaBa A0CTaTb4HO I/IH(bOpMaLI,I/IFI 3a uenTta Ha
cvMynauumuTe — nNpubnuanTenHa oueHka Ha (OYHKUMOHWPAHETO W USASoCTHaTa eeKTUBHOCT Ha
cucrtemarta 3a KpMoreHHO CbxXpaHeHne Ha eHeprmua npu pasnnuy4Hn ctpatermn 3a ynpaslieHune.

BnaropapHocTu

MpoektbT CryoHub ce dmHaHcupa no MNporpamaTta Ha EBponenckms cbio3 3a uscnenBaHus u
nHoBauuun ,XopusoHt 2020% cbrnacHo CnopasymeHune 3a rpaHT Ne 691761. MNapTHbopute OT
MexgyHapogHus koHcopumym no CryoHub ca gonpuHecnn ¢ nonesHn v uaeu u npenopbku no
BpeMe Ha npodecroHanHnTe ANCKYCUn.
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N3cnepBaHe Ha TonnoobmeHa B KOpnyca Ha TepMOCOHAa 3a U3MepBaHe Ha
TeMnepaTtypa B HaCUMeH croun

HuHa MeHkoBa, KanuH Kpymos, NeaH Bopapxunes, UnusH Jleces

lposedeHu ca 4ucneHu uscredgaHUs Ha memrepamypHume rosema 8 mepMocoHOa 3a
usMepeaHe Ha memriepamypa 6 HacurneH crol. MscrnedeaHusima uensm npedcka3eaHe Ha
memMnepamypHomo pasnpedesnieHue 8 obema Ha coHOama Mnpu PasIU4HU CXemMu 3a MOHMaX,
MaKcuMasiHU MornuHHU HamoeapeaHusi U Ha/u4ue Ha KbCo CbeOUHEHUe.

KnoyoBn pgymum: TOMMooOMEH, MofenupaHe, TEPMOCOHAA, KIMMaTMYHU HaToBapBaHWSA
TemnepaTypHu noneTta.

Investigation of the heat transfer in the body of thermal probe for temperature
measurement in bulk layer

Nina Penkova, Kalin Krumov, Ivan Boradijiev, lliyan Lessev

Numerical investigations of the temperature fields in thermal probe for temperature
measurement in bulk layers are performed. the aim of the study is prediction of temperature
spread in the probe volume at different assembly scheme and maximal thermal loads in a case
of shortcut circuit.

Keywords: heat transfer, modeling, thermal probe, climatic loads, temperature fields.

1. BbBegeHue

Temata 3a AbNTOCPOYHOTO CbXPaHEHME HA Pa3fMYHU CTOKM U MaTepuanu e Bce no-akTyanHa
OT rnefHa Todka Ha MoAAbpXKaHe Ha onpeaerieHa NpoAaXkHa LieHa UM KopurmpaHe Ha nasapHuTe
ueHoBn konebaHusa. TbpceHeTo Ha gonbiHMTENHa gobaBeHa CTOMHOCT Mpu npepaboTkaTta Ha
CTOKUTE M MaTepmanuTe CbLLO Hanara pasBuTMe Ha TEXHONOrMUTE 3a CbXpaHeHMe.

B cbBpeMeHHUTE Curo3n 3a HacumHU MaTepuanu - 3bpHeHu KynTypu (cpur.1), BbrAuwa,
LMMEHT, NACHK, ypaxu ce ocurypsiaT Bb3MOXHOCTU 3a N3MePBAHE U KOHTPOI Ha napameTpuTe,
BNMSELLN BbPXY Ka4YeCTBEHOTO U edeKTMBHOTO WM cbxpaHeHnme. CamaTa KOHTpOfHa w
n3aMepBaTenHa anapartypa € M3noXeHa Ha BINAHMETO Ha cneundunyHNTE YCroBUS BbTPE U U3BBH
CKINafoBuUTE MOMELLEHUS, KaTO TS OT CBOSA CTpaHa TpsAbBa Aa ocTaHe UHANMEpPEHTHaA CnpsMo TAX,
0e3 pa okasBa BnuMsiHME BbpXy HabnogasaHutTe napameTpu. CblUeBpeMEHHO OTAEMHUTE Bb3NN U
€rleMeHTU OT Ta3u anapaTypa He Tpsibea fa 6baat NnpMynHa 3a Bb3HMKBaAHE Ha aBapUnHMN CUTyaLmm
KaTo TOKOBW yAapu, noXapu Unm eKcnrosvm, He3aBUCMMO OT YCroBUsATa Npu KOMTo paboTaT.

Mpn TeXHONOrMYHMTE onepauumn NPy CbXpaHsiBaHe Ha 3bPHEHU KyNTypu ce OTAens npax, KOUTo
npyu onpegeneHn KOHUEHTpauMu U MpyM HanuuMe Ha WM3TOYHWK Ha 3ananBaHe € noxapo- wu
B3pMBOOnaceH. 3ananBaHEeTO W B3pPUBABAHETO Ha nNpaxoBb3gyllHata CMeC 3aBuUCKM OT
KOHUEHTpauuaTa Ha npaxa, pasMepuTe Ha HEeroBuTe 4YacTuuu, BIaXHOCTTa Ha Bb3dyxa M
TemnepaTtypata Ha 3ananBaHe Ha cmecta. Korato TemnepaTypata Ha 3anansaHe Ha
npaxoBb3yLUHaTa CMeC € H1CKa, CMeCTa e NoXapoonacHa, a Korato e BUcoka — B3pmBoornacHa [2].
Te3n npouecu moraT ga 6baaT NPOBOKMPAHM OT BUCOKM NMOBBPXHOCTHWU TeMNepaTypu Ha ypeauTe
3a M3MepBaHe, M3MoN3BaHu B 3bpHOXpaHMnMLLaTa, KoMTo MoraTt 4a ce nonydart npy MOHTaXa UM B
NoANOKPUBHOTO MPOCTPAHCTBO M NPU HanmMymMe Ha KbCO CbeAuHeHue. [pu MOHTaX BbpXy NOKpuBa
Ha CMMNo3nNTe TEMNepaTypuTe B OTKPUTUTE YaCTK Ha ypeauTe ce BrmsasaT OT KNMMMaTUYHUTE YCINOBUS
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N CcnbHYeBaTa paanauma — OUPEKTHa Win D.I/I(by3Ha. lMNocnegHnte 3aBUCAT OT reorpadpckoTo
pa3nosioXXeHne Ha obekTa.

dur. 2. CXxemMn Ha MOHTaX Ha KOHTPOJSTHO-U3MepBaTernHa LumdpoBa TEPMOCOHAA:
1 - BbHLUEH MOHTaX; 2 - BbTPELLEH MOHTaX

LUenta Ha npeactaBeHMTe B HacTodwaTta paboTa wmscnegBaHus e npeackasBaHe Ha
TeMmnepaTypHOTO pasnpegeneHve B Kopryca Ha uudpoBa TepmocoHAa 3a u3MepBaHe Ha
TemnepaTtypa B HacuneH crnon (dpur. 3a) Npy NpoTUYaHE Ha TOK Ha KbCO CbeAUHEHME B HES U Npu
BapuvpaHe Ha Ha4yMHa Ha MOHTaX, M Ha TOMSIMHHOTO HaTOBapBaHe.

M3cnegBaHuaTa Ha TonmnooOMeHa B TepMOCOHAAaTa ca MNPOBEOEHW 4pe3 MoaenupaHe u
KOMMIOTbPHa cumyrnaums B codptyepHa cpega ANSYS / Workbench / Thermal.
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2. MaTtemaTtnyeH mogen Ha TonnoobmMeHa B TepMocoHpaTa

3a uncneHo onucaHne Ha TeMNepPaTypHOTO NoJsie B M3MepBaTENHUS ypead, KOeTo e nNpreTo 3a
CTauMOHapHO 3a MNepuoauTe OT BpemMe C MakCUMarHW TOMJIMHHW HaTOBapBaHuUsl, ce peluaBa
ypaBHeHue (1) no meTtoaa Ha KpaiHuTe enemeHTu [4]:

202535

KbOeTo A e koeduumeHT Ha TonnonposogHocT, Wm'K'. Toi e onpepmeneH Ha 6Gasa Ha
cneundurkauuaTa Ha Npon3BoAMTENS C MaTepmuanuTe Ha oTaenHuTe enemenTu [1,3].

TpuUn3MeEpHUAT reoMeTpuyeH MofesT Ha TepPMOCOHOATa € reHepupaH no 3agageH cbopeH
yepTex (dur. 36). YpeawT e mogen TS0606.8x, npousseneH ot mpma ,MHdotex — MNpyn“ EOOL.
3a [ga ce cnecTsaT KOMMKTBPHO BPEME U pecypcu, reoMeTpudata e pasgefieHa ¢ paBHMHA Ha
cnumeTpus.

a 1
dur. 3. NleomeTpryeH Mogen Ha uudpoBaTa TEPMOCOHAA:
a) CoopeH yepTex; 6) TpumamepeH Moden ¢ Mpexa OT KpanHW eNeMEHTU

paHMYHUTE YCrOBMS Ca pasnuyHU 3a BbTPELUHUTE U BbHLUHUTE MNOBBLPXHUHU Ha LudpoBaTa
TEpPMOCOHZA ¥ ca On1caHun no-Jory.

2.1. BbTpelWwHN TMNOBBLPXHOCTH, KOHTAKTyBalWlM CbC 3aTBOPEHOTO Bb3AyLHO
NpPOCTPaHCTBO.

Mpuema ce, Ye LUeNUAT TONNMHEH NOTOK, OTAENEH OT kabena npu KbCo CbeANHEHNE ce npeaaBa

Ha «BWXOALLMTEY TO OKOJTHM MOBBbPXHWHU Ha TBbPANTE eNIEMEHTU Ha LudpoBaTta TepMocoHaa Ypes

nanbyBaHe. ToOMMOOOMEHBLT 4Ype3 KOHBEKUMS C Bb3dyxa B 3aTBOPEHOTO MPOCTPaHCTBO €

npeHebperHaT, Tbi KaTo Bb3AYXbT MMa HEKOJIKOKpaTHO Mo-marnkyu Maca WM KoeduUWMeHT Ha

yCcBOsIBAaHE Ha TomrMHa O =+/A.0.C oT TBbpOUTE enemMeHTU Ha ypena. Toil ce HarpsiBa [0

TemnepaTtypa, paBHa Ha cpefHaTa BbTpeLlHa TeMrepaTypa Ha TEPMOCOHAATA, HO KONMMYECTBOTO
TOMNMHA 32 HarpsiBaHeToO My € HE3HAYMTENHO B CpaBHEHMWE C KONMYECTBOTO TOMMNHA 3a HarpsiBaHe
Ha ypepna.

HarpsisaHeTo Ha BbTpPELUHUTE NOBbPXHOCTU HA ENEeMEHTUTE Ha TepMOCOoHAaTa OT TOMMUHHUA
NOTOK, OTAENEH OT kabena ce M34ncnsBa Npu rpaHnMyYHo ycrnosue oT |l poa:

. ot
q, =~ /15
‘ (2)
KbAETO ¢ - MITbTHOCT Ha TOMMMHEH NoTok, Wm-:
q'é' = _S

F 3)
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B ropHaTa chopmyna Qe TONnMUHHMS noTok, [W], oTaeneH npu HarpsaBaHeTo Ha MeTanHus
MPOBOAHUK NPY KbCO CbeanHeHue. F e nolita Ha cCboTBETHaTa NOBbPXHOCT, M2,
TONAWHHMAT NOTOK Q. NPU KbCO CbEAVHEHWE Ce Onpeaesns OT ypaBHEHUETO:

0 =UlI (4)

kbaeTo U e HanpexeHuneTo, V; | — Toka Ha KbCO CbeauHeHune, A.
Mo nHopmauusa Ha compmarta — NpoM3BOAMTEN Ca pasrnegaHu ABa crydas rnpy ToK Ha KbCo
cbeanHeHne 0.3 A n Hanpexenunsa 6 V n 24 V:

0=6V*03A=18W
Q=24V*03A=72W

Harpetute 0o pasnuyHa TemnepaTtypa MOBBbPXHOCTU TOMMOOOMEHSAT 4pe3 u3nbyBaHe B
nHdppayepseHns cnektbp (Surface to Surface Radiation). 3a mogenupaHe Ha TO3M NpoLLEC BCUYKHM
BbTPELIHM TMOBBbPXHUHM B KOHCTPYKUMSITA, OrpaHuyvaBaliM Bb34YLHOTO MNPOCTPAHCTBO ca
pasrnegaHu Kato 4acT oT 3aTBopeHa cuctema (Enclosure). N3uncnenn ca brnoBute koeuumneHTn
Ha npunexatumte UM B3anMHo-BMXOaLLM Ce MOBbPXHOCTM Ha KpaHUTE eNeMEHTU 1 paanaumoHHUs
TOMNNOO6MEH MeXay TSX CbBMECTHO C pellaBaHeTo Ha ypaBHeHue (1).

2.2. BbHLWHM NOBBLPXHOCTU Ha TepMOCOHAAaTa

BbHWHUTE NOBBLPXHOCTM Ha undpoBaTa TepMOCOHAA TOMNOOBMEHAT C OKoNHaTa cpefa ypes
n3nbYyBaHe M KOHBeKUMS. [pyM OTKPUT MOHTaX BBbPXY MOKPMBA Ha CMIo3a TOMMOOOMEHBLT 4pes
nsnb4BaHe e ¢ HebocBoda U TBbpAaTa OKONHa NOBBPXHOCT. B Tesun cnyvam ceH30pbT ce Harpsisa u
OT CrnbH4YeBaTa paguvauus: avdysHa npu 3aceHYBaHe Ha KOHCTpyKUMsTa U nbnHa (gudysHa +
OMPEKTHa) Npu Nunca Ha 3aceH4BaHe.

MNbTHOCTTa Ha TOMMMHHUA NOTOK 3a rPaHMYHO ycrnosue oT |l poa B ypaBHeHue (2) ce n3dmcngasa
no copmynara:

G =h (T ~T)+oe (T ~T*)+ 4,0, Wm? (5)

KbAeTo hgse, WM?2K™', e koeduumeHT Ha TonnonpenasaHe 4pe3 KOHBEKLMS MeXay BbHLUHATa
NOBBLPXHOCT M Bb3gyxa OT OKonHaTta cpefa c Temnepatypa Te, €&se - CTEMEH Ha 4epHOTa Ha
BbHLUHATa NOBBbPXHOCT; Ase - MOrMbLLATENHA CMNOCOOHOCT Ha eNeMeHTa; /s- NITbTHOCT Ha CMbHYEBUS
notok, Wm2; T, me - CPEIHA TeMrnepaTtypa Ha OKonHaTa cpefa 3a U3YncnaBaHe Ha pagnaLnoHHUS
TonnoobmeH B MHpavepBeHus crnektbp, K.

Trme Ce oOnpepnens Ha GasaTa Ha brnosute koeduumeHtTn F1 n F2 3a TonnoobmeHa 4ypes
n3nbyBaHe MeXay BbHLUHUTE MOBBLPXHOCTM Ha ypeaa, HebocBofa u TBbpaaTa OKoSHa cpeaa:

T, =(FLT! +F21} )" (6)

B ropHust uspas Ty, K e TemnepaTtypa Ha HebocBofa. PaBHa e Ha TemnepaTypaTa Ha oKornHaTta
cpepa B obnayHo BpeMe unum ce usdmncnsaea no popmynara Ha Swinbank 3a 6e3o6navHo Hebe:
T, =00552.7" 7)

KoeumuneHTbT Ha TonnonpegaBaHe npu cBoboaHa KOHBEKLUS € onpeaeneH no:

h.=KyT.-T (8)

kbaeTo K=2,6 3a BepTukanHn noBbpxHocTU, K=3,3 3a XOpU3OHTaNHM NOBBLPXHOCTUN, OOBbpHATK
Harope 1 K=1,6 3a XOpM30HTanH1 NOBBbPXHOCTU, OOBbPHATK Haaony.

M3cneaBaHusaTa Npy OTKPUT MOHTaX ca HanpaBeHW NpW MNbTHOCT Ha CITbHYeBMS NOTOK Is=1100
W/m? n BbHWHa Temnepatypa 40 °C, makcumanHu 3a TeputopusTa Ha EBponeiickusi cblo3
(mecTtononoxeHue: rp. Jlumacon, Kunwp, Location: 34°43'23" North, 33°1'29" East, Elevation: 234
m a.s.l.). [lpn OTKPUT MOHTaX e m3crnenBaHoO TeEMNepaTypHOTO MOne B MoAyna Mnpu MOHTaX CbC
3aceH4BaHe npv audysHa pagmaums |s=150 W/m? n 6e3 3aceHuBaHe.

MpoBegeHn ca macrneaBaHUa NpyY MakCUMarHUTE U3MEepPeHU TeMnepaTypu B NOLNOKPMBHOTO
NPOCTPaAHCTBO W BbHWHA Temnepatypa Ha nokpuBa (70°C). [donbrHWMTENHO ca NpOBeLeHu
n3crnegsaHus u npy Temnepartypa 40 °C B nO4NOKPMBHOTO NPOCTPAHCTBO U Ha OKoNHaTa cpeaa.
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3. Pe3ynTtaTu OT YncrneHnUTe U3crnenBaHus

B ponHute Tabnuum ca npeactaBeHuM pesyntatm OT 12 yucneHu cuMynauuu  Ha
TemnepaTypHOTO nore B KOHCTpyKuuaTa. Ha curypa 4 e npeacraBeHo TemnepaTypHOTO none npu
MaKkcumariHO TOMSMHHO HaToBapBaHe MNpu BbTpeLleH MOHTaX Ha kopnyca.

Tabnuua 1. Ycnosusa 3a MogenHuTe uscnenBaHus U pe3yntatv OTHOCHO TeMnepaTypute B
undgpoBarta TepMocoHaa

TonnuHeH IeManepa Pasnonoxe TemnepaBTpr MakcumanHa
NOTOK NPU KbCO yp Hune Temnepatypa
Ha TepMocoHaarTa,
cbeuHeHue, Ha o Ha BbHLUHUTE
oKonHaTa C .
W o TepmocoHaaTa noBbLpXHOCTH, °C
cpena, ° C
MwH
B . 49,7
NOoMeLLIEHNETO Mak 58,7
C. 83,8
B MwH
bPXy . 58,7
40 nokpme 6e3 Max 129 110,3
3aceHYyBaHe ’
C. 2
B MwH
bPXy . 55,2
NOKPUB CbC Max 68,7
3aceH4YyBaHe c 924
1,8 W (6 V) MMH -
B . 78,1
NOMeELLEHNETO Mak 108, 86.6
C. 7
MwuH 122,
70 Bngy - 1 161,0
nokpus 6e3 ,
3aceHYBaHe Mak 161,
C. 5
Bbpx MuH
NoKpuB 211: - 75,6 114,3
3aceHYyBaHe Mak 114,
C. 8
MwH
B . 71,9
NOMELLEHNETO Mak 181, 1043
C. 6
B MwH
bPXy . 84,7
40 nokpus 6e3 Max 206 1421
3aceHYyBaHe c 2 ’
7,2 W (24 V) MMH
Bbpxy . 80,4
NOKPUB CbC Mak 184 112,4
3aceHYBaHe ’
C. 0
MwH
B . 97,3
70 nomMeLLeHneTo Mak 195, 128,2
c 0
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Mwnn 103,
Bbpxy g
nokpme 6e3 : 1592
3aceHyBaHe Mak 218,
C. 8
MwH 105,
Bbpxy . 0
NOKPUB CbC Max 200 1355
3aceHYBaHe c 0 )

Tabnuua 2. MakcumarnHu NOBbPXHOCTHM TeMnepaTypy B eNeMeHTUTE Ha TepMocoHaaTta

TonnnHeH
Temnepatypa PasnonoxeHune MakcumanHa
MOTOK, OTAEeneH
Ha oKoJiHaTa Ha NOBBPXHOCTHA
rpy Kco °C TepMmocoHaaTa Temnepatypa, ° C
cbeguHenne, W cpeha, ’
51,
maBa 4
B nomelueHneTo 58,
LWyuep 7
Kaben 3a 53,
CeH3opun 5
10
maBa 2,3
40 Bbpxy nokpvs 11
6e3 3aceH4BaHe LWyuep 0,3
Kaben 3a 10
CeHsopu 1,1
60,
maBea 4
Bbpxy nokpvs 68,
CbC 3aceH4YBaHe LWyuep 7
18W (6 V) Kaben 3a 60,
CeHsopu 0
79,
aea 0
B nomelleHneTo 86,
LWyuep 6
Kaben 3a 81,
CeH3opu 7
12
70 maBa 4.4
Bbpxy nokpvs 12
0e3 3aceH4BaHe LWyuep 9,1
Kaben 3a 16
CeH3opu 1,0
77,
Bbpxy nokpvs MaBa 6
CbC 3aceH4BaHe 82,
Wyuep 0
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Kaben 3a 11
CceH3opu 43
75,
MaBa 6
B nomeLlleHneTo 10
Wyuep 4,3
Kaben 3a 85,
CeHsopu 5
11
MmaBa 8,0
40 Bbpxy nokpvs 14
6e3 3aceHu4BaHe LWyuep 2,1
Kaben 3a 11
CceH3opu 6,1
84,
maBa 0
Bbpxy nokpvs 11
CbC 3aceH4BaHe LWyuep 2,4
Kaben 3a 86,
72W (24 V) CeH3opun 6 -
maBa 1,2
B nomeLlleHneTo 12
Lyuep 8,2
Kaben 3a 11
CeH3opun 0,3
13
maBa 6,2
70 Bbpxy nokpvs 15
0e3 3aceH4BaHe LWyuep 9,2
Kaben 3a 13
CeH3opun 43
10
maBa 8,8
Bbpxy nokpvs 13
CbC 3aceH4yBaHe Lyuep 55
Kaben 3a 11
CeHsopu 1,1
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5:7.2-70 4525
Ternperature
Type: Termperature
Unit: *C

Tirne: 1

5/25/2018 L5 PM

. 195.02 Max
188.04
— 18106
— Lr4oe
— 1671
— 160.13
— 153.15
— 146.17
— 138.19
= 13221
— 125.23
— 11826

11128
I 104.3
97.322 Min

dur. 4. TemnepaTypHO Nosie NpyM MOHTaX Ha 3akpuTo, TemnepaTtypa Ha Bb3gyxa 70 °C u
TOMMNWHEH MOTOK OT KbCO CbeauHeHne 7.2 W

Mpn BCMYKM pasrnegaHn cnyyYam enemMeHTbT C Har-BMcoKa Temnepartypa € 6onThT B LeHTbpa
Ha coHaaTta. [pu oTKpPUT MOoHTax 6e3 3aceH4BaHe TS Moxe Aa npesuwun 200 °C.

Han-Bucoka BbHLWIHA TemnepaTtypa nMma KabemnHuaT Lwylep npu BCUYKU M3creaBaHn BapuaHTy.
B cnyyante c HanpexeHue npu KbCO CbeauHeHve 24 V, MakcumanHata nOBBbPXHOCTHA
Temnepartypa npesuvLlaBa TemnepartypaTa Ha cpegata ¢ Hag 60 K, a muHumanHata - ¢ Hag 30 K.
AKO HanpeXXeHMeTo Mpu KbCO CbeaumHeHne e 6 V MakcMmanHaTa MOBBLbPXHOCTHA Temnepartypa
npeeuLwaBa TemnepaTyparta Ha cpegaTta ¢ Hag 30 K, a MmHumanHara - ¢ Hag 10 K.

4. 3akn4eHue

MonyyeHnTe pesyntaTun OTHOCHO TEMNEPATYPHOTO pasnpenerieHne no3BosisBarT:

- NpeumnsnpaHe Ha MmaTepmanuTe Ha OTAENTHUTE eNIEMEHTH - C OIfEeA Aa ce NpegoTBpaTaBaHETO
nosieata Ha noxapTe Te TpsibBa ga ca C MO-BMCOKa MnaMHa TemnepaTypa OT MakcumanHaTa
O4YaKBaHa;

- onpepgensiHe Ha KaTeropums Ha noXxapo- 1 B3pMBobE30MacHOCT Ha ypeaa npu ceptuduumpaHe.

UYucneHute nscnengBaHuA u y4acTmeTo B KOHpepeHLMATa ca npoBeaeHu ¢ puHaHcoBaTa
noakpena Ha Ol HOWUP, cbduHaHcupaHa ot EC® Ha EC no npoekt BG05M20P001-2.009-
0015 “ NMoakpena 3a pa3BUTHE Ha KanauuTeTa Ha AOKTOPAHTU U MIaau y4eHu B obnacTtra Ha
TEXHUYECKUTEe, NPUPOAHNTE U MaTEMaTUYECKUTE HaYKMU.
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N3cnensaHe Ha MaconpeHOCHUTE U MeXaHU4YHU NPoLEecH B KepaMUYHU U3aenus
NPy KOHBEKTUBHO CYLLEHe

BosiH MnageHoB, HuHa lMNMeHkoBa, Jlnunnana 3alukoBa

CbcmaseHu ca MameMamuyHu MOOEenuU Ha C8bp3aHume MacorpeHOCHU U MeXaHUYHU
rpouecu 8 kKepaMu4HU u30erusi rnpu u3cyuwiagaHemo UM 8 MPOMULLIIEHU CywWUrHU. Te ca npunoXxeHu
3a 4qucrieHo u3crnedsaHe Ha HecmauyuOHapHUMe 6laXXHOCmHU rnonema, Oegopmayuu U
HarpexeHUsi 8 CMPOUMENIHO-KepaMuyHU U30efiusi Mpu KOHBEKMUBHO cyuweHe. @u3uko-
MexaHUYyHUme Xapakmepucmuku Ha Mamepuana, HavanHume U 2paHu4YHume  ycrioeus,
Heobxodumu 3a MolesHUMe u3criedeaHusi, ca orpedesieHU 4pe3 eKCcriepuMeHmu, HamypHU
usmepsaHusi u 6anaHcosu usyucrieHusi. PasenedaHu ca Hacokume 3a eanuoupaHe U
ycbebpUweHcmeaHe Ha mModernume.

KniouoBu AYMU: KepaMn4Hu n3genud, cyuleHe, MmaconpeHacqaHe, HanpexxeHnd un nedopmaumn,
MaTeMaTu4HO MoaenupaHe.

Investigation of coupled structural - diffusion processes in ceramic ware at
convective drying

Boian Mladenov, Nina Penkova, Liliana Zashcova

Mathematical models of coupled mass transfer and mechanical processes at ceramic ware
in industrial dryers are composed. They are applied for numerical investigations of the transient
water content, stress and strain fields in building bricks in an industrial dryer. The material
properties, initial and boundary conditions, necessary for the modeling investigations are
determined by experiments, in city measurements and balances. The possibilities for validation
and improvement of the models are discussed.

Keywords: ceramic ware, drying, mass transfer, strain, stress, mathematical modeling

1. BbBepeHue

MpaBunHata opraHMsauus Ha pexuMMa Ha CylleHe B NPOMMLUMEHUTE arperaTn € BaxHa 3a
eHeprunHaTa UM edeKTUBHOCT M 3a KayecTBOTO Ha npoaykumsTa [3]. CbBpemeHHaTa KepamuyHa
WHAYCTPUSA HenpekbCHaToO Ce pa3BMBa B NOCOKa Ha ONTUMU3aUMS Ha reoMeTpuaTa U MatepuanuTe
Ha NpoAyKTUTE C Len nogobpsiBaHe Ha TAXHaTa PyHKLMOHaNHOCT. ToBa Boan 40 HEO6X0ANMOCT OT
KOpEKLMN Ha CYLLUUINHUTE pexnmMm ¢ uen nogobpsisaHe Ha ePeKTUBHOCTTa Ha MHCTanauuuTe. Tesn
3aga4m moraT fa Obaar pellaBaHM 4pe3 eKCMepUMEHTanHO WM MOAENHO Uu3cneABaHe Ha
TOMMAVHHUTE, BIAXHOCTHM W MEXaHW4yHU Mpouecu B WU3CyllaBaHUTE KepamunyHu Tena. 3a
€eKCMepUMeHTanHUTe u3cneaBaHuMs ca HeoOXOoOMMM creumanHa TexHuKa, €Heprus u Bpeme.
BypHOTO pa3BuTMEe Ha codTyepHUTE Cpeau 3a YUCINEHUM CUMMynauuu Mo3BOnsiBa MOAENHO
n3cneaBaHe Ha CBbpP3aHWTE MEeXaHUYHW U MPEHOCHW NpoLecu Npu BapupaHe Ha napameTpu Ha
cywunHua npouec [1]. Peavua wu3cnegoBaTenckM YCUNMS ca HacoveHu KbM  pasbupane,
MogenvpaHe M NPOrHo3MpaHe Ha CrOXHUTE TOMMAMHHW, MacoobMEeHHW Mpouecu U MexaHW4YHO
noBeeHMe Ha KepaMnUYHMSA MaTepuran C Lern npeoTBpaTsBaHe Ha eBeHTyarneH bpak Ha usgenvaTa
[5, 8, 9]. TaknBa KOMMMEKCHU 3a4a4u, OTpasaBaLln peanHuTe YCroBUSA B MPOMULLINEHN CYLUUIHU He
ca ny6nukyesaHun o cera.

LlenTa Ha npeactaBeHuTe B HacTosiwaTta paboTa u3cnedBaHust e paspaboTBaHETO Ha
anropuMTbM 3a YNCNEHO MU3creABaHe Ha B3avMHO CBbp3aHWUTE MPEHOCHU Y MeXaHWYHW npouecu B
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KepaMuniHmn mn3genna npu n3cywaBsaHe B NpoMULLIIEHN NHCTaNnauum, KonTo ga 6bae uanonseaH 3a
nogobsiBaHe Ha ePeKTMBHOCTTa Ha npoueca.

2.MaTtemaTuyeH mMofen Ha MaconpeHOCHUTE U MeXaHW4YHM npouecu B mMaTepuana npwu
cylueHe.

2.1.Cuctema ypaBHeHuUA

HecTaumoHapHUTE BRNaXHOCTHU M MeXaHW4YHW noneTa B MU3CyllaBaHWUA NracTU4eH martepuan
mMorat ga 6baaT nonyyYeHu nNpy CbBMECTHOTO pellaBaHe Ha ypaBHeHus (1) 1 (2) 3a TpumamepHa
Mpexa OT KpavHu eneMeHTH, anpokcummnpalla reomeTpusita Ha nsgenuara.

ot (1)
a _[Def]v c

kbaeTo C e KoHueHTpauus Ha BogaTta, kgm™; Der - epekTBEeH Koe(UUMEHT Ha Andy3us, ms”
- 1- Bpewme, s [2].

{o}=[DKe} 2)

B ropHOTO ypaBHeHUe {o} € BEeKTOp Ha HanpexeHusTa; {¢}- BeKTop Ha MbiHaTa gedopmaums;
[D] - maTpuua Ha KopasuHaTta, hopmupaHa OT Moayna Ha enactumyHocT E u koedumuueHta Ha
MoacoH.

Mpn cTpy, Ty HO-OMMY3MOHEH aHanua3 nbhHata pgedopmMmaumsa e cy a 0T enacTnyHa
dedopmaums (&€ | 1 AedpopMaums BCreacTsne nacyllaBaHeTo (OUdy3noHHa) & }:

fe}=te"}+le’}= D] o+ {pac @)

KbAeTo {ﬂ} € BEKTOp Ha KoedmumeHTa Ha OMdY3MOHHO paswimnpeHue/csuBaHe, mikg™; AC-
M3MEHEHME Ha KOHLUEHTpauusaTa cnpsaMo pedepeHTHa CTOMHOCT Crer:

AC=C-C,, (4)

MogynbT Ha enactudHocT E, koedwuumeHTa Ha [loacoH, koedwuuumeHTa Ha AMEY3MOHHO
paswupeHne (canBaHe) 8 1 Der Ce onpeaenat ekcnepmuMmeHTanHo npy BapupaHe Ha BNaXHOCTTa Ha
Marepuana 4ypes noeTtanHo uacyluaBaHe [7].

HavyanHute ycnoBus BKNHOYBAT HadanHa KOHUEHTpaumMss Ha BogaTa B MaTepuana,
CbOTBETCTBALL Ha (hOPMOBBYHA BIIAXKHOCT M Hynesu gedopmaumu. HayanHata reomeTtpus Ha
usgenudarta ce onpegens ot oopmara um cnep opmysaHe.

2.2.l'paHn4HM ycnoBus

MaconpeHacaHeTo OT rpaHuuMTe S Ha KepaMUYHOTO TAMO KbM CYLUMITHUS areHT MoXe Aa ce
M3umMcnn 4pes3 nNNbTHOCTTA Ha W3NbXBHUA MacoOBMA MOTOK Ha BojaTa, 3aBucel, OT
TepMoaVHaMUYHUTE U XMOPOANHAMUYHM YCIOBUS B CyLLUNHATA [2]:

oC ()
D, — =g,
T on ; 9t

MnbTHOCTTa Ha MacoBuUs NOTOK 3a HyneB 1 Mbpeu nepuod Ha cyweHe (HIMC u MMNC) e:
— hm[

R T
KbAeTO ¢, e MITbTHOCT Ha MacoBus MOTOK Ha u3napeHaTa Boda (OTHECEeH KbM eauHuua

noBbpxHOcCT), kgm2s™; hy -koeduuMeHT Ha maconpeHacsiHe npes MMNC, ms™”; T - TemnepaTtypa Ha
CyLUIMNHUAT areHT, K; Ry - cneunduyHa razoBa KOHCTaHTa 3a BogHa napa: R,=462 Jkg'K'; pwu ps
ca CbOTBETHO NapuuanHuTe HansraHusa Ha HeHacUTEHUTE N HacUTEHUTE BOAHWU Napwu, Pa.

(6)
(p, - p.)

q'm]
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KoeduumeHTbT hymy 3aBUCUM OT  CKOpocTTa Ha dnyuaa, OTHOCcUMTenHaTta BRaXHOCT U
TemMnepaTtypHOTO Mnone B CyLUMITHATa U MOXe [a ce onpefenu 4vpes Kputepuat Ha HycenT npwu
MaconpeHacsiHe [4, 6]:

h,.l (7)
Nu,,,] — ml
d.m

KbAeTo / = AbMKMHA Ha KEPaMUYHOTO TANO NO NbTH Ha CYLUUMHUAT areHT; Dqyg = koeduumneHT
Ha Ondy3unsi Ha BoaHaTa napa B CyLUUMHMS areHT, m2s™. Mpu n3obapeH npouec Moxe Aa ce U34ncnm
ypes Temnepatypara my:

181 (8)
D, = 22.63.106(ﬂj
‘ 273
O6|.L|,V|;| B4 Ha ypaBHEHUETO 3a onpenendaHe Ha KpUTepudaT Ha HyceJ'IT e:
Nu,, =2+ A4.Pry” .Re" .Gu™ 9)

Kbaeto As, m; U Ny ca koeduumeHTun, 3aBucewm ot kputepmsa Ha PennHongc (Re). Te ca
W3BECTHM 3a rofieMmn NHTepBanu Ha nameHeHne Ha Re [4, 6] n moraT ga 6bgaTt kannbpupaHu Ha
fasaTa Ha peanHuTe ycnosusiTa B CyLUMIHATA.

Kputepuute Ha PenHongc (Re), Mpangtn (Pr) u MNyxman (Gu), n3nonaeaH 3a onpegensHe Ha
CYLUMITHUAT NOTEHLMAI Ce N34McnsABaT KakTo crieaBa:

Re = pe ~ VG, TT (10)
v DdAm

KbAETO W € cpefHa CKOpOCT, [M/S]; V - KUHeMaTUYeH BUCKO3UTET Ha CYLUMIMHUAT areHT, [m?/s];
Tw- Temnepatypa Ha MOKpUAT TepMoMeTbp, [K].

MnbTHOCTTa HA MacoBMsA NOTOK, M3NapsiBaH OT KepaMUYHUTE U3genus npes BTOpPU nepuog Ha
cyuweHe (BINC) moxe ga ce Moxe Aa ce onpeaenu ypes xunortesaTa 3a NIMHENHO HamansiBaHe Ha
CKOpOCTTa Ha cylleHe [4]:

. 11
g, :ch_ilceq(C—Ceq):hm,,(C—Ceq) (11)

kbaeTo C. e KOHLEeHTpaumsi Ha BoaaTa npu KpUTuYHa BnaxHoCT, kgm3; Ceq - KOHLEHTPALMS Ha
BOAaTa Npu paBHOBECHA BNAXHOCT, kgm'3; hpyy - koedmUMEHT Ha MaconpeHacsiHe npes BINC, ms™.

'paHNYHMTE YCNOBUS 38 MEXaHNYHWUS aHann3 BKMOYBaT HOPMariHU HyneBu NpeMecTBaHus Ha
KOHTaKTHaTa NOBBbPXHOCT MeXay TPaHCnopTa U U3CYLLABaHOTO TAMNO M Ha rpaHvLaTa Ha cMMeTpus
(ako cobllecTByBa Takasa). [1pu nsumMcneHuaTa ce B3eMa noj BHMMaHue 1 rpasutaumsTa.

2.3 AHanorus mexay TOmnsfo- U MaconpeHoOCHUTE Npouecu B U3cyluaBaHuTe usgenus

CbBpemeHHUTE CcOTYepHM cpeau 3a uucneHn cumynauuu [1] nossonsiBat MexaHo-
ONy3noHeH aHanua npu orpaHUyYeHn Bb3MOXHOCTU 3a AedUHMPaHe Ha rpaHu4HMTE YCNoBuSA U
koedmuneHTa Ha audysns 3a pelwaBaHeTo Ha ypaBHeHue (1). AnTepHaTvBeH BapuaHT 3a
pellaBaHETO Ha Ta3n 3ajaya € M3NON3BaHeTO Ha aHanornsata Mexay ypaBHEeHWsiTa, onvcBallm
TONSIONPOBOAHOCTTA U MaconpeHacaHeTo B TBbpAa cpeaa, v Mexay TepMUYHUTE n ,Andy3MoHHN"
nedopmaumn.

EdektnBHMAT koedmumeHT Ha andysns BbB dpopmyna (1) moxe aa 6bae n3paseH ypes:

12
p =K (12)

Topc
KbaeTo Kart € U3KYCTBEH KoeduumeHT Ha TonnonposoaHocT, Wm'K™"; p - nnbTHOCT Ha cyxaTta
maca, kdm3; ¢ - cneunduueH TonnuHeH kanauuteTt, Jkg 'K,
KoHueHTpauusaTa Moxe fa ce OTHece KbM CyxaTa Maca Ha MaTepuana:
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(13)
C=up, =100

KbAETO U € BrarocbAbpXaHue Ha kepammuyHaTa maca, kg/kg; W - abcontoTHa BnaxHocT, %.
Torasa ypaBHeHue (1) ce TpaHcdopMumpa B:

ow

14
pdca_ = [Keart]v2W ( )
T

N rpaHn4YHUTE YCrnoBusA 3a HEroBoTO peLleHne ca:

K| o O

art
art

K, (15)

=100.cq,

S

Ako W ce 3ameHn ¢ T B ypaBHeHus (14) n (15), Te ce npeobpasyeaTt B ypaBHeHUe Ha Pypue -
Kupxod 3a npeHoc Ha TomnMHa 4pe3 TOMSONPOBOAHOCT C FPaAHWYHU YCrOBUSA OT BTOpPM pog 3a
HEeroBOTO pELLEHME.

HedopmaumaTa npu nscyluaBaHe Moxe Aa ce uspasmu 4pes TepmmyHuTe gedopmanmu;

¢t =plc-c,, ) —e" =alr-T,,) (16)

KbAETO a € MOMEHTEH KOe(MLMEHT Ha TONMUHHO paswupeHune, K. Mpuema ce 3a paseH Ha B:

Al (17)
Pz
W, -w.)

Wi, € Ha4YanHoTo CbabpXXaHue Ha Bnara, %.

3.U3cnepgBaHe Ha MaconpPeHOCHUTe U MeXaHUYHU Npouecu B CTPOUTENHO-KepaMU4HU
n3genusa npu cyweHe B npomMmullnieHn ycnoBus.

3.1. BbHWeH Macoo6MeH B CyLUUITHATA

MpeonoxeHuTe Mogenu ca TeCcTBaHW 3a M3credBaHe Ha MacOMNpPEeHOCHUTE N MeXaHU4YHU
npoLiecy B CTPOUTENHN TyXIn B HENPEKbCHATO paboTeLla NpoMULLIIEHA CYLUMHA (OeTannHn JaHHN
3a CylunnHaTa He morat ga 6baaT npeactaBeHy Nopaguv NpyveTu npasuna 3a KoHduaeHunanHocT
Ha nHdopmaumsaTa). CyLUNNHMUAT areHT e CMecC OT Bb34yX M AUMHU ra3oBe ¢ npeobnagasall Asin Ha
Bb3gyxa. Toln ce ABWXN B MPOTUBOTOK HA TPaAHCMNOPTUPaHUTE npes TyHena uagenus. Mindopmauus
3a KOHTpONMpaHuTe TeMnepaTypHO nosie, OTHOCUTENHAaTa BIIaXXHOCT M CKOPOCT Ha CYLUMITHUS areHT
ca MOmny4YeHn 4pe3 HaTypHW WU3MEpPBaHUA, MaTepuanHu M TOMNMHHWM GanaHcu. Ha cdwur. 1 e
npeacTaBeHo M3MEHEHMETO Ha KpuTepuuTe Ha nogjobue cnpamo usgenusata (¢ Bpemeto). Ot
durypata e BugHo, 4e oyakBaHata npogbsokutenHocT Ha MINC e okono 60% oT uenua npouec —
npes TO3M Mepuog ce noaabpxa ,MeKk‘ pexmm Ha CylueHe, C HUCBbK MoTeHuMan Ha cylleHe u
CbOTBETHO HUCKM CTOMHOCTU Ha KpuTepus Ha N'yxmaH.

KoedmumeHnTtute B kputepua Ha Hycent ca kannbpupanun (A1=0.49; n4=0.45 n my=0.135) c uen
nony4yaBaHe Ha KoedULMEHT Ha MacoonpeHacaHe 1 NTbTHOCT Ha MacoBMs NOTOK cnopea (6), npu
KOWUTO M3NapeHOTO KONMMYECTBO BOAA OT M3OENUEeTOo A0 OOCTUraHe Ha KpUTMYHATa BIIAXHOCT npwu
peanHuTe yCrnoBus U Npy YUCIIEHNATA Ca PaBHMW.
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g Kputepwuii Ha PeltHonac 3 Kputepuin Ha ['yxmaH

80000 091'5
70000 0.16
60000 0.14
50000 0.12
40000 0.1
30000 0.08
20000 8:82
10000 0.02
0 0

0.00.1020304050607080910 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Bespa3smepHo Bpewme, - BespasmepHo Bpeme, -

dur.1. UsmeHeHne Ha kputepumuTe Ha ['yxmaH 1 PernHonac cnpsMo uacyluaBaHuTe nsgenvsaTa

Obwwmar n3pas 3a nNNbTHOCTTA Ha MacoBUA TMOTOK, U3NoJsfi3BaHa Kato rpaHnM4yHO ycrioBme 3a
mMmoaenunpaHe Ha mMacoobmeHa MeXxny KkepamMn4HoTo nusgenme n CyLUUNHUAT areHT, e:

G, = const. (cpedna cmounocm 3a HIIC u IIIIC ¢ ompuyamenen snax) npu W > (18)
G

qm = —_—
W(r - Weq

q’ml[ = (Weq _W ) npu W < Wv
3a/:|.aBa Ceé Ha BCUYKKU rpaHuUuu, C U3KNK4YeHne Ha rpaHmuata Ha cuMmeTpudaTa U KOHTaKTHUTe
NOBBPXHOCTU MEeXAYy KeEpaMUYHUTE U3aenna n TpaHcnopTa.

3.2. ®M3nKOo-MexXaHM4YHU XapaKTEPUCTUKN Ha U3cyluaBaHUA MmaTepuvan.

BnaxHuat kepamuyeH matepuan e cMec OT rnvHa 1 ropummn gobasku. dopmuparu ca obpasum
CbC CTaHOapTU3NpPaHN reoMeTpum, KOUTO Ca U3CyLLIaBaHN NoeTanHo B nabopaTopHa CyLLunHs. Ypes
cepust OT eKCMepUMEHTU ca OnpederneHyn KpuTuyHaTta BNaXKHOCT, oTHocuTenHata Aedopmaums
(cBMBaHe) npu nscywasaHe, MOAYNbT Ha €NacTUYHOCT, koeduumeHTa Ha MoacoH N ePeKkTUBHUAT
KoeduUMeHT Ha MacoBa AUdY3Ns KaTo PYHKUUSA Ha BNaXHOCTTa. AKOCTUTE Ha HaTUCK U OrbBaHe
Ha MaTepuvana CblLO ca onpefeneHun Npu pasnnyHn BNaxHocTu. Te, crnep Kopekumns ¢ KoeduuneHT
Ha CUrypHOCT, Ce M3MOoN3BaT KaTto JOMYCTUMU FOPHU FPaHULM 33 HanpexXeHuaTa B usgenuata npu
CbOTBETHAaTa BNAXHOCT, MOSyYeHU Ypes3 YNCHeHUuTe aHanmau.

EdektuBHMAT koedUUMEHT Ha AMdy3ua e onpeferieH no AOMHWTE 3aBUCUMOCTWU [6] mpu
noeTanHo M3cyllaBaHe Ha nNnacTMHWU C M30MNMpaHW Mo-manku CcTeHn (C uen wvMmuTaums Ha
HeorpaHu4eHa nnacTuHa).

Hynes v nbpBu Nepnog Ha cyLleHe:

DZE.RV.N,(um—uk), m* (19)
r u, —u s

mn

BTopwu nepuoa Ha cylleHe:

Do R.Rv.N, mf2 (20)
, (1= i s
2.0, B|15B " g (1 1'S'BJ.m L
u u 1-B Bu,,
B= uk B ue (21)
u
_V _2RF "R m (22)
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Kb[ETO Uj» € Ha4arnHo, Uc - KPUTUYHO, u -CpeaHOo Bnarocbabpxavue, kg/kg; N, - cpedHa
CKOpOCT Ha u3acyluasaHe, kgkg's™ 3a MMC. =3 3a HeorpaHnyeHa nnacTtuHa ¢ aebenuHa 2R.

MpoBeneHo e nscnenBaHe Ha HECTaUMOHAPHNUTE BNaro — MEXaHWYHM NPoLecy B e4HO OT Han —
MacoBO npowusBexaaHute nsgenus (dpur. 2). FleoMeTpnYHNAT Mogen e NonoBMHaTa oT M3genueTo,
pasgeneHo OT eAMHCTBEHO BbMOXHATa paBHMHA Ha cuMeTpus. ToW e OUCKPUTU3NPpaH Ha
nnaHupaHa mpexa ot myntunnekc enemeHTn Solid 226 (c 20 Bb3ena), noaxoadLLm 3a cumynmpaHe
Ha pa3HoobpasHu MynTudU3nYHKU npouecu B cpegata Ha ANSYS Mechanical APDL.

PaBHuHa Ha
cmmerpnﬂ_

\ M30nN1paHu NOBBbPXHOCTH

dur. 2: FleomeTpnyeH mogen

ANSYS Release 16.0
JUL 10 2018
09:37:32
NODAL SOLUTION
STEP=1

SUB =221
TIME=26520

A, TEMP (AVG)
R5YS5=0
PowerGraphics
EFACET=1
AVRES=Mat

SMN =.244154
SMX =21.7354

.244154
N ETTY

.
7.40792
E 9,79584
N 2.1838
14.5717
16,9596
19,3475
L SO ELT

®ur. 3: AbcontoTHa BMAXXHOCT B U3AENMETO B Kpad Ha CyLLUMITHUA npouec 6e3 mogenvpaHe Ha
MeXaHU4HMTE NpoLecu
a) paBHUHA Ha cUMeTpUst; 6) HeM3onMpaHU NOBbLPXHOCTU

UucneHnTte uscnenBaHusi ca NpoBeAeHW Mpu U3MNof3BaHe Ha aHasiormsita Mexay maco- U
TonnonpeHacsHeTo. MbpBOHAYanHoO € peleH caMo MOLENbT Ha MaCONPEHOCHUTE MPOLIECH C Lien
kannbpupaHeTo my. [lebopmaummTe Ha U3genmeTo He ca otyeTeHn. Ha cmrypa 3 e npeacraBeHo
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BMaXHOCTHOTO Mofie B M3denueTo B Kpas Ha npoueca Ha wuscywasaHe. KpaiiHata cpepgHa
abconoTHa BMaXHOCT Ha W3OENMETO Ce pasfnuyaBa He3HauYWTenHo OT KOHTponupaHata oT
NpeanpusTUeTo.

Mpw YncneHoTOo pellaBaHe Ha NbIHUS MOAEN Ha Bnaro-MexaHu4yHWTe npouecy B maTepuana e
yCTaHOBEHO, Ye KpalHaTa us4ucrieHa cpefHa BnaxHOCT € No-BMcoka OT peanHata (¢wr. 4). Toea
ce ObMKM Ha HEeOTYMTAHETO Ha peaykuusiTa Ha MacoobmeHsiata NMoBbPXHOCT B Mogena. Ha
duryparta ¢ YepHU NUHUM € NokasaHa U MbpBOHAYanHaTa reoMeTpus Ha U3genueTo.

ANSYS Release 16.0
JUL 10 2018
09:08:05
NODAL SOLUTION
STEP=1
SUB =221
TIME=26520
TEMP (AVG)
RSYS=0
PowerGraphics
EFACET=1
AVRES=Mat
—.021245
SMN =.260992
-17.6787
260992
s
316
6.06691
8.00222
Bl 5 93752
11.8728
13.8081
15.7434
LTSI

®ur. 4. AGCconioTHa BRaXKHOCT B M3AENMETO B Kpas Ha CYLUUITHUA npouec

2

g

ANSYS Release 16.0
JUL 10 2018
0G:19:54
NODAL SOLUTTON
STEP=1
SUB =110
TIME=13200
s1 (AVG)
PowerGraphics
EFACET=1
AVRES=Mat
DMX =.017353
SMN =-39818.3
SMX =.1B1E+07
39818
31272.9
) W 55364
173455
24454¢
BN 535636
3Be727
457818
528909
40000

our. 5. lMNone Ha MbPBO rMaBHO HaMpeXxeHne B n3aennmeTo B cpeaarta Ha CyLUUInHuA npouec

Ha dourypa 5 e npeactaBeHo MoOMeTo Ha HanpexeHusTa B npeanonaraeMus Kpai Ha Mbpsu
nepvoa Ha npoleca Ha cyleHe. [1o BpeMe Ha CMMynvpaHns NpoLec MakcUManHuTe CTOMHOCTU Ha
MbPBO rMaBHO HaMpexXeHWe He MpeBuLLaBaT AKOCTTA Ha OrbBaHe Ha martepuana, KopurupaHa c
KoedULIMEHT Ha CUTYPHOCT — criefjoBaTenHo He ce ovakeaT aedpektn B usgenueto. Ho Tpabea aa
ce vma npeasua, Ye CUMynMpaHUST NPoLLeC NpoTUYa C No-Marnka CKOPOCT OT pearnHus.
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MaTemMaTuyHuTe ModenuTe morat ga 6baaT BanuampaHn Ypes CpaBHEHNS MEXAY U3MEepPEHNTe
N U3YUCTIEHU:

- cpefHa kpaliHa BNaXxHOCT B U3AenunaTa;

- MOMEHTHa CTOWMHOCT Ha OTHOcWUTEenHuTe gedopMaumm Ha usgenuaTa. Te ce uM3MmepBaT U
3anucBa NepUOANYHO OT NPeanpPUATMETO MO BPEME Ha CYLUMITHUSI MPOLEC.

- KpaliHy pa3Mepu Ha kepaMU4YHOTO TAno. ToBa cpaBHeHWe nokassa pasnuka nog 10% mexay
N34MCNEHNTE OT MOAENa U U3MeEpPEHUTE rabapuUTHN pasmepu.

3akn4eHue

e CbCTaBeH e 1 e TeCTBaH BbpXy pearneH 00eKT anropuTbM 3a YNCIEHO n3cnenBaHe Ha
Briaro-MexaHm4HuTe NpoLecu B kKepaMmnyHu M3aenus npu cylleHe npu NpoMULLIIEHN YCIIOBUS.
YCTaHOBEHO €, Y€ HEOTYMTAHETO Ha peayKumaTa Ha MacoOOMEHSILLUTE NOBBLPXHUHN B U3genuaTa
no BpemMe Ha npoLeca Boau 40 HETOYHOCTM B U3YUCTIEHNE Ha HECTALMOHAPHUTE BMaXHOCTHU U
MeXaHW4YHU norneTa.

o Crniep npeunsnpaHe anropMTbMbT MOXe Aa 6bae U3non3BaH 3a u3crneaBaHe Ha
Bb3MOXXHOCTUTE 3a NMOBMLIABaHe Ha e(PeKTMBHOCTTA Ha CYLLUMUITHUTE UHCTanauum 4pes
HamansiBaHe Ha NPOObITPKUTENHOCTTA Ha NpoLEeca U Ypes3 NPOMEHN B TEPMOANHAMUYHUTE U
XNOpoANHAMUYHK NofeTa B TSX.

U3cnegBaHuATa ca npoBeaeHu ¢ puHaHcoBaTta nogkpena Ha OlN HOUP, cbdmHaHcnpaHa
ot EC® Ha EC no npoekt BG0O5M20P001-2.009-0015 “ NMoakpena 3a pa3BuTue Ha KanauurteTta
Ha [AOKTOpaHTM WM MlagM y4YeHM B obnactra Ha TeXHUYecKuTe, MNPUPOAHUTE U
MaTeMaTu4eCKnuTe HayKku.
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MopgenupaHe U KOMAIOTLPHO CUMMYfIMpPaHe Ha Pa3nPOCTPaHEeHUeTo Ha AUMHU
rasose Npu noxap B o6LecTBeHa crpaga

CespanuH [enves, BecenvH Unues, MapnaHa XpuctoBa, HuHa NeHkoBa

lMpedcmaseHu ca KoHuenuuu 3a ModesupaHe U KOMIMIOMBPHO CUMYUpaHe Ha
pasnpocmpaHeHUemo Ha Oum rpu noxap 6 obwecmeeHa cepada. Modenume noseonsgeam
npedckasgaHe Ha memriepamypHUMe, CKOPOCMHU U KOHUEHMpaUUOHHU rosiema 8 mpuusmepHama
2asoea cpeda 8 cepadama. posedeHu ca HYucrieHU cuMynayuu Ha HecmauyuoHapHUS rpoyec Ha
2eHepupaHe Ha OUMHU 2a308e U pa3rnpocmpaHeHuemo um e cepadama 6 criydall Ha roxap 8 eOHO
om rioMeuweHusIma.

KnioyoBn pymu: maTtemMaTtU4yHO MoAenvpaHe, AMMHW ras3oBe, MoXap, W34YUCnuMTenHa
XuapoguHamuvka

Modeling and numerical simulation of flue gases distribution at fire in a public
building

Sevdalin Deliev, Veselin lliev, Mariana Hristova, Nina Penkova

Conceptions for modeling of flue gases distribution in a public building at fire are presented.
The models allow prediction of the three dimensional temperature, velocity and concentration
fields in the gas space of the building. Numerical simulations of the transient generation and
distribution of flue gases at a fire in a room are implemented.

Keywords: mathematical modeling, flue gases, fire, computational fluid dynamics

1. BbBepeHune

OToensHeTo Ha AMM N TOKCMYHW ra3oBe € OCHOBHAaTa OMacHOCT Npu noxap. Ts Bb3HMKBA B
pesynTat Ha TOKCUYHOTO M pasgpasHUTENHO OEeNCTBME Ha NPOAYKTUTE Ha ropeHe B YCroBusATa Ha
HamaneHaTta BMOMMOCT B 3agumeHata cpepa. KoHueHTpauusaTa n BUObLT Ha gMMa 3aBUCAT OT
CTPYKTYPHUTE OCOBEHOCTN U XMMWUYECKUSA CbCTaB Ha ropMmus martepuarn. TOKCMYHWUTE rasoBe ca
npuvymnHa 3a okono 85 % oT cMbpTHUTE criydam npu noxap [1] - HarpeTuTe 4o BUCOKa TeMnepaTypa
OUM NpeansBUKBAT OUPEKTHU U3rapsiHWs, a B HAKOM cnydaum M cMbpT [2]. HamanaBaHeTo Ha
BMOMMOCTTA 3aTpydHsBa eBaKyauusiTa Ha xopaTta OT onacHaTta 30Ha, KOeTo yBenuyasa pucka oT
OTpaBsiHe B pe3ynTaT Ha Bb3OEWUCTBMETO Ha NPOAYKTUTE Ha ropeHe. CuTyaumsita npu noxap ce
YCINOXHSBA M OT BMCOKaTa CKOPOCT Ha pa3npoOCTpaHEHWE Ha OUMHUTE ra3oBe B NPOCTPAHCTBOTO U
NPOHUKBAHETO MM B MOMELLEHNS, OTAANe4YeHn OT OrHMLLETO Ha noXapa.

MpoBexaaHeTo Ha (OU3NYECKM EKCMEPUMEHTM MPU Te3W YCrOBUSA € TPYAHO OCbLUECTBMMO, C
KOeTo ce 06siCHABa 1 nuncaTta Ha ONUTHU OAaHHWU B AOCTBNHUTE N3TOYHULN. CbBPEMEHHNTE HAy4YHU
MeTOAM 3a MPOrHo3mpaHe Ha onacHuTe daktopy Ha noxapa (OPI1), KakTo U Ha NOBEAEHNETO Ha
CTPOUTENHUTE KOHCTPYKUMWN Npu noxap, ce 6asupat Ha MaTemMaTUyHW MOLENU Ha TOMMHHaTa U
rasogMHaMmmyHaTa KapTuHa Ha noxapa [3] .

MpenctaBeHnTe B HacTosiaTta paboTa uacneaBaHns LENAT npeackasBaHe Ha reHepupaHeTo n
pas3npoCTpaHEHMETO Ha AMMHU ra3oBe B Criyvyan Ha noxap B obOLLUeCTBEHa crpaga npv pasnuyHu
BapuMaHTN Ha NHMNTPaUUA Ha BbHLUEH Bb3ayX.
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2. KoHuenuus 3a MopgenupaHe Ha TOMJ1I0- U XMAPOAUHAMUYHUTE NpoLecu B rasoBaTa
cpepa npu noxap B crpagm.

MpouecnTe Ha m3rapsiHe Ha TBLPAW FOPUMU NPEAMETU Ca XETEePOreHHU - ropeHeTo MpoTnya
NnpeaMMHO Ha NOBBPXHOCTTA UM. KakTo npu TBbpAMTE ropMBa Te MoraTt fja ce pasfensaT Ha HAKOIKO
cTagus:

- noarpsieaHe 1 U3cyllaBaHe Ha ropuMus maTepuarn;

- MUPOrEeHHO pasrnaraHe Ha mMartepuarna ¢ oTaensHe Ha NeTnMBUTE KOMMOHEHTU U obpa3yBaHe
Ha KOKCOB OCTaTbK;

- N3rapsiHe Ha NeTNMBUTE FOPUMMU ra3oBe;

- n3rapsiHe Ha KOKCOBMSI OCTaTbK.

Mpwn HarpsiBaHe Ha ropumMnst MmaTepuan neTnmeuTe rasoee cbabpxat Ha, CO,, CO, CH4, CrHm.
Te ce cmecBaT € Bb3ayxa M MbpBU Ce Bb3nnameHsBaT. KOnKoTo e No-ronsim NpouUeHTbT Ha NeTNINBK
BELLECTBa, TOSIKOBA MO-NIECHO U C MO-AbNbr NfamMbK U3rapaT. TBbpAUTe Matepuanu, oTaenswm
MaIbK MPOLIEHT NETNMBM BELLECTBA, Ce 3anansaT No-TPYyAHO U U3rapsaT ¢ Kbe nnambk. OTaeneHaTa
npv TO3W npouec TOMMMHA crnomara 3a MoBMWIaBaHe Ha TemnepaTypata W 3a No-HaTaTbLUHOTO
pasBuUTME Ha NpoLeca Ha ropeHe.

OCHOBHOTO ropeHe Ha BbITiepoga B ropyMusi Matepuan 3anoysa crieq NbHOTO oTAenNsiHe Ha
netnuemTe. ToOW ropu 3HaAYUTENHO MO-NPOOBLITKUTENHO OT THAX, MPU KOETO ce OTAaBa MnoBeYe
TonnuHa. lMpouecbT Ha ropeHeTo My MOXe da Ce pasfdeny Ha Hsikonko casu: andysuns Ha
Kucrnopoga KbM MOBBLPXHOCTTA Ha BbrflepodHaTa 4acTuyka; abcopbuusi Ha kucnopoga oT
BbrieHaTa NOBbPXHOCT; U3rapsiHe Ha BbINepoAa U Ha NpoAyKTUTe Ha peakumMuTe B ra3oBara cpeja.

Mpu noxap CKOpoCTTa Ha NPOTUYaHE Ha ropeonuncaHuTe NpoLecu ce onpeaens OT XMMUYHUS
CbCTaB Ha rOpPUMUTE MaTepuanu u oT KOHUEHTpaUUsITa Ha KUCMopo4 B NPOCTpaHCTBOTO. B crnyyan
Ha HeJOCTUr Ha KUCropog ce obpasyBaT NPOAYKTU HA HEMBIIHO FOPeHe, KOUTO MoraT Aa AoM3ropsaT
B CbCeHM NOMELLLEHUSA U U3BBLH crpagarta. [eHepupaHeTo Ha AMMHK ra3oBe B crpajarta npu TakvMsa
cuTyaunm mMoxe fa 6bae MOAenupaHo 4pes msrapsiHe Ha rasoobpasHo ropuBo, KOETO B Mogena
NoCcTbMNBa Ha ropslMTe NOBBLPXHOCTU. CbCTaBbT Ha rasoobpasHOTO ropMBO MOXE [a BKIOYBA
meTaH, CO n CO,. KoHueHTpaummTe Ha Te3n KOMNOHEHTU 1 AebuTa Ha rasoBaTa CMecC ce onpeaenaT
Ha 6a3aTa Ha M34MCIEeHNsI Ha TOPUBEH NPOLIEC, MaTepuaneH 1 TONNUHeH 6anaHc. Tesun n34ymMcneHus
ce npoBexaaT C Len YOoBMneTBOpsiBaHe Ha yCrnoBusTa AUMHUTE ra3oBe, NoMyvYeHn Npu nsrapsiHie Ha
rasoobpasHoOToO ropvMBO Aa MMaT CblLUMs CbCTaB, Temnepartypa U AebuT kato OMMHUTE rasose,
Nnony4YyeHn Mpu u3rapsiHe Ha ropumuTe TBbpAM NPeaMeTn B NomelleHueTo. ToraBa cuctemaTa
YpaBHEHUs, OMMCBaLL@ TFEHEPUPAHETO Ha AMMHM ra3oBe npu noxap (MHOrOKOMMOHEHTHa
enHadasHa cmec) 1 TypbyneHTHOTO UM pa3npoCcTpaHeHNe B crpagarta BKIHYBa:

- ypaBHeHWe 3a HemnpeKbLCHaTOCT;

- ypaBHEHWS Ha OBWXEHWETO C OTYMTaHe Ha rpaBuTaunoHHuTe cunm (Buoyancy model) 3a

MoZenvpaHe Ha cB0O6OAHOTO ABWXKEHWE NOpaaun pasnmka B NTbTHOCTUTE;

- €HEepruinHoO ypaBHEHME;

- k- Mogen Ha TypOyneHTHOCT;

- MOAEnN Ha rpaHu4eH Crow;

- [OBYCTBIKOB MOZEN Ha rOpUBEH MpoLiec Ha rasoobpasHOTO ropuBo;

- paguMauMoHeH Mogen 3a OoTyMTaHe Ha TonyioobMeHa Ype3 U3nnbyBaHe Mexdy AUMHUTE
rasoBe 1 3aobukansawmTe rM TBbPAU NOBBPXHOCTU NPU U3KYCTBEHO YBENMMUYEHA CTEMNEH Ha
YepHOTa Ha rasoearta CMec;

- paguauMoHeH Mofer 3a OTYMTaHe Ha TonIoo6MeHa Mexay B3aMMHO BUXKAALLUTE CE TBbPAM
NOBBLPXHOCTU Npe3 Henpo3payHa rasosa cpefa (Surface to Surface Radiation).

Tos3n mogen moxe aa 6bae pelleH no MeTo Ha kpanHuTe obemun 3a ANCKPETU3NMPAHOTO ra3oBo
NPOCTPAHCTBO Ha rasoBaTa cpefa. B crniyyan Ha noxap B eAVHUYHU NOMELLEHMS NPU YCIIOBKE, Ye
ce pearmpa CBOEBPEMEHHO 3a NOTYLLIABaHETO MY, MEXAYeTaXXHUTE NOYM U BbTPELLHUTE CTEHU Ha
crpagarta moraT Aa 6baaT M3KYEHU OT reOMEeTPUYHMS MOAEN, Tbi KaTo KOHCyMUpaHaTta oT TaX
TOMNMWHA LLe BM1sie HE3HAYUTENHO BbPXY Pas3npoCTpaHEHNETO Ha AMMHUTE ra3oBe.

HavanHute ycnoeBusi Ha npoueca ce 3adaBaT MOCPEACTBOM AeduHMpaHe Ha HauvamnHu
TemnepaTypu (npeguM noxapa), HyneBuM CKOPOCTM U MAHOMETPUYHO HamnsraHe, Hynesu
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KOHLEHTpauun Ha ropMMu rasoBe, BbIfepodeH AMOKCUO W BOAHA napa 3a BCEKM Bb3en OoT
n3dncnMTenHaTa Mmpexa.
dusnyHUTE yCnoBus ce ceexgatr [o AeduHupaHe Ha NbTHOCT, cneunuduyeH TOMMWHEH
KanauuteT, KoeUUMEHT Ha TOMMOMPOBOLAHOCT, KMHEMATUYEH BUCKO3UTET Ha KOMMOHEHTUTE Ha
rasoBarta CMec Kato (OyHKUMS Ha TemnepaTtypaTa n KoemuneHT Ha NOorfibLiaHe Ha CMecTa.
paHU4YHMTE YCroBKS 3a pellaBaHe Ha cucTeMaTa ypaBHEHUsI ca cUCTeMaTu3MpaHn B onHaTa
Tabnuua.

Tabnuua 1.
'paHnyHM ycnosus
BbHLWHM orpaxaalum paHnyHo ycnosue ot Il pog 3a mogenupaHe Ha
NMOBBPXHOCTU Ha crpagaTta TONMoNpPeMMHaBaHeToO MNpe3 orpaxgallimsa eneMeHT npu
(Walls) npegsBaputenHo  onpegerneHv KoedUUNeHTH Ha

TonnonpemMunHaBaHe U TeMmnepartypa Ha OKOoJiHaTa cpeaa.

MpaHuum Ha ropeHe (Inlets) HecTtaunoHapHu macoB AebuT Ha ropumara rasosa cMec
1 MacoBM YacTy Ha OTAENHUTE 1 KOMMOHEHTH.

OTBOpPEHM BpaTu 1 NPO30pLM HyneBo MaHOMETPUYHO HansiraHe
(Opening boundaries)

3. YucneHo wm3cnepgBaHe Ha pas3nNpPoCTpaHEHMETO Ha AMMHM rasoBe B obLliecTBeHa

crpapa.

N3cneoBaHuAT obekT npeactaBnsiBa 4 etaxHa crpaga, CbCTosiLa Ce OT OCHOBEH KOPMyC U TpU
cekummn, cBbp3aHm ¢ obwm kopugopun. ETaxnte ca cBbp3aHM CbC CTbNOULLHN KNETKM B OCHOBHUSA
Koprniyc. 3a HyXamTe Ha KOMMITbpHaTa cuMmynauusa e cb3gageH 3D mogen Ha Bb3AyLWHOTO
NPOCTPaHCTBO Ha crpagaTa B cpegata Ha ANSYS Design Modeler (cur. 1).

B pasrnexgaHaTta o6nacT e reHepvpaHa Mpexa OT KpariHu obemu (enemeHTu), BKoYBaLla
72 000 Bb3enaun 71 000 enemeHTV C NPEUMYLLIECTBEHO XEKCaroHanHa dopma, MakCcMmarneH pasmep
0.3 m n cpeaHo OTHOLLEHWNE Ha cTpaHuTe 2:3 (cwur. 2).
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dur. 2 N3rnen Ha YacT OT MpexaTa OT KpaHu enieMeHTu B 6rM3bk nnaH

3a MogenHoTo uscrnefBaHe € u3bpaH Han-onacHMs cueHapui - Bb3HMKBAHE Ha MoXap Ha
NbpBUSA eTaX B crpagaTta. B To3n cnyya aumbT MOXe Oa ce pas3npocTpaHu no Kopuaopute u
CTBIOULLHNTE KNETKM U Ha FOPHUTE eTaxM.

M3TouyHMK Ha noxapa (pecn. Ha guma) e Gubnuoteka OT ObpBEH MaTepuan, KoATO e
pasnorioXxeHa B NOMeELLEHME, HAMMPaLLIO Ce Ha MbPBUA eTax Ha crpagaTta (NbTHUTE NOBbPXHUHM
B 3ereHo Ha dur.2). bubnunotekata e ¢ maca 230 kg. MopsiluMTe NOBBLPXHOCTU Ha BubnuoTekaTa ca
npueTun 3a N3TOYHMLM Ha ra3oBa CMeC, CbCTOsLLA ce OT MeTaH U BbrnepoaeH ANOKCUA.

MpueTo e, Ye Npeam noxapa uscreasaHUAT o6em e 3anblHeH ¢ Bb3ayx npu 25°C n Hynesa
CKOpPOCT Ha [ABwxkeHue. TonnooOMeHbT npe3 BLHLUHUTE CTEHW Ha crpajaTta € moaenvpaH npu
koeuUMeHT Ha TonnonpeMmuHasaHeTo um U=0,35 W/(m?K), koeTo oTtroBapst Ha 50 cm TyxneHa
31Mgapus CbC CbOTBETHaTa BbTPELUHA, BbHLUHA Masurka U BbHLUHA TONSIMHHA u3onaums. 3a noga
Ha MbpBUS eTax MOKPUBA ca NpueTn koeduuMeHTU Ha TonnonpemuHasade 0,5 W/(m?K). Benukm
npo3opun Ha crpagata ca npueTu 3a 3aTBOpPEHW C KoeduUMEHTU Ha TonnonpemuHaBaHe 1.4
W/(m?K). TemnepaTtypata Ha BbHWHaTa cpeda e npueta 3a 25°C. MaxogbT Ha crpagaTta e
MOZENMpaH KaTo oTBOpeHa rpaHuua. MNpueTo e, Ye BpaTaTa Ha NOMELLLEHMNETO C NoXxapa e 0TBOpeHa
KbM Kopuaopa.

CumynupaH e HecTauuoHapeH ropuBeH npouec ¢ npoabspkmTenHoct 1500 s. YucneHute
npecMsATaHus ca HanpaBeHW NpK CTbrka BbB BpemeTo 1 [s].

Ha cur. 3, 4 n 5 ca npeacraBeHn pesyntaTu OTHOCHO M3CnefBaHUTe noneta B onpegeneH
MOMEHT OT Ha4yanoTo Ha npoLeca.

YcTaHOBEHO €, MpX 3aTBOPEHU NMPO30pLM Ha NOMELLEHMETO OKOMO MUHYTa OT Ha4anoTo Ha
noxkapa MMa BepoOsiTHOCT TOW Aa Ce pasnpocTpaHuM B KOpMAopa nopagau funca Ha SOCTaTb4HO
Kncnoposa B NOMeLLEHMETO.

MMpueTnat nogxon 3a MoAenuvpaHe Ha reHepvpaHeTo M pasnpoCTpaHEHUEeTO Ha AWMHU
rasoese B crpagu paboTu, HO rpaHUYHMUTE YCNOBMS Ha ropsawuTe NOBBbPXHOCTU criedBa ga 6baat
npeuunsnpann. 3a LenTta we 6baat NpoBeAeHM HAaTYPHN N3CneaBaHUA Ha npoLeca Ha usrapsHe Ha
ObpBeHN Mebenu B NOMeLLLEHME, KOETO € CrOoXHa 3afadya, M3ncKBalla cneumaniu yCroBusa nu Mepku
3a NpeaoTBpaTsBaHe Ha pPasnpPOCTPaHEHMETO Ha noxapa U3BbH rPaHNLNTE Ha eKCnepuMeHTa.
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dur. 5. BekTOpHO CKOpPOCTHO Morie B pa3pesun Ha crpagarta B 120 s oT HayanoTo Ha npoleca.

4. 3akniueHue

e PesyntatuTe OT NpeAcTaBEHOTO M3credBaHe NoKasBaT, Y€ U3vmcnmTenHaTa MexaHuka Ha
dpnynante (CFD) moxe ga ce M3mnons3Ba yCnewHo 3a CMMynvpaHe Ha pasnpocTpaHeHNeTo
Ha MM B obLlecTBeHa crpaga. AcHoTo aeduMHMpaHe Ha NapamMeTpuTe Ha uacnenBaHus
06eKT (reomeTpusi, BUO U KONMUYECTBO Ha M3TOYHMKA Ha MoOXap, HavanHu M rpaHU4HK
yCrnoBusi) € HeoOX0AMMO YCIOoBME 3a YCNELIHOTO U3BbPLUBAHE Ha M3CreaBaHeTo.

o Bbnpeku, Ye pesyntatute nsrnexgaT npaBaonogobHn, He TpsibBa ga ce npMemart C MbHO
nosepue 6e3 BanuaupaHe Ha pelleHneTo, KOeTo MoXe Aa CTaHe Ype3 CpaBHEHWE C OMUTHU
OaHHW UK OpYTY YACTNEHN peLLEHMs Ha 3ajavdara.

U3cnegBaHusATa ca npoBegeHu ¢ hpuHaHcoBaTa nogkpena Ha OIN HOUP, cbdmHaHcpaHa
ot EC® Ha EC no npoekt BG05M20P001-2.009-0015 “ NMoakpena 3a pa3BMTUE Ha KanauuTeTa
Ha [OOKTOpaHTMU W MNagM Yy4YeHM B obnacrtra Ha TexXHUYeCKuTe, NPUPOAHUTE U
MaTeMaTU4YeCcKUTe HayKu.
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OnTnmMmnsaums Ha pa3xoauTte npe3 XN3HEeHUA UNKDBJ1 Ha BbHLUHUM orpaxgaiwiu
CTEeHU Ha XXUNUHu crpagmn

Hapgexna [oceBa, [laHnena YakbpoBa

B Hacmosiwama cmamusi e Uu38bpuleHa MEXHUKO-UKOHOMUYeCKa onmumusayusi ¢ uern
onpedersisiHe Ha KoeghuyueHma Ha morionpeMuHasaHe Ha 8bHWHUME oz2paxodaujl cmeHu, Yyacm
om cbuwecmeysawa XxunuwHa cepada. OnmumusayuoHHama npouedypa e npogedeHa 3a
KnumMamuyHume U UKOHOMUYECKU ycroeusi 8 bwbjizapusi, ¢ omyumaHe Ha Oelicmeaujume
HOpMamueHU peafiameHmu. 3a onpedesisiHe Ha MUHUMYMa Ha pas3xoodume fpe3 XU3HEHUST UUKDLIT
Ha czpadama e u3rosi3eaH 2eHEMUYeH an2opumnbM.

KnouoBu AYMU. TeHeTun4dyeH anropuTtbm, oOnNTuMu3auund, onTumarneH KOeC*)VILI,I/IeHT Ha
TonnonpeMnHaBaHe, pa3xoan npes Xn3HeHnd LUNKbIl.

Life cycle costs optimization of the external walls of a residential building
Nadezhda Doseva, Daniela Chakyrova

This paper considers the questions of techno-economic optimization in order to determine the
thermal transmittance coefficient of the external walls of an existing residential house. The
optimization procedure is conducted for the climatic and economic conditions in Bulgaria and taking
into account the existing legal framework. The minimum of the building life cycle costs is determined
by using genetic algorithm.

Keywords: genetic algorithm, life cycle costs, optimization, optimal thermal transmittance
coefficient

1. BbBepeHue

CrpagHuaT choHA MOXe Aia ce onpefenu KaTto eauH OT 3HaYUTENHUTE KOHCYyMaTOpWU Ha eHeprus
B cBeToBeH mallab. Cnopen AaHHW, npeactaseHun B [7], 3a nepuoga 1971-2004 rog., reHepypaHute
emucun CO; (BKMIOYUTENHO N Te3un, CreAcTBME Ha WU3MNOM3BaHETO Ha enekTpuyecka eHeprusi) ot
XUnuwiHna cektop 6enexat pactex ¢ 1.7% Ha roguHa, KaTo OCHOBHMS M3TOYHUK Ha eMucun ca
XUnNuHUTE crpagm, Hamupalwm ce B 3anagHa u ustodHa EBpona, Kaskas u ueHTpanHa Asus.
MporHoauTte ca ao 2030 rog. TeHAeHUMsiTa B T€3M permoHn aa ce 3anasu, HO Npu CblieBpeMeHHO
n3npeBapBaHe B 06LLOTO konnyecTBo eMucun COo, reHepupaHu OT XUMULLHUTE crpagn, Hammpalum
ce B cTpaHuTe oT CeBepHa n IOxHa AMepuka, U3TOYHATA U HOXKHa YacT Ha A3nsa U CeBepon3ToYHa
Adbpuka [7].

B Tasu Bpb3ka, BbNPOCHT, CBbP3aH C PauUMOHANIHOTO U3MNONI3BaHE Ha eHeprus B >KUMULLHU
crpagm e He caMo OT HauMOHarHa, HO 1 OT CBETOBHA 3Ha4umocT. Mopaan BcenssecTHUNA akT, Ye
CblLIECTBYBA TACHA Bpb3ka Mexay notpebneHneTo Ha eHeprusi B crpagaTta U TONNOTEXHNYECKUTE
XapaKTepucTUKM Ha HerHaTa obBumBKa, HeobGXoouMO e Aa ce TbpCAT TEXHUKO-UKOHOMUYECKM
ONTUMaInHN peLLeHNs KakTo Npy 06HOBABaHETO Ha CbLLECTBYBaLLNSA crpadeH boHA, Taka 1 B cry4as
Ha HOBW crpagu.

3a ga oTroBOpU Ha npeamsBUKaTencTearta B crpagHus cektop, npes 2002 roa. EBponencknaT
Ccbio3 nybnukyBa [MpekTMBa 3a €HEeprunHWTe XapakTepucTukM Ha crpagute (OupekTtuBa
2002/91/E0Q), kosiTo Bnocneacrteme 6usa passuta o Oupektmsa 2010/31/ EC. MNMpepaboTeHaTta
OnpekTuBa noctaes pokyca Bbpxy nogobpsiBaHe Ha eHeprumHata egekTMBHOCT MOCpPeacTBOM
BbBEXAaHe Ha MWHMMarHu M3NCKBaHUA 3a crpagn U crpagHyM KOMMOHEHTUM W MNoCcTaBs KaTo
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nonuTMyecka Uen marpaxgaHeTto Ha crpagu ¢ 6rm3ko OO HyneBOoTO noTpebneHve Ha eHeprus
(CBHIIE) [4]. B ponbnHeHne kbM nonutukaTa, kacaewa CBHIE, npes 2012 rog. e BbBegeHa u
MeTOAMYHa paMKa 3a NocTUraHe Ha ONTUManHu pasxoam NpPes XU3HEHUS LMK Ha crpaau [5].

3aegHo ¢ eBponenckaTa npaBHa pamka, HAKOM aBTOPU CbLLO pasrnexaart 3agavmTte, CBbp3aHu
C ONTUMM3aLMATa Ha pasxoguTe Npes XU3HEHMS LUKbBI KakTO Ha HOBW, Taka M Ha CbLLEeCTBYBaLLN
crpagHu KoHCTpyKuuun. Becchio n konektus [1] npeactasaT nscneasaHe, pasrnexaallo pasfmyHuTe
TEXHUKO-MKOHOMMYECKN OMNTUMArHN pPELUEHUS 3a CTPOUTENHUTE KOHCTPYKUMM W BapuaHTu 3a
U3MbIIHEHNE Ha UHxXeHepHuTe nHctanaumm B CBHIE, Hamupalla ce B Vtanus. Bojic n konektus [2]
neduHnpaT TEXHMKO-MKOHOMUYECKaTa onTuManHa gebenvHa Ha pasnuyHy TOMSon30MauMoHHN
MaTepuanu ype3 metogda Ha Xyk u [kuiec. PasrnegaHarta B nybnvkaumsita crpaga € cuTyupaHa
Ha TeputopuaTa Ha Cbpbus. B [6] e npoBeaeHa onTuMmM3aunsa Ha pasxoanTe Npes XKU3HEeHUS LUMKBLIT
Ha orpaxpgawute enemeHTu, Yact ot CBHIE, Hamupalia ce B Kunwp. B gonbnHeHne, Dombayci n
Konektus [3] onpegenaTt onTumManHata gebenvHa Ha M3onaumaTta 3a XUNulliHa crpaga, oT4nTankm
KNUMaTUYHUTE AaHHWU 32 YeTUPKW pasnunyHKn permoHa B Typums. PyHkumnaTa Ha uenTta B [3] u3passisa
TbPCEHE Ha MaKCMMyM Ha eKeprumHuTE CrnecTsBaHus B crpagaTa. BaxHo e ga ce otbenexwu, ve
nony4yeHuTe pesyntatv OT UUTUpaHUTe aBTopu TpygHo Buxa mornm ga 6baaTt nNpunoXeHu KbMm
crpagute B bbnrapus, Tbi KaTo MKOHOMWYECKUST ONTMMYM MPSAKO 3aBMCU OT foKanmMsaumdata Ha
obekTa Ha nscrneaBaHe.

LlenTa Ha HacTOAWOTO wu3criegBaHe € da ce onpeaendr OonTUMarHuUTe CTOMHOCTU Ha
KoedmumeHTa Ha TonrionpeMUHaBaHe Mpe3 orpaxaalmTte, BepTuKanHu, NIbTHU eneMeHTUM Ha
XvnuwHute crpagu. B Tasm Bpb3ka, ce Tbpc MMHMMYMa Ha pasxoauTe npes XXU3HEHUS LKL, C
KOUTO Ce XxapakTepuanpaT MEPKUTE, CBBbP3aHN C TONSTOM30NMPAHETO Ha BbHLLHW CTEHU Ha XXUMULLHW
crpagu B bvnrapus.

2. MeTtoauka Ha nscnegBaHeTo

2.1. Onmumu3ayuoHHa 3adava. Ynpaenseawu napamempu U hyHKUUS Ha uenma

B HacToswaTa nybnvkauns e uscrnefBaHo BIMSTHUETO Ha rpyna napaMeTpu, MMaLly OTHOLLEHNEe
KbM TOMJIONPEHoca npe3 crpagHata obBuMBKa, C ornen MOCTUraHE Ha MWHUMarnHW HuBa Ha
KOHCyMauusiTa Ha eHeprnsa B AByhamuriHa XunuiiHa crpaga Ha roguiHa 6asa.

B kayecToTo Ha ynpaBnsBawiyM napaMeTpu Ha mMaTtemMaTuyeckusi mogen Ha obekrta e u3bpaH
KoeuUMEHTBT Ha TOMSIONPEMUHABAHE Ha BLHLUHUTE CTEHW Ha crpagara, X;[m], kaTo 3a Hero ce
TbPCAT CriegHUTe ONTMMAanHN CTOMHOCTU: X1 — KOeULUMEHT Ha TOMNMNoNpeM1MHaBaHe Ha ceBepHUTe
BbHLLUHW CTEHWN Ha CrpagaTa; X2 — 3a BbHLUHM CTEHU C HOXKHA OpPUEHTauus; X3 — 3a BbHLIHN CTEHU C
N3TOYHA OpUEHTaUMS; X4 — 3a BbHLUHM CTEHWN CbC 3anagHa OpueHTaums.

B HacTosilumMs mopgen, ¢ orneg U3MeHeHMe Ha koeduuMeHTa Ha TOMnonpeMuHaBaHe, X;, W
TbpCeHe Ha onTuManHaTta My cTomHocT, Uopti, € MpueTo aa ce nameHda gebenvHaTa Ha nonoxeHarta
no CcTeHuTe Tomsiou3onauus, y. HelHata CTOMHOCT MpuHagnexu Ha geduHMpaHo O0MyCTUMO
NPOCTPaHCTBO, [

0<y[m]<0.2,i=1,2...,4 mimy € Iy (1)

B kayacTBOTO Ha TONMIOM30NAUMOHEH MaTepmarn e 3anoXeH eKCTpyaupaH NonMcTpeH, nopaaun
LmpokaTa My NpuUnoXMMOCT NMpu TOMMOM30NMPaHEeTOo Ha crpaan B bbnrapus.

OcBeH ynpaBngaBalmTe napaMmeTpu, B rpynaTta Ha BXOAHUTE NMapaMeTpy ca BKIHOYEHM:

e BeKTop Ha KOHCTPYKTUBHMTE NapameTpu: d = (Ax, A, V, Aso) € T4,

KbAeTo: Ak - NNoLY HAa k-musi eNeMeHT OT crpaarta (CTeHW, MOKPMB, NOL, OCTbKIEHN ENIEMEHTH
N T.H.);

Ar— obLa nnowy, Ha oTonnsBaHMTe / OxnaXkgaHu NpoCTpaHCTBA B crpagaTa;
V - 06em Ha oTonnsiBaHUTe / oxnaxgaHu NPOCTpaHCTBa B Crpagara;
Asol - €heKTUBHA MIIOLLY, Ha MPO3PaYHNTE N HEMPO3PAYHU OrpaKaaLLM efleMeHTH.

e BekTop Ha noctosiHHuTe napameTpu: x° = (Ux, Riw, @r, Fshob, Qint ) € e,

KbaeTo: Ux— koenUMEHT Ha ToNnonpeMmMHaBaHe Ha k-musi eNeMeHT OT crpagara (NoKpus, Noa,
OCTBKITEHN EMIEMEHTN);

Rtw — CbNPOTUBMNEHNE HA TOMSIONPOBOAHOCT HA HEN30MNUPAHUTE BHHLUN CTEHMU;
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@, — TONNMHEH NOTOK B pe3ynTaT Ha N3MbYBaAHETO OT enieMeHTa k KbM HebocBoaa;
Fsh,0oo — aKTOp Ha 3aceH4YBaHe Ha NpMemMallaTta ClibHYeBa eHePrnsa MOBbPXHOCT OT BbHLLHK

NPUYNHN.

B HacTosiwaTta cratus, xunuwHata crpaga ce pasrnexga kato CbliecTByBal, OOGeKT.
CnepoBaTtenHo, d ca NOCTOSIHHM U Ce OTHACAT KbM X¢ (g C ().

B 06w BvAa, onTumMm3auynoHHaTa 3agada ce gedmHmpa no cnegHust HaumMH: TbpPCu Ce€ MUHUMYM
Ha obLMTe Napu4HM pa3xoamn Ha crpagaTa v CrpagHUTe eNEMEHTHY 3a OnpeaeneH nepuog, oT Bpeme,
HapeyeH XnsHeH unkbn, 7, Cy(7 ), U3paseHun Ypes cnegHata pykums Ha uenTta:

f(x): C, (r)(xl,xz,...,x4) (2)

B MPOCTPAHCTBO, OMNpenerieHo oT x € [.

2.2. Mamemamuuyecku modesn Ha obekma

B cTpykTypaTa Ha paspaboTeHns MateMaTU4eckn MOAEN Ha XUIMULHAaTa crpaga ca BKIYEHU
ypaBHEHNWS, Bb3 OCHOBA Ha KOMTO mnpouegypara no ModenupaHe Ha xunuwHata crpaga 6u morna
ha O0boe pasgeneHa Ha OBa XapakTepHW eTana: MogenupaHe Ha eHepruiHuTe noTpebHOCTM Ha
crpagaTta (Ha roguiHa 6a3a) u oueHKka Ha Napu4HUTe pasxoau Ha crpagarta v crpagHuTe efneMeHTu
3a onpegerneH nep1og oT Bpeme 7.

ModenupaHe Ha eHepauliHume nompebHocmu Ha xunuwHama cepada

Ta3n yacT oT maTtemaTtmdeckms mogen Ha obekta e 6asmMpaHa Ha 3aBUCUMOCTUTE, ONUCBALLM
roguwHaTa notpebHa eHeprusa B crpagu, Q, U pernaMeHTMpaHu B Jencreawjute KbM MOMEHTA B
cTpaHaTa HopMaTusHM akTose [11].

[TapuyHuU pa3xodu Ha cepadama u cepadHume efqeMeHmu 3a onpedesieH Nepuod om 8peme

MogenvpaHeTo Ha MapuMyHUTE pasxogu Ha crpagaTa M CrpagHuTe enemMeHTu 3a onpepeneH
nepuoa OT BpeMe € U3BbPLLUEHO B cboTBeTCTBME C [upekTtua Ne244/2012 [5].

CwornacHo [5], napuyHuTe pasxogu ca geduHupaHn B MaTemMaTUYeCKMa Moern KaTo Takusa,
peanuavMpaHM 3a JafeHa MsApka wunu rpyna oT MepkM, j, 3a MoBULLIABaHE Ha eHepruiHata
e(heKTMBHOCT B crpagaTa oT oMHaHCOBa rriefHa Toyka:

C(0)=Cp + ;[él(ca,i(j)- Ry(0)~ Vf,,(j)} , ©

KbOETO: 7 - U3YNCIUTENEH Nepuo, KOWTO B HACTOSLLOTO M3cnedBaHe Ce OTbXKOecTBABa C
MKOHOMUWYECKUSA XMBOT Ha crpagata. CbrrnacHo [5], 3a XWUnuLHW crpagy e uanornssaHa CTOWHOCT
r=30TOA.;

Vs (J) - OCTaTb4Ha CTOMHOCT Ha MApKaTa UK rpynata MepKm j B Kpas Ha MKOHOMUYECKMS

XunBOT, nB. B HacTodAwoTO n3cneasaHe e npueto, 4ye Vf,r (j)z() B Kpad Ha MKOHOMWUYECKUA XNBOT

Ha crpagarTa;
R, (i) - AMCKOHTOB hakTop 3a i-mama roguHa, 6as3npaH Ha peanHns NMXBEH MPOLIEHT, .

OnpepgensH e kakTo crnegea [5]:

. 1Y
R0 (l-i-r/lOOJ ! *)
KbAETO: I € peanHnst MMXBeH NPOLEHT.

Mopagn HeobGxoamMmocTTa OT onpedensHe Ha OnTUMarnHM CTOMHOCTM Ha aebenuHata Ha
Tonnon3onaumsita No BbHLWHWTE CTEHM HA CrpafaTa, aHann3bT Ha pasxoamuTe 3a XU3HEHUS LUKbLI
Ha crpagaTa € N3BbPLUEH CbC CKOHTOB MPOLEHT r = 6%, Npun KOETO HETHaTa ceraliHa CTOMHOCT Ha
npoekta 6u 6una MuHUmManHa [9].

C; - NbpBOHAYarnHn NHBECTMLNOHHN pas3xoam 3a Mspkata unm rpynata Mepku j, ns;

C

.i(J) - pasxoam 3a noaapbXKa U ekcnnoatauus Npes i-mama roguHa Ha Mapkata unm
rpynara Mepkw j, ns.

MbpBOHaYanHUTE WMHBECTULUMOHHM pasxoau, C;, ca pasrnexgaHu KaTto CbBKYMHOCT OT
pasxogute 3a martepwanu, Tpyan, obopyABaHe M XOHOpapu 3a MpoeKTUpaHe, U3BbLPLUEHU Npu

TonnousonnpaHe Ha BbHLUHUTE CTEHW Ha crpapgara. OcBeH TOBa, B UKOHOMUWYECKUA MOAEN Ha
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crpajata, B Ka4yecTBOTO Ha 3aBUCMMa MPOMEHNMBA ca 3anoXeHu W MbpBOHAYanHuTe
WHBECTULIMOHHM pa3xoau 3a crpaJHaTta UHcTanauus, nogabpxalla napaMmeTpuTe Ha MUKpPOKNMMaTa
npe3 3MMEeH W neTeH pexuMm Ha ekcnnoataumsi, C; npear. CnepoBaTtenHo, nbpBOHaYanHuTe
WHBECTULIMOHHM pasxoau ca:

Cr=Clins +*Cr ppar +Cr p, [ﬂg]’ ()

KbOEeTO: Cl,ins' [Jl@] - Napu4HM pas3xoan 3a 3akyrnyBaHe U MOHTaX Ha Tonjiomnsonaudundra.

OnpegensiHn ca KakTo crieaBa:
i i
Cl,ins = 21 Cins Vi 'Ai +Cm0unt : 21 Ai +ap, [JZG], (6)
n= n=

YyactBaluuTe B ypaBHeHune (6) BeJIM4YMNHUN Ca: Cins - pa3xoaun 3a 3akynyBaHe Ha 1M30N1aunoHHUA

matepuan (B ne/md); j,- nebenuHa Ha w3onauusiTa, NonoxeHa No dacagarta Ha crpagata c
HebecHa opueHTauus i (m);, C, pa3xoaM 3a MOHTaX Ha u3onauusita (B NB/m?); A4; - nnowy Ha

nount ~

BbHLUHUTE CTEHU C HebecHa opueHTaums i (m?); a; - NAapUYHK Pasxoam 3a 3aKynyBaHe U MOHTaX Ha

JOoMbrHMTENHN MaTepuanu (arobenn, ykpensalla Mmpexa, Masurka v T.H.) (nB).
CI’HEAT,[JIG]- napu4HK pasxoau 3a 3akynyBaHe U MOHTaX Ha MHCTanauusaTta 3a OTOMneHue U

oxnaxgaHe Ha crpafara, pasrfexaaHu KaTto CbBKYMHOCT OT pa3xoAMTe 3a 3akyrnyBaHe M MOHTaX
Ha M3TOYHMKa Ha TonnuHa, C; pp, OTOnAMTEnHWTe Tena, C; ., TpbbHata mpexa, C; .., W

AOMBLIHUTENHO 1 cnomaraTenHo obopyasaHe u apmartypa, C; . . [preTto e uHctanauvsta ga 6bae

LUeHTparnHa, C TOMMOW3TOYHUK - TepMOMoMMeH arperaT, paboTell B PEXUM Ha OTOMMeHue u
oxrnaxaaHe v OTOMNMTENHM TeNna — BEeHTUNAaTOPHU KOHBEKTOPU. PasxoaunTe 3a 3akynyBaHe M MOHTax
Ha M3TOYHMKa Ha TonnuHa, C; yp, W oTonnuTenHute Tena, C; ., B MaTeMatuyeckuss mopen Ha

Crpagarta Cbllo Ca pa3rmexgaHn Kato 3aBUCUMM NPOMEHITNBN. OI'IpeD,eJ'IFlHVI Ca KaTto q.)yHKLI,I/Iﬂ 3a
OTONNUTENHUA, CDHL, N NbJIHUA oxnaauTeneH ToBap, thCLv Ha oTonnAaBaHUTE N oOXNnaXXgaHwu

NPOCTpaHCTBa W crpajarta KaTo Uano, geduHupaHn NnocpeacTBoOM HOpMaTUBHM MeToauku [12].
C,.p ,[16]- napuunm pasxopm 3a sannalyaHe Ha XoHOpapy 3a NPOEKTMPaHe.

B matematudeckusa mogen Ha crpagaTta, pasxoaute 3a nogapbxka npes i-mama roguHa ca
pasrnexgaHu Kato cyma OT pa3xoauTe 3a PpeMOHT, MpodmnakTmka U KOHCymMaTvBM Ha cuctemara 3a
oTonneHne n oxnaxpaHe 1 3a TonJion3onaunudata Ha BbHLUHUTE CTEHW. CbrnacHo ﬂ,eVICTBaLLI,VITe
LeHn Ha nasapa, Te3n pa3xoau MoraT ga ce geduHupat kato 1% ot C;.

Paaxognte 3a ekcnnoaTtauusi ca OTbXOECTBABaHU C napunyHuUTEe pasxogu 3a otonsieHne un
oxnaxpaaHe, CH/C , U3BBbPLUEHN Npe3 i-mama roguMHa OT WMKOHOMWYECKUSA XMBOT Ha Ccrpapara.

IedurHupaHn ca kaTto Nnpom3BedeHne Ha roguliHaTa notTpebHa eHeprusa Ha crpagaTta, O, [kWh/ eoa.]
n pericteawara kbM 01.07.2018 roa. ueHa Ha enekTpuyeckara eHeprus, c,; =0.21596a8/kWh [9]:

Cric=cq- 0, [16], (7)

2.3. Onmumu3ayuoHHa mexHukKka

B HacTodALllaTa r|y6n|/|Kau,v|;|, B Ka4eCTBOTO Ha ONTUMMU3ALMOHHA TEXHUKa € V|36paHa Ta3nm Ha
reHeTnyHus anroputem ([A). eHeTU4HMTE anropuTMM UMUTUPAT €EBONIOLUATA Ha XMUBUTE
nHaOMBmMan U cnagat KbM rpynata Ha MetaeBpuUCTu4HMUTE METOAM 3a OoNTUMU3aLnd, KOUTO, OT CBOA
CTpaHa, ca 4acT OT Krfaca Ha CTOXaCTU4HUTE MeToau Ha TbpceHe. A HagrpaxaaTt TpaguunoHHNTE
TEXHWKM 3a onTumMmnsaums, 6asmpaHn Ha MeToauTe Ha CNy4YanHOTO ThPCeHe, KaTo XxapakTepHa TaxHa
yepTa €, Ye He BOpaBAT C €4HO e4MHCTBEHO peLleHne, a C MHOXECTBO OT AONYCTUMU peLLeHNst Ha
noctaBeHaTa 3agada — KognpaHn BEKTOPU HA HE3aBUCUMMUTE NMPOMEHINBU.

YncneHoTo pelleHrMe Ha OnTMMM3auMOHHaTa 3ajadya € M3BbPLUEHO creq 3ajaBaHe Ha
CTOMHOCTU 3a KOHpurypmpyemmte napameTpm Ha A, konto ca npegcraseHu B Tabnuua 1.
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Tabnuua 1
M3xoaHn napameTpu Ha reHeTUYHMS anropuTbM, U3MOM3BaH 3a pelLleHne Ha
onTUMM3aLMOHHaTa 3aaa4a

CrtomnHocTt/ MeToa Ha onpeaensiHe

500
200

NMapametbp Ha M'A

lonemunHa Ha nonynaumsaTa, Np
MakcumaneH ©Opoli MNOKOMEHWs,

|max

MeToz 3a u3Gop Ha poauTenu Koneno Ha pyneTkaTa

Bpov enuTapHun nHaMeuam 2
BeposATHOCT 3a KPpbCTOCBAHE, Pe 80%
bpon ToYkM 3a KpbCTOCBAHE aBse

MeTopq 3a myTauus AZanTvBHa MyTauus

HanoxeHuTe kputepmn 3a NpekpaTsBaHe Ha U3MbITHEHMETO Ha [A ca cnegHuTe:

e  MakcumaneH 6pol NOKONEHUS, imax;

e Kputepuit 3a TOYHOCT Ha Nokanusauus Ha ekctpemyma: hmin =1.10;

e  OrpaHuyeHue 3a nocnegoBaTenHu NokoneHms 6e3 nameHeHme Ha Fayg(Xi) — anroputmsbT
cnvpa, ako HAma nogobpeHue B cpedHata CTOMHOCT Ha ueneBata yHKUMS 3a nopeguua oT
nocrnegoBartenHn nokoneHus. B cny4yas, 3agageHa e roneMyHa Ha nocrefoBaTenHMTe NoKoNeHus
istai=150 c ornepn npegoTBpaTsiBaHe Ha NpeXxaeBpeMeHHO npekpaTsaBaHe Ha U3MbHEHNETO Ha [TA.

3. OnucaHue Ha pasrnexgaHaTa XunuuHa crpaga

PasrnexpgaHata xunuuiHa crpaga e asycamunna ¢ obuwy 6port obutatenu ocem. lNpueTto e, ye
Ce HaMupa B XWUNULLIEH KBapTan, T.e. pa3nonoXeHWeTo Ha crpagata e 3awuTteHo. OTonnseMusaT U
oxnaxnaem obem Ha crpagata e V = 510m?3, a nnowta — As = 179.2m2. OCTbKNEHUTE EMEMEHTH, C
obuwa nnouy Ay =36.15m?, ca pasnonoxeHu Nno cesepHaTa 1 oxHa dacaam Ha crpagara. YacT ot
noaa Ha crpagara (15m?) e pa3nonoXeH Haa HEOTOMMAEM CyTEPEH, a ocTaHarnaTa 4acT oT nogosaTa
nnova (74.6m?) e pasnonoxeHa Hag 3emsi. [OKPMBBLT Ha crpagaTa € Tombil C Now Arsr =90m2.
MNbTHUTE BEPTUKANHKM orpaxaalliy enemeHTn Ha crpagara ca ¢ nnoty 206.156m?2.

KoedbnumeHTbT Ha TonmonpemuHaBaHe, Uy, 3a nogja Hag 3eMsd, Ha Mo4 Hag HeOoTOMnsieM
CyTepeH, Ha MOKPMBA, KaKTO M TOMMOTEXHUYECKUTE M ONTUYHWU XapakTEPUCTUKM Ha OCTbKNEHUTe
€NeMEHTN N CbNPOTUBMNEHNETO Ha TOMMOMNPOBOAHOCT HA HEN30NUPAHUTE BBLHLUHU CTEHU, R:y, ca
pasrnexgaHu KaTto MOCTOSIHHWM NnapamMeTpy B MaTeMaTU4eckusl MoAen Ha crpagarta C KOHCTPYKLUuUS
Taka, KakTo e npeacTaBeHo B Tabnuvua 2.

Tabnuua 2
KOHCTPYKUMSI Ha CcrpagHuNTe orpaxgally eneMeHTm
Mop Ha
Mop Hap A Han OcTBLKneHu
BBHHLIHKM CTEHU MokpuB HeoTonnsiemM
3emA efieMeHTU
cyTepeH
2.5cm 14cm yakbn; Pamka: PVC c¢
2cm Bapo-nAcbYHa 12cm _ 2.
i KepamuiHu 12cm . |Us =2 W/(m?K);
Masurka (BbHLUHA); . . |cTomaHobeTOH;
om|KepemMuay; CTOMaHOGETOH; 3em Ctbknonaket ¢
yi 0.4cm GuTymHa 4cm U = 1.4 W/(m?K):
Tonnomsonauus oT . eKcTpyaupaH
" MyLlama; eKkcTpyaupaH NONUCTUDEH:; TPOEH C pasmepu
Y ) 12cm NMOJINCTUPEH; ’ 4/9/4/9/4mm "
NOSINCTUPEH; . 2.0cm ]
MUHeparHa Barta; 2.0cm Bb3yLUEH MbIHEX;
25cm TyxreHa uMMeHToBa
) 0.3cm LMMEeHTOBa i HuckoemucnoH
3ugapus; . . 3amaska;
napovsonauus; 3amMaska; HO MOKpPUTUE Ha ABe
2cm Bapo-nsiCbyHa 0.7cm
3cm ObpBeHa 0.7cm OT cTbKNnara.
Ma3uska (BbTpeLLHa). . Tepakor.
obwunBka; TEepakoT.




EHepruiiHa edekTMBHOCT M Bb30OOHOBAEMU M3TOUHULIM Ha eHeprus 145

Mop Hap
Mop Hap OcTbKneHu
BbHLWHKM cTeHM Mokpus HeoTonMsieM
3emsa eneMeHTU
cyTepeH
12cm gbpBeHU
pebpa (6yk).
Riw =0.7275 U, =0.24 Ugr =0.35 Ur =0.39 Uy =1.62
m2K/W W/(m?K) W/(m?K) W/(m?K) W/(m?K)

TonnnHHMTE Neyantu (sBHa TOMMMHA) OT BbTPELUHM U3TOYHULUM Ha TOMMKHA, Qix, € NOCTOSHEH
napamMeTbp B MaTemMaTUyeckud Moenl Ha crpagarta, kato cpefHata Mo Bpeme CTOMHOCT Ha
TOMSIMHHMA NOTOK OT BbTPELUHUS U3TOYHUK ce paBHsiBa Ha Dint = 0.349W.

3a uenuTe Ha onTMMM3auMOHHaTa npoueaypa, KMMMaTtuyYHUTE OaHHWM KaTo cpefHa MeceyHa
Temnepartypa Ha BbHLHUA Bb34yX, CPEAEH NHTEH3NTET Ha NMbJiHATa CNbHYEBa pagnaunsd, Havano
W Kpal Ha OTONMMTENHUS Ce30H U ApYyrn ca onpefendHyn cbrnacHo AaHHute B [11] 3a 4eTupu
pasfnMyHU KNMMaTUYHU 30HM: KnumaTtuyHa 3oHa Ne 1 (rp. BapHa), knumatuyHa 3oHa Ne 5 (rp.
Cosonon), knumaTtundHa 3oHa Ne 6 (rp. Hosa 3aropa) un knumatudHa 3oHa Ne 7 (rp. Codous).

4. Pe3ynTtaTtu v AUCKycuA

CTomHOCTUTE 3a onTUMarHus KoerI/ILI,I/IeHT Ha TonnonpemMmnHaBaHe Ha BbHLWHWUTE CTEHWU,
nony4vyeHu cnea npunaraHe Ha MeToaunkarta OT HacTodlwaTa CTatuad, Ca npeacrtaBeHn B Tabnuua 3 un
4, PGSyﬂTaTVITe KacadT pagsrnegaHata XuinuuiHa crpaga un ca nogpeneHm B 3aBUCUMMOCT OT
nokanusauusTa Ha obekta n HebecHaTa opueHTauuna Ha crpagHnAa efneMeHT.

Tabnuuya 3
OntManeH koedUUMEHT Ha TOMTONPEMUHABAHE Ha BLHLIHUTE CTEHU

KnumatnuHa 3oHa Uopt i, [W/m?K]

ceBep ror U3TOK 3anag
Ne1 (rp. BapHa) 0.2285 0.2381 0.2467 0.2450
Ne 5 (rp. Cosonon) 0.2332 0.2432 0.2522 0.2504
Ne 6 (rp. HoBa 0.2373 0.2491 0.2564 0.2527

3aropa)

Ne 7 (rp. Codousi) 0.2128 0.2211 0.2285 0.2255

AHanu3bT Ha pe3yntaTute B Tabn. 3 n 4 nokasea, Ye 3a BCUYKM OT pasrnefaHuTe KnnmaTudHu
30HU, Ugpi crabo ce Bnusie ot HebecHaTa OpuMeHTaUMsa Ha BBbHLUHWUTE CTEHW. FICHO u3paseHo e
N3MEeHEeHNETOo B CTOMHOCTUTE Ha Uqpti C NPOMSAHA Ha KNMMaTuyHaTta 30Ha — onTuMarnHarta CTOMHOCT
Ha KoeuUuMeHTa Ha TonnonpeMmnHaBaHe 3a BbHLUHW CTEHUM Ce MOoHMKaBa Npu npexona B nocoka ot
n3toyHa (knumatmyHa 3oHa Nel u Neb5) kbm 3anagHa Bwnrapusa (knumatudHa 3oHa Ne7).
HesHauuTenHo e noHwmxeHueTo B Uqpti NPWM NpoOMsiHa fiokanusaumsTa Ha crpagarta B Mocoka oT tor
Ha ceBep B 0b6nacTnte ¢ YepHOMOPCKM KNUmaT (KnumaTudHu 3oHm Ne 5 1 Ne1t).
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Tabnuua 4
[ebenuHa Ha nsonaumaTa oT ekCcTpyanpaH NONMCTUPEH N pa3xoau NPes3 XU3HEHUS LMKBI Ha
MsipkaTa
KnMMaTU4Ha 30Ha De6ennHa Ha nsonaumaTa [m] Co(7), N8
ceBep ror U3TOK 3anag
Ne1 (rp. BapHa) 0.125 0.119 0.114 0.115 124906.60
Ne 5 (rp. Cosonon) 0.122 0.116 0.111 0.112 124250.62
Ne 6 (rp. Hosa 0.123 0.116 0.112 0.114 124427.96
3aropa)
Ne 7 (rp. Cocousi) 0.136 0.13 0.125 0.127 128015.93

BaxHo e aa ce oTbenexu, Ye npeacTtaBeHnTe B Tabn. 3 n 4 ctonHocTn ca B gobpa cxoanumocT
C Te3an, C KOUTO Ce XapaKTepuaupaT BbLHLWHWTE CTEHM Ha nogobHa Mo reoMeTpudHU U
TOMMOTEXHUYECKN XapaKTePUCTMKM XUMULLHA crpaga, Hamupalla ce B Saittas (Kunbp), 3a kouTo e
onpegeneHa ontumanHa ctoMHocT Ugp = 0.28 W/(m?K) [6]. MogobeH pesynTaT e nonyyeH B [3],
KbaeTo pgebenuHata Ha u3onauus oT MNONMUCTUPEH, MPU KOSTO ce HabnwgasaT onTuMarnHu
cToHocTM 3a U Ha BBHLIHWUTE CTEHM, 4acT OT xunuwHa crpaga B Kapc (Typuwmsi) Bb3nu3a Ha
0.107m.

CpaBHUTENHUAT aHanM3 ¢ pe3ynTtaTu, NonydYeHn B NpeaxoaHu usnensadHmsa Ha astopute [10],
rnokasBa KOHBeEpreHuusi — 3a ontumanHarta gebenuHa Ha nsonauus oT NONIMCTUPEH e onpeaeneHa
ctonHocTt ot 0.108m. YucneHata pasnumka ce ObikuM Ha cneundukute Ha mogena B [10]:
onTMMM3auMsaTa e npoBefeHa C AaHHM 3a KnuMaTtuyHa 30Ha Ne9, B Ka4yecTBOTO Ha ropmea 3a
nepvoaMTe Ha OTOMMEHME W OXMaxdaHe ca pasrfnexgaHu NpUpoaHWUst ra3 1 enekTpuyeckata
eHeprus, a PUHAHCOBO-MKOHOMNYECKUTE NapamMeTpu Ha Mogerna — CbC CTOMHOCTUN, XapaKTepHu 3a
2017 rog.

—8- Knumaniryma 3oHa Neb =t Knuuatiuna 30ua Not

= &= Knumatuuna 3oua M3

025
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0.15
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01

0.15 o ”
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Peanex nuxeex npouenT, r [%] Liena Ha enextpuyeckara enepruA, ne/kWh

®ur. 1 3aBUCUMOCT Ha ONTUManHUSA KoedULIMEHT Ha TONNoNpeMnHaBaHe 3a CEBEPHU BbHLLUHN
CTEHW OT peanHus NUXBeH NPOLEHT (B M51BO) M LieHaTa Ha enekTpuyeckaTa eHeprus (B 4ACHO)

AHanu3 Ha YyBCTBUTENHOCTTA Ha efHa OT HE3aBUCMMUTE MPOMEHITMBM HA ONTMMU3ALMOHHATa
npoueaypa (Uopt 32 CEBEPHUTE CTEHU) CMPSAMO HSAKOU OT (hMHAHCOBO-MKOHOMUYECKUTE NapaMeTpu
Ha mogena (dwur.1) nokasa, 4ye, ako B AaaeH Obaely nepuon OoT BpeMe ce Habntogaea TeHOeHUns
3a noBuaBaHe HWBaTa Ha WHdNauus, b, n ce gocturHe xapaktepHa 3a 2008rod. CTOMHOCT
(b=12.3%, T.e. r =8.65%), T0 Uopt 61 ce nosuwwmna go 0.232W/(m2K) - 3a knumatuyHa 3oHa Ne7 u
npubnuautenHo 0.25W/(m?K) 3a octaHanuTe OT pasrfieqaHuTe pervoHun Ha ctpaHaTa. OcBeH ToBa,
aKo ce 3anoXu pbCT B LieHaTa Ha enekTpuyeckata eHeprusa ot 2% Ha roguHa, Ha neTHagecertarta
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rofMHa OoT MKOHOMWYECKUS XMBOT Ha obekTa Ha aHanus, ¢, 6u Bb3nusana Ha 0.285ne8/kWh, a B

Kpasi Ha pasrnexaaHus nepuog — 0.3835n8/kWh. Kakto durypa 1 npeacraes, ToBa 6u o3HavaBsano,
ye Uqpt 32 CEBEPHUTE CTEHM OT crpajaTta, HaMupalla ce B KnuMaTuyHa 3oHa Ne7 61 ce NoHWXMn o
cToiHocTn 0.189W/(m?K) 1 0.169W/(m?K), cboTBETHO.

5. 3aknmoueHue

HaunH 3a pelwaBaHe Ha npobnema, CBbp3aH C ONTUMAarnHUTE, OT pasxodHa rrnegHa TouKa,
€HEepruHM XapakTepUCTUKM Ha CblUecTByBalM crpagM W, B 4acTHOCT, koedwuuMeHTa Ha
TonnonpeMmHaBaHe, € TbpCeHe Ha onTuMaliHa ,u,e6en|/|Ha Ha Tonnoun3onauunAata 3a KOHKpeTHa
KOHCTPYKLMS Ha orpaxkaaluusi eneMeHT, Bodella 40 MUHUMYM Ha pasxoauTe Npes XXU3HEeHUS LMKbI
Ha crpagarta. OcBeH TOBaA, BJIMAHMETO HaA TOMIIOTEXHUYECKUTE XapaKTepUCTUKM Ha crpagHuTe
orpaxgawun enemMeHTu BbpXy pa3xoguTe npeld XU3HeHUA UWMKbJ1 Ha crpagata € KOMMJEKCHO.
Heobxoanmo e matemaTuU4eckuaT moden Aa 6bae AopasBuT, KATO B KAYECTBOTO Ha He3aBUCUMMU
npoMeHNnBu 6'b£l,aT BKIMKOYEHU ”N Koe(bI/ILI,I/IeHTVITe Ha TonnonpeMunHaBaHe 3a noaa, NnokKpueBa u
OCTBKIMNEHUTE €MNEMEHTUN, OCBEH HA BbHLUHUTE CTEHMW.

B HacTosWoOTO M3cneaBaHe ce AOCTUIHa OO M3BOAa, Ye 3agadaTta, CBbp3aHa C onTUManHute
CTOMHOCTU Ha koeduuMeHTa Ha TOMMOMNPEMUHaBaHe Ha orpakaalluute eneMeHTW, Hal-MbrHO U
TOYHO MOXe Aa Obae pelleHa Ypes pasrnexaaHe Ha HecTauMOHHAPHMS TOMMo- U MacoobMeH npes3
O6BVIBKaTa Ha crpagata n cucteMmmte 3a nogabpXXaHe Ha MUKPOKNMMaTa B HedA; C OTYUTaHE Ha
aKymynaumMoHHaTa CrnoCcOOHOCT Ha MMbTHUTE €NeMEHTUM MNpe3 3MMHUS U NEeTHUS Mepuof Ha
ekcnnoarauus.
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PopmMupaHe 1 TpeTUpaHe Ha KUcCenu pyaHU4HU Boaun
MapTuH lMywkapos

B pabomama ca npedcmageHu HaduHUMe 3a ¢hopmupaHe Ha pyOHUYHU 800u. ModpobHo ca
onucaHu U 0adeHu Ha4YuHume 3a oyucmeaHe Ha Mmakbe8 mur 800u. [NokasaHu ca U cxeMu Ha
rnpeyucmeaHe Ha bazama Ha xumu4deckume mMemoou.

KnouoBu AyMU. METOAMN 3a OYUCTBaHe, pyaHN4HM BOOW, OKOJIHA cpeaa

Formation and treatment of acidic mining water
Martin Pushkarov

The work presents the ways of formation of mining water. There are detailed descriptions and
ways of cleaning such types of water. Schemes of purification based on chemical methods are also
shown.

Keywords: methods of purification, waste water, environment

BbBEOEHUE

Kucennte pyaHu4HM BOAWM Ce cuyuTaT 3a HaW-ronemMms ekosnormdeH npobrem, acoummpaH c
MUHHOO4OOMBHATa AeWHOCT. ToBa SIBMEHWE € CBbP3aHO C OKUCINEHMETO Ha MUPUT WU Ha Opyru
cynduagHn MuHepanu, B pes3yntaT Ha KOeTO B OKofMHata cpeda ce OTAenaT Kucenu BoAM,
CbAbpXKaLly CspHA KACENWHA, PA3TBOPEHN TEXKN MeTanu u CycneHgmMpaHmn XXenesHun ytankm (tabn.
1). TNMaBHWTE W3TOYHMLM Ha KACENW PYOHUYHM BOOM Ca OTKPUTUTE U MOA3EMHU PYAHMLM,
HacunuwaTa OT ckanHa mMaca u 6egHu pygu, NPOMULLIFIEHN OTNagbLn, CKnagupaHute cyndugHu
KOHLIEHTPATK, KakTo 1 Boratute Ha NUPUT BBITMULHN U ypaHOBU pyaHMUM. OCBEH Xenaso u apyrm
TEXKNW MeTanu, KUCenuTe PYyOHUYHM BOAW OT YPaHOBUTE PYAHMLUM CbObPXaT paguoakTUBHU
€MNeMHTUN KaTo ypaH 1 pagun. TOKCUYHM €NeMEHTN KaTO apCeH M aHTUMOH ca APYrU CbLLECTBEHMU
KOMMOHEHTW Ha KNCENWUTE PYOHUYHM BOAMW, PA3TBOPEHM OT MUHEPASTHN CYPOBMHU, ChbAbpXKaLLW TE3N
enemMeHTn.

CmecBaHETO Ha KUCENUTE PYOHUYHU BOAM C MPUPOOHUTE PEYHU U €3epHM BOAM MpUYMHSBA
CEpPMO3HO BIiOLLABAHE Ha KayecTBaTa Ha nocrnegHuTe. TakMBa 3aMbpCeHU BOAM Ca HEMOLXOOSALM
3a NOBEYEeTO BOAHM OpraHM3Mu, 3a YOBELLKa KOHCYyMaunsa M 3a NpoMULLNEHn Hyxaw. MNMoysBuTe no
NbTA Ha BogaTa CbLUO Ce 3amMbpcsBaT U CTaBaT HEM3MNON3BAEMM 3a CENTICKOCTONAHCKN HYXAMW.

Tabnuua c gaHHu 3a KPB oT pasnuyHn natoqHuum.

ViHaeke KPB ot ypaHoB KPB ot meaeH KPB oT BbrnuieH
PYAHWK PyAHWK PyAHWK

pH 2,71-4,10 2,8-45 1,45-2,03
Cyndatn, mg/l 361 - 1520 824 - 1540 3250 - 8141

XKenaso, mg/l 91 -1070 145 - 325 1142 - 3074

MatraH, mg/l 1,9-44 0,80 - 8,20 32-95

Meg, mg/l 1,04 - 12,5 2,84 -17,0 0,07 -0,19
Linnk, mg/l 1,90-24,4 4,10-12,5 0,14 - 0,41
Kagmun, mg/l 0,02-0,10 0,15-1,20 0,02 -0,08
Onoso, mg/l 0,15-0,7 0,08 - 0,41 0,05-0,15
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ApceH, mg/l 0,01-0,32 0,37 -2,80 0,01-0,14
YpaH, mg/| 0,44 - 2,80 - -
Paguin, mg/l 0,08 -0,45 - -
PastBopeH C opr., mg/l 0,7-2,8 0,7-3,2 3,2-10,4
O6ulo pasTeOpeHi TB. 659 - 2750 710 - 2480 5571 - 14072
cbcTaskm, mg/l
HepastBopeHu TB. 23 -125 32.9212 81-194
yactuum, mg/l
Pa3TBopeH kucrnopog, 1,05-4.8 12-4.1 1,4-4,8

mg/|

dopmMupaHe Ha KUCenuTe pyaHUYHU BOaU

B OCHOBHM NUHWUM (POPMMPAHETO Ha KUCENUTE PyAHWUYHM (MUHHW) BOAW € B Mpsika Bpb3ka OT
reonorusTa, XuaporornsaTa U MMHHaTa TEXHOMNOIMMSA 3a CbOTBETHUS PYAHUK. Mo NPUHLMN KucenuTe
MWHHM BoaM ce o6pasyBaT noAd Bb3OEWUCTBMETO Ha Cepust OT KOMMIEKCHUM TEOXUMUYHU U
MUKPOGUaNHN NPoLIecH, KOMTO NPOTUYAT MPU KOHTaKTa Ha PyAHUYHWUTE BOAM C NUpUTa M BbInva
OT pyaHOTO TAMo. TpyaHO MOXe Aa ce npocrneay 1 onpeaeny TOYHUS (PU3MKOXMMUYEH MeXaHU3bM
3a TAXHOTO POpMUpaHe, KOETO 3a BCEKU eAuH PYOHUK € CTPOro cneunduyHo, Ho OBUKHOBEHO B
noBe4yeTo Crydan Te3u BOAW Ca CUIMHO KUCENN M C BUCOKO CbAbpXaHWe Ha MeTanHW KaThUOoHW.
MocneaHUTe ca NpPeauMHO B pasTBOPEHO CbCTOsiHME (OGMKHOBEHO Mo dopmMaTta Ha cyndaTu) u
OTCTpaHsABaHeTO MM OT BOAMTE CTaBa Npy MoBULLIABAHE Ha HMBAaTa Ha akTMBHaA peakuusa pH go
onpeaeneHn CTOMHOCTU, MPU KOMTO Te ce CbyTsaBaT nod dopMata Ha Hepas3TBOPUM BbB BoAa
MeTarnHu XUaPOOKUCH.

N3BecTHM ca YeTMpM OCHOBHW peakLmmn, KOUTO ce onpeaensT oT XMMUYecKUTe B3auMoaencTens
Ha nupuTa. Han-o6laTa peakumst Moxe [a ce onuiie Mo CneaHUsi HaunH:

FeS, +150, +14H,0 = 4Fe(OH), +8H,SO, (1)

I'IpraTa peakuna Ha n3seTpaBaHe Ha NpUTa BKIKO4YBa OKUCIEHNETO MY C KMCnopoad, nNpun KOeTo
cdApaTta ce oKkucndaesa ao cyncbaTM, KaTo Ce nony4vyasart U (bepO-VIOHMZ
FeS, +70, + 2H,0 = 4Fe* +4S0, +4H" 2)

BTopaTa peakuns BkMoYBa KOHBepcUsA Ha epo-noHuTe Ao depu-noHun. lNpu Tasm KoHBepcus
Ce KOHCymupa efuH Mon KucenuHa. Hsikom Gaktepuu, n Ham-Bede Te3n OT Buga Tiobacilus
Ferrioxidance, noBuwasaTt CKOpOCTTa Ha OKUCIIEHWe OO0 TPMBANeHTHO Xensa3o. Tasu peakuus € B
npsika 3aBUCMMOCT OT aKTMBHa peakuus Ha pH cpegaTta, kaTo criefBa Aa ce oTbenexu, 4e npoTunya
6aBHo B kncena cpega (pH 2-3) 6e3 NpucbCTBMETO Ha BaKTEPMM U € HAKONKO nopsigbka no-6bp3a
npu pH 5, B ycnosmusa Ha HapacTBaHe Ha Tean baktepun. Ha npakTuka Ta3u peakumsa ce cduita 3a
CKOPOCTHO onpegensiia obLwusa npouec Ha Nofy4yaBaHETO Ha KUCEMWHA , @ UMEHHO:

4Fe* +0,+4H" = 4Fe* +2H,0 (3)

TpeTtaTta peakuus, KOSTO MOXe Aa MnpoyeTe e Ta3n CBbp3aHa C XuaponusaTta Ha XenasoTo.
XvaponusaTa e peakuns, KoaTo o6pasHO kasaHo pasLiensa BogHaTa MofeKyna B pesynrart Ha KoeTo
KaTo BTOPUYEH MPOAYKT Ce reHepupart Tpyu Mona KucenuHHoct. MHoro meTtanu morat ga obaar
nognaraHn Ha xvagponusa. dopmmpaHeTo Ha depu - xMapookuc (nod dopmaTta Ha TBbPAO
BELLLECTBO) € B NpsKa 3aBUCMMOCT OT akTUBHa peakums pH. HepasTBopeHo BeLLecTBO ce nosny4vasa
npv pH Hag 3.5, a npy pH noa 3 npakTuyeckn He ce obpasyBa hepu-XMaopPOoKKUC.

4Fe* +12H,0 = Fe(OH)3 +12H"* (4)

YeTBbpTaTa peakuus e oOKUCNeHNEeTO Ha HEOKUCNEHNS NMPUT A0 hepun-xenaso. TpuBaneHTHOTO
xenaso ce copmupa B etann 1 1 2. ToBa e UMKBNBT M aBTokaTanMTUYHaTa 4acT Ha obLwata
peakums, KOATO ce M3BbpLUBA OBbP30 U HENPEeKbCHATO , AOKaTo hepu MOHUTE U NupuTa TbpnaT
npespblUaHe. B Tasn peakums He KMCNopoaa, a Xena3oTo € OKUCMABALLNS areHT.

FeS, +14Fe* + 8H,0 = 15Fe* +2SO,” +16H" (5)
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Mo NPUHLMN KUCENUHUTE PYAHUYHU BOAM Ca XapaKTEPHU 3@ BCUYKM PYOHULM WU MUHW, KOUTO
ce paspaboTBaT 3a 4OOMB Ha BbIMMLLA, Xensa3Ha pyda, UBeTHU meTanu u apyrn. CTeneHta Ha
KUCENUHHOCT, CbAbPXKaHMETO Ha Xens30, MaHraH 1 HAKOW OT OCHOBHUTE LiIBETHU MeTarnm B TsX ca B
npsika 3aBUCUMOCT, KaKTO OT HAaNMYNETO Ha CbLUMTE B CAMOTO PYAAYHO TASO, Taka CbLLO M OT BpeMe-
TEMNepaTypHUTE YCIOBUS HA CaMOTO MECTOHaxXOXAEHUe Ha pPyaHWUKA, FEOXMMUYHUTE 0COBEHOCTH
Ha naHawadTa U OBWKEHMETO Ha Mnoal3emMHUTe Boau. ToBa NO CBOSATA CbLUHOCT onpenenst u
ronsMoTo pasHooGpasve Ha pasfnMYyHu MeToaW, paspaboTeHW 3a MPEedYnCTBAHETO Ha KucenuTe
PYAHVUYHU BOAM U CBBP3aHO NpeaMMHO C 0COBEHOCTUTE Ha BCsiKa efHa OT TAX.

MNpeuncTBaHe Ha KUcenuTe pyAHUYHU BOAMU

EQvH OT BaxHWTE BBMPOCKU MPU TBPCEHETO Ha TEXHWYECKM U TEXHOMNOrMYHW peLleHust 3a
npeynucTBaHe Ha PyOHUYHWUTE BOAM OT pyAaHMUMTE B Bbrrapusi xapaktepusupalum ce ¢ BUCOKa
KACENWHHOCT M BUCOKO CbAbPXAHWE Ha Xemns3o, TeXKM meTanu u cyndatm e metoabT 3a
TpeTupaHeTo uM. [lo MpuvHUMN, B 3aBMCUMOCT OT >XeraHaTa CTeneH Ha Npe4YncTBaHe U
Bb3MOXHOCTUTE 3a UHBECTUPAHM 1 eKcrnoaTauus, 3a oTnagHn Boau ¢ noaobHa xapaktepucTuka ce
npunarat XUMM4YHU, PU3NKO-XUMUYHW UM BUO - XMMUYHU METOAM 3a MPeYnCTBaHe.

Xumu4HU memodu

Hal-Lwmpoko n3nonssaHMTe ca XMMUYHUTE METOAM CBbP3aHu C yTasiBaHeTo Ha cyndatuTte Ao
Marnko-pa3TBOpUMM CbefuHeHns. To3n Bua Boam ce obpaboTeaTt ypes3 4o3mpaHe Ha BapHO MIISIKO,
uensLwo nosuwasaHe pH v ytTagsaHe Ha cyndaTtute go Kanuues CynduT, a pasTBoOpUMUTE MeTasnHu
CONMM OO HepasTBOpUMUM MeTanHu  xugpookucu. CobluecTByBaT [aHHW, 4e BapoBaTa
Aecyndarusaums e epekTMBHa 3a KOHLEHTPaLMs Ha cyndaTti B pyaHUYHMTe Boam Hag 2000mr/am®.,
Mpn KOHUEHTpauun no-Hucku ot 1500mr/am® ce nonydvaBa He3a[OBONUTENEH OCTaTbyeH (POH B
npeyncTBaHaTa Boaa fno CbabpXaHue Ha cyndaty B ananasoHa 300-400mr/am®. JobpusaT npuem
Ha BapoBaTta gecyndartusaums B npaktukata npu obpaborBaHe Ha MMHHMTE BOAM CE OAbIDKM Ha
JOCTbMNHaTa LEeHa Ha U3MNON3BaHWUTE peareHTu 3a TaxHaTa HeyTpanu3auus. B npaktukata Ha
npeyncTtBaHe Ha BOAM MO XUMMUYECKM MbT Ca MO3HATU HSAKOMKO OCHOBHWM BapuaHTW Ha TO3n
Kflacmn4yeckn metog,.

OTtkpntn BaposukoBn kaHanu(Open limestone channels ) ca moxe 6w Han-NpPoCTOTO
TEXHOJIOTMYHO pELLEeHME 3a MAaCUBHO TPETMpPaHEe Ha BOAM CbAbpXawy MeTanHu cyndartn. Teau
KaHanu ca KOHCTpyMpaHu Mo ABa HavyMHa:Npy MbPBUS HAYMH KUCENUTE BOAWU Ce CbOMpaT OUPEKTHO
BbB BapoBUKOB BacelH, KbAeTo NpoTuya camaTa gecyndaTtusaums. BTopusT BknoyBa BbBeXgaHe
Ha BapOBUKOBU hparMeHT ANPEKTHO B 3aMbpCeHUs NOToK. PasTBapsHETO Ha BapoOBUKa BOAM OO
noBuMLUABaHe Ha akanHOCTTa Ha BogaTa M PECMNEKTUBHO MOBULLIABAHE HA akTMBHATa M peakuus no
pH. ®opmupaHeto Ha Fe(OH); no Bpeme Ha HeyTpanu3auusita pegyumpa reHepupaHeTo Ha
akanHocTTa, Taka 4e, 3a [ObJITOBPEMEHHO TpETMpaHe Ha BOAMUTE ca Heobxooumu ronemu
Konnyectsa BapoBMK, BUCOKM 0BEMHU CKOPOCTM M TypOyneHTHOCT Ha noToka. [peuncTBaHuTe no
TO3M HauMH BOAW Ccb3gaBaT 4oOpy Bb3MOXHOCTM 3a HamansiBaHe daxe W npegoTBpaTsBaHe Ha
NOBBPXHOCTHO BIOKMpaHe Ha BapoBMKa M yBENMYaBaHe Ha KOHTaKTHaTa My MOBBbPXHOCT U HEroBaTa
edekTmBHocT (Pur.1)

Open limestone channels (OLC) PacmumenHa kopoHa

Bapobuk

HenpoHuuaema obauuobka

®dur.1 Cxema Ha OTKpUTM BapOBUKOBU KaHanm
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B n3nonsBaHuTe B HAKOW crnyvyan TypOyneHTHU peakTopw, CbObpXKalluM HATpOLUEeH BapOoBMK,
KucenuTe BOAM Ce nogasaT ypes Tpbbonposod, KaTo BoAaTa ce Haco4vBa BbB Bb3XOASLL MOTOK
CNpsIMO CNOs BApOBUK, NPeaM HanyckaHe Ha peakTopa. XnapasnuyHaTa cuna Ha noToka obycnass
TYpOYyneHTHO cMecBaHe M JoMbHUTENHO abpa3nsBHO pasgpobsiBaHe Ha BapoBMKa, NpeanasBallo
OT BrokMpaHe Ha KOHTaKTHUTE NOBBLPXHOCTU. [1py TO3K BUA TPETUPaHEe KUCENUTE PYOHUYHM BOAM €
HeobXx0AMMO YeCTO NMbfHEHE Ha peakTopuTe C YMCT BapOBUK 3a OCUrypsiBaHe Ha HemnpekbcHaT
LUMKbN Ha obpaboTka - gecyndartmsauus. (dur.2)

TypbyneHmeH peakmop

Bxog

Mpenubruk

_’

MayBaw emax c
YakbneH njgacm,
Bopxy kolmo ce
HampynBa oxpa

®ur.2 Cxema Ha TypOyneHTeH peakTop

BeskucrnopogHa BapoBukoBa gpeHaxHa cuctema (Anoxic Limestone Drains) npepcraensBa
noas3eMeH Crnov OT BapOBMK KOHCTPyMpaH Taka, Y€ Aa npvema noAanovBeHU KUCEMUHU PYyOHUYHU
BOAW, KaTO Ce npenoTBpaTM KOHTakTa MM C atmocdeparta. [lpemoTepaTtsiBavku [ocTbha Ha
KACMNOPO4 KbM KUCENUHWUTE PYAHUYHU BOAM BOOU OO MpedoTBpaTABaHE Ha OKUCIEHMETO Ha
MeTanuTte M GNOKMPaAHETO Ha KOHTAKTHaTa MOBBPXHOCT Ha BapoBuKa. EamMHCTBeHaTa pons Ha
0©€e3KMCropoaHMS BapOBMKOB APEHAX € [a OCUrypu arnkanHoCT M criefoBaTeriHo npomsiHaTa Ha
HeTHaTa KMCENMHHOCT A0 HEeTHaTa ankanHocT Ha BogdaTa. 3aabpXaHeTo Ha BbIMepoaHUSA ABYOKUC
B APEHaXHUTE BOAWN MOXe Aa nogobpu pa3TBapAHETO Ha BapOBUKa U reHePUPAHETO Ha arnkasHocT.
Tesn cuctemmn morat ga ce M3nonssaT yCMewHo KaTto npefoyucTsBall, eTan 3a rnoBulIaBaHe Ha
ankanHocTTas(BnaxHW 30HM UK BMo-peakTopu 3a UHTEH3nBHA gecyndukauuns).(dwr.3).

PacmumenHa KopoHg [nuHeHa nouba

Henpomokaema
niacmmacoba
obnuuobka

Bucokokauecmben
Bopobuk
- (90% kanuued

kapBboram)

dur.3 Cxema Ha 6e3kncrnopogHa BapoOBUKOBA ApEeHaXHa cucTema
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Mpn obpaboTBaHEeTO Ha BOOW B CPaBHUTESNHO rofiemMn Mawabu peakTopuTe C BepTUKarHo
OBMXKeHe Ha BofaTa Ce cuyMTa 3a efHa MepcneKkTMBHa Bb3MOXHOCT 3a MNpeodonsiBaHe Ha
orpaHMyeHnsiTa No OTHOLUEHME Ha reHepupallarta ce ankanHocT npu 6eskucrnopogHa BapoBMKOBaA
OpeHaxHa cuctema. Te BKNOYBAT KrneTka ¢ AONEH ApPeHaX OT BapoOBMKOBA OCHOBA, BbPXY KOATO €
pasnornoxeH opraHuyeH cybctpat (komnocT). Bogata npemunHaBa BepTMKanHo npes3 Komnocta u
BapOBMKa, U Ce OTaens 4pe3 cuctema oT TpbOwu nopg BapoBukoBUS crio. B peaktopute ¢
BEpTMKarnHo ABWXEHNE BogaTa ankasHOCTTa Ce NoBMLLAaBa Ype3 pa3TBapsiHETO Ha BapoOBUKa 1 4pes
peoykumsaTa Ha cyndaTtute no GuonornyeH nbT. Bogn ¢ BUCOKA KMCENUHHOCT moraTt ga obaaT
TpeTupaHu Ypes cepusi peakTopu C BEPTUKANHO ABWXEHME Ha BoAaTa.

lMpouecute C M3MOM3BaHe Ha NUPONY3UT BKNOYBAT W3MON3BAHETO HA MMAUTBLK CMOW OT
BapOBMKOBW Map4yeTa, Npe3 KOMTO MpemMuHaBaT Kucenute pygHudHuM Boaw. [peaBapuTenHo KbMm
CNos BapoOBUK Ce BbBeXAa OMO-KynTypa, KOATO OKUCHAsIBA C BMCOKA CKOPOCT TEXKUTE MeTanmu
TEXKUTE MeTanu cbabpXawuTe ce BbB Bogata. MuKpoopraHMsmMmte HapacTBaT BbpXY
NOBBPXHOCTTA Ha BapoBMKa M Npeau3BMKBAT HErOBOTO pasrpaxjaHe, KoeTo BoAu 40 NoBuvLIaBaHe
Ha pH Ha BogaTa.

EgHa oT Han-4ecTo M3Non3BaHUTE B MMHANOTO U B MOMEHTA TEXHOMOMMYHa peareHTHa cxema
3a TpeTMpaHe Ha KMCEeNu pygHUYHM BOOW € Ta3u Ha OMPEKTHa HeyTpanu3auus Ha BoguTe C BapHO
MMSKO 3a MpoBeXdaHe Ha npoueca Ha gecynduvkaums nocrneaBaHO OT TPETUPaHETO MM C
NoNMenekTpoNUTU-HIOKYyNaHTK 3a yCKopsABaHe Ha CeAMMEHTaUNOHHWUTE NpoLecH U n3bucTpsaHe Ha
NpeYncTeHNTE BOAN MpPU OTAENsSHE Ha yTanmkute. B Tasm cxema ca BKIOYEHW : CbOMpaHe wu
nogaesaHe Ha pyaHuyHWUTE Boam kbM INCPB;akTMBHO cmecBaHe Ha BoauTe ¢ Ca(OH), nog doopmaTta
Ha BapHO MJISIKO KaTO HeyTpanuanpall, peareHT 3a NocTuraHe Ha MakCMMarnHO Bb3MOXHa CTENEH Ha
Xnaponumsa un cbyTasiBaHe Ha HanMYHWTE METANHW KaTUAOHW KaTo MeTaliHW XMAPOOKUCKU Mnpu
ankanmsaumsa Ha BXOASLWMS MOTOK OO aKTMBHA peakumst Ha pH-10.5-11; akTmBHO cmecBaHe Ha
ankanuanpaHmsa BXOAsLL NOTOK C paboTeH pa3TBOP Ha HUCKO aHUMOHEH OIIOKYNaHT 3a OKpYMNHABaHe
Ha hopMmpanuTe ce XMAPOOKUCHM yTanKn Npu nocregeallo yTasiBaHe U CrbCTsIBaHE Ha CbLUUTE B
yTanTenu; OTAeNsHe Ha npedncTeHaTa Boga v yTaeHUeTe B yTauTenHUTe yTanku; HeyTpanmsaunHHa
KOpPEKUUA Ha npevncTeHuTe BOAM OO0 CTOMHOCTM Ha akTmeBHa peakums pH 6.0-8.5 npu akTmBHO
CMECBaHe C KOHLEHTpMpaHa csipHa Kucenmxa.

Mo OTHOLWEHNE Ha CbOBbPKAHMETO Ha CNeAeHMTE B NPEYNCTEHNTE BOAM MPUMECH, @ UMEHHO —
Me[, XEensi30 M MaHraH, npunaraHarta noHacTosIeM TEXHOJIOrMYHA CXemMa € [okasana CcBosTa
edekTmBHOCT. [py nogabpXaHUTe HMBA Ha akTMBHaA peakuust Ha pH okono 10.5 oTyeTeHute
CTOMHOCTU 3a CbLUMTE B NpeyncteHnte Boam Ha nsxod NCPB KrnoHAT KbM Hyna u BbB BCEKM Cry4van
ca nog HopmuTe Ha 3ayctBaHe. CbLIOTO MOXE Ja Ce KaXe W 3a HannyHuTe B PyOHUYHUTE BOAMU
KaTMAOHWN Ha APYrY TEXKN LBETHU MeTanu.

Mo npuHUMN HeyTpanu3aumaTa Ha Kucenn pygHUYHN BOAM C HUBO Ha aKTMBHA peakumsa pH ot
okono 3.5. 0o HeobxoauMUTE HMBA 3a CbyTasiBaHe Ha HaMMpalluTe ce B TAX MeTasnHu KaTUAOHU
nog gopmaTa Ha MeTanHu xugookucu ot okono 10.5 onpegeneHo e TpyaeH npouec. ToBa e Taka
3aLl0TO, B YCNOBUATA HA HeyTpanuaaumsi C BApHO MIISIKO B TO3M CPaBHUTESHO LUMPOK AnanasoH Ha
CTOMHOCTU Ha aKTMBHa peakuma pH cblecTByBa peanHa Bb3MOXHOCT 3a (hOPMMPAHETO Ha
onpegenexHu konnyectasa metanHu conu ot Buaa Mey(OH)y(SOs),, KONTO Ha NpakTuKa CbLLO Taka ca
HepasTBOPMMM KaTo MeTarHu X1apooKUCK 1 nonagat 3ae4Ho C TAX BbB hopmupanara ce yranka.
Kato MeXOWHHU CbeduMHEeHWsl Te3M KMCENW CONMM ca HecTaburnHu 1M ¢ BpEMETO ce pasnarat go
MeTarnHn XMAPOOKUCHK U CAPHA KNCENMHA, KOSATO OT CBOS CTpaHa NnpeMmnHasa BbB BogHaTta basa Ha
GrioKynuTe M nNpu onpefeneHn ycrnosus ce ocBobOXaaBaT M Npu onpedernieHn YCroBus KbM
npeYncTeHnTe BOAWN.

BbB Bpb3ka C TOBa 3a HamansgBaHe Ha cyndartu B NpedncteHuTe BOAMW, crnedea ga bbaar
ONTUMM3MPAHM Ha4YMHa Ha No4aBaHe Ha BapHOTO MISIKO BPEMETPAEHETO Ha NpoLeca Ha BapyBaHe,
HUBOTO Ha aKTMBHa peakuusa pH HeobxoaMmo 3a NoCTUraHe Ha MakCUMasHo NITbTHOTO CbyTasBaHe
Ha MeTanHu npuMecu, Buaa Ha M3MNon3BaHus OIIOKYNaHT 3a opMMpaHe Ha KOHAWULMOHMpaHa
yTauTenu u He Ha NOCNegHO MSCTO, MPaBUITHOTO 3anaraHe Ha cbliiata B U3MNon3BaHnTe yTanTtenu u
Obp30TO OTCTpaHsiBaHe OT TAX. Llenta oT onTMMM3aumsa Ha To3n NpoLec, KOWTO B NMOBEYETO Criyyau
ce npoBexgaTr MoeTarnHo, € ga Ce yBenuuYum O MakCUMMarHO Bb3MOXHAaTa CTEMeH HMBOTO Ha



XuapoaepoimHaMmKa, Xnapo- 1 MHEBMOTEXHMKA 155

N3Momn3BaHe Ha BapHOTO MJSISIKO NPW NOCTUraHe Ha TEXHOMOIMMYEH PEXMM rapaHTMpaly, MUHUMAITHO
Bb3MOXHO CbAbpXXaHue Ha cyndaTty B NpeYncTeHnTe BoaM cres XopnusoHTanHuTe yramtenm Boau.
Cneppa cbLUO Taka fa ce onpeaeny BMSHUETO CApHaTa KUCeMHa KaTo pearHeT Ha Kopekuusa Ha
pH Ha npeuyncTeHnTe BOAN M Bb3MOXHOCTY 3a LienieBata U NnogmsiHa CbC COMHA KMcenuvHa.

Heobxoanmo e Aa ce uma BnpeaBua CbLUO Taka, Ye pyaHUYHUTe Boau TpeTupaHu Ha NCPB nva
CPaBHUTENHO BUCOKM KONMYECTBa Pa3TBOPEHM COMM Ha TEXKW LIBETHW MeTanu, KoMTo moraTt ga
OboaT oTCTpaHeHn OT TAX edEeKTUBHO U MKOHOMMYHO CamMO 4pe3 MOBULLIABAHE Ha akTMBHaTa
peakuusa pH Ha BoguTe okono HuBa oT 10.5, nopagn KoeTo oNTUMU3NPaHETO Ha peareHTHaTa cxema
€ OT U3KIKYNTENHA BaXXKHOCT.

PU3UKO-XUMUYHU Memodu

CbBpeMEHHNUTE (PUBNKO-XMMUYHM METOON MMAT OrpaHMYEHO MPUIOXKEHWE 3a TpeTupaHe Ha
KNCEenNn pygHUYHU BOOW, XapakTepusnpalumn ce ¢ BUCOKO CbAbpKaHMe Ha Hepa3TBOPEHW BeLLeCTBa
N BMCOK COneBun pOH, Tbi KaTo ce NofyvyaBaT CbOTBETHO BUCOKO KOHLIEHTPUPaHW pereHepaLmoHHN
pa3TBOpPW, E€NeKTPO - AnanuseH KoHUeHTpaT u puteHTenT. OCBEH TOBA, MPX BCUYKM MEMOpPaHHM
MEeTOOM eKCnoaTauuoHHNTE pa3xoan CBbp3aHu C ronsiMa 4ectota Ha NoAMeHsHe Ha MeMbpaHuTe
npegu3sukaHa ot 6bp3aTa UM KONIMUTaLUA Ca U3KIMIOYUTENHO BUCOKK. TexHonormmte basmpawim ce
Ha npouecuTe HaHoUNTpaLmsa n obpaTHa ocMo3a ce npunarat 06MKHOBEHO 32 OTHOCUMTENTHO Mariku
no o6emM BOAHM KOMMYECTBa U N3MCKBA CINOXHO Npea-o4McTBaHe Ha BoguTe. CpaBHUTENHUTE OaHHU
3a LeHaTa Ha KanuTarHWTe W eKCnoaTauMOHHW pasxoan Ha TexHororvaTa Ha 6asa Ha
HaHodunTpauuata n obpartHa ocMo3a CnpsMo MOHHUS OOMeEH NoKa3Ba, Ye 3a MeMOpaHHUTe meToam
ca TUMNYHU 3HAYUTENHO MO-BUCOKUTE MHBECTULMM M EKCMoaTaumoHHN pasxogu.

Enektpo-koarynaumsa CblO He € noaxoAsi, MeTof 3a MpevyncTBaHe Ha BOAW C BUCOKO
CbAbpXaHne COMeBO CbabpXaHue U HUCKO pH (BMCOKa KMCENUHHOCT), Tbi KaTo € CBbp3aHa CbC
3HaAYMTENHU eKkcnnoaTaunoHHM pasxogn. EgHoBpemMeHHO c ToBa TpsibBa ga ce oTGenexu, 4e
PM3NKO-XUMUYHUTE METOAMN U B YaCTHOCT obpaTHa OocMo3a MmaTt cBositTa cdepa Ha MpuroXeHue
npu gonpedncTBaHe Ha BOAW CbabpKally cyndartu.

[pyra 4ecto nsnonseBaHa Bb3MOXHOCT 3a AOMpPeYnCTBaHe Ha BoAW OT CyndaTh € M3rnon3BaHeTo
Ha Knacumyecku NoHeH obeM ¢ YacTnyHa geMmnHepunusauus. lNpegBapuTtenHa oueHka basmpala ce
Ha nNpakTM4YecKkM OMUT MokaseaT, 4Ye TOo3n noaxon € TBbpAe CKbM MO OTHOWEHWE Ha
eKcnnoaTtaunMoHHNTE pasxoan, HE3aBMCUMO OT TuMa Ha U3MNON3BaHUTE NOHUTU (KOHBEHLMOHAmeH
unu cneumndmnyHn).

TexHONOrMYyHNUTE OCHOBW Ha Kracuyecknm MOHEeH OOMeH BKMYBaT: copbumsa Ha HexenaHute
KaTUNOHN U aHUNOHU, CbOTBETHO BbPXY KAaTUOHN U aHUOHUTU N TAXHATa pereHepauus ¢ MuHeparnHa
kncenuHa n NaOH. Ta3n TexHonorn4yHa Bb3MOXHOCT € CBbp3aHa C YacTMyHa AemMepunusaums Ha
BOOUTE U MOXe Oa Obae oueHeHa OT TEeXHMKO-MKOHOMWYECKTa rfiegHa Tovka 3a BCEeKU efuvH
KOHKpEeTEH crny4an.

lMpe3 nocnegHWTe HSAKOMKO rOAWHM Ce cyMTa, Ye OCOBGEHO MPEecneKkTMBHO HanpaefeHue B
obnactta Ha OTCTpaHsiBaHeTO Ha cyndatn ot cnabo 3acorieHnM BOAW C MpuriaraHeTo Ha T.Hap.
LMKOHOMMYeckn 1oHeH obmen“ (Low cost ion exchange process). To3u nogxon ce cbCToM B
MNOHOOBEMHHOTO 3aAbpKaHe Ha cyndaTtnte Yype3 aHMOHOOOMEH, a Ha TEXKUTE MeTann(kaTUoHUTE)
, Ypes3 KaTMOHEH OOMeEH, a Ha TeXKUTe MeTanu(kaTMoHMTe), Ype3 KaTMoHOOMeH. 3a pasnuka obade
OT Krnacudeckuss NOHOOOMEH, pereHepauusita Ha aHMOHHUTE Ce M3BbPLUBA C BapHO MIISKO. Tasm
TexHomnorus BkNo4YBa 0OpaboTBaHe Ha MNpegounCTEHM BOAWM Crej BapoBO OTCTpaHsiBaHe Ha
cyndatute. OTnagbyHMTE BOOM MpeMMHaBAT MNpe3 cepust OT KOHTAKTOPHU 3apefeHn CbC CUITHO
ocHoBeH aHnoHnT B OH dopma (R-OH). OCHOBHMUTE aHMOHM CbabpXaLLM Ce B OTNagbYyHUTE BOAW,
cyndartHuTe NOHWU, ce 3aabpKaT N0 MOHOOOMEHEH MbT OT (PYHKLUMNOHANHUTE rPYNN Ha AOHUTA:

2R-OH+SO;” = R,SO, +20H" (6)

3a pasnuka OT KOHBEHLMOHANMHNA NOHOOMEH, Npu KOUTO e TUNMYHO n3nonssaHeTo Ha NaOH 3a
pereHepauusi Ha aHWOHWUTUTE, MpX npegnaraHMs Npouec Ce M3MNON3Ba peareHT C HUCKa LeHa
Ca(OH)s.

Peakuusta Ha pereHepaundaTta e criegHara:
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R,SO_+Ca(OH), = 2R~OH+CaSO, (7)

Mpw go3vpaHe Ha BapHO MISIKO CbLLECTBYBA ONACHOCT OT ,3arMncoBaHe” Ha noHuTa. ToBa Moxe
ha ce n3berHe 4Ypes [o3npaHe Ha BAPHOTO MIISIKO MPU HUCKU KOHLEHTpaLUK N HavanHus etan Ha
pereHepauusita. OCHOBHO MpeaMMCTBO Ha npeanaraHus MeTod € 3HaYMTENHOTO pegyuupaHe Ha
LeHaTa 3a 00paboTBaHETO Ha BOAWUTE B CPaBHEHWME C OCTaAHANUTE KNacU4Yeckm TEXHOMOrMM KaTo
obpaTMma ocMo3a, KOHBEHLMOHaneH MoHeH obMeH nnu GuonornyHa peaykumsi Ha cyndgaTtute. Toea
Ccb3daBa Bb3MOXHOCT 32 MOBTOPHOTO M3Mof3BaHe Ha BoAdaTa (0O6OpPOTHO BodocHabasBaHe).
TexHonorusita 6asnpawa ce Ha ,MKOHOMUYEH MOHEH oBMeH® 3a oTCTpaHsiBaHe Ha cyndatu ce
npunara OCHOBHO Npu obpaboTBaHe Ha MOTOUM OT BapOBO NPeYMcTBaHe Ha oTangbyHWM BOOM.
TexHonornsita e npegHasHayeHa 3a CpaBHUTENHO cnabo 3ambpceHu cyndatv Boau-nog
1000mr/om@.

Buonozu4Ho omcmpaHsigsaHe Ha cynghamume

lMpe3 nocnegHWTe roOgMHU Ce OTAENS 3HAYUTENTHO BHUMaHWe Ha BMONOrMYHOTO OTCTPaHsiBaHe
Ha meTanHuTe cyndatm ot pygHMyHuTe Boan. Cyndatute morat ga 6baaT OTCTpaHsaBaHM Kato
cynduam (S%) unu enemeHTtapHa capa, npv HanMuMeTo Ha NOAXOASALM OPraHUYHU CbeQUHEHNS 1
W3TOYHWK Ha eHeprus, Hanp. eTunoB ankoxon. 1o Bpeme Ha BuonornyHaTa TpaHcdopmauus ce
npoayumnpar cynduamn, KOuTo ce pa3TBapAT B TpeTMpaHUTe notouu. MNpn Hannune Ha TeXKM meTanu,
cyndwuante ce CBbp3BaT C TAX M ce obpasyBaT CbOTBETHUTE XMOPOOKMCU. MeTanHute cyndpuau
umaT HUCKO Npou3BedeHne Ha pa3TBOPMMOCT 1 MoraT Aa 6baaT OTCTpaHsABaHM Ypes u3BexaaHe Ha
dopmupaHuTe ytankm. ColuectByBa MHdopmauus, Ye cyndatnte moraT ga 6bgat HamaneHun no
GronorMyeH NbT B egHOCTENeHeH GropeakTop nog 200mr/am®.

Mpes nocneaHWTe roaMHM NAaCMBHOTO TPETUPAHE Ce M3MONM3Ba LLUMPOKO B NPOMULLINIEHM MaLlabun
B CALL. KoHuenuuaTa 3ag nacuBHOTO TpeTMpaHe e npouecute ga ce U3BbpLUBAT B KOHTPONMpaHa
cpena 6e3 pobaBsHe Ha peareHTW, KOMTO B efHa unu gpyra cteneH Guxa npemMuHaBanu 4pes
npeyYncTeHnTe BoAM BbB BogonpueMHuumTte. KoHuenuuaTa Ha TO3M MeToh NpenocTaBs HsKou
npeaMmMcTBa nNpej KOHBEHLMOHanHWTe MeToam 3a obpaboTBaHe Ha BOAM OonpeaeneHyn OCHOBHO Ha
HUCKaTa KOHCyMaLMsa Ha eHeprus.

Mpn n3bopa Ha mMeToq 3a NpevncTBaHe Ha PyaHUYHUTE BOOW Bb3MOXHOCTTA 3a npunaraHe Ha
BMOXMMNYHOTO MM NPEYNCTBAHE € OrpaHnyeHa nopaam HeoOXoAMMOCTTa OT OCUTypsiBaHE Ha MHOIO
ronemMu naoLiy, B KOUTO Aa Ce M3BbPLUBAT CbBMECTHU npouecu Ha 6uo -TpaHcdopmaumaTa m
yTasiBaHe (CbyTasiBaHe) Ha TexkuTe meTtanu. OcBeH ToBa, HE06X0AUMOCTTa OT M3BBLPLUBAHETO Ha
BuronornyHMTEe Npouecy Npu akTMBHU peakuun Ha pH okono HeyTpanHaTa, Hanara npegBapuTenHa
HeyTpanusauusa Ha BoauTe. ToBa BOAWM A0 3HAYUTENHO YCIOXHABAHE Ha TeXHOrMormdyHarta cxema
nopaauv Hy>xgaTa OT U3rpaxkgaHe Ha KpynHO HeyTpanuanpaHo 3BeHO M 40 3HAYMTENHO YBENMYaBaHe
Ha ekcnnoaTaunoHHMUTE pa3xoam Mo npevncTteaHeTo obpeMeHeHn OT Npea-HeyTpanm3aums.

3aknoueHue:

B paboTtarta nogpobHo ca npeacTtaBeHn BUAOBETE 3aMbPCUTENN, KOUTO CE HAMMPAT B KUCENUTE
pyoHWYHM Boau. [ageHu ca HaumMHUTe 3a TAXHOTO chopMupaHe. OnucaHu ca u OCHOBHUTE MeToau
3a 04YMCTBaAHE Ha TO3W TUM PyAYHU BOOU-XUMUYECKU, hr3NYekn n buonormveH metod. Ha 6asata Ha
TOBa e n3bpaH MeTop,, MO KOMTO e 6baaT uscnenBaHyn ekcnepumMeHTanHo B labopaTopHU YCNoBuUs
Ha4YMHa Ha OYMCTBAHE Ha KUCENMW PYOHWYHM BOAW, @ UMEHHO Ype3 TypOyneHTeH peakTop.
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UucneHo MoaenupaHe Ha eBaKyauus Ha 3aMbpceHa CTpPysi NOCPeACTBOM
6opaoBu cmykaTten

VMBaH [JeHeB

U3pasHsieaHemo Ha bbrieapckume U egporielickume HoOpMamueHuU U pezyramopHu ypedbu
npes nocredHume 200uHuU dosede 00 noguliasaHe U3uUCK8aHUsima Ha peayrnamopHume opaaHu o
OMHOWEHUE Ha Kayecmeomo Ha U3X8bprissHUsI 8b30yX, criedcmeue om pasfiuyHU MexHOM02UYHU
npouecu. lNpedsud mosa, 4e pabomama Ha 2ossimMa 4acm om CbUECcm8y8awomo, 3Ha4umesiHo
amMopmu3upaHo U eHep2oeMKo Mpou3sodcmeeHo obopydsaHe e Cbrpo8oOeHO ¢ omaAesiTHemo Ha
8pedHu sewecmsa 8 pabomHama 30Ha ce mbpcsam Memodu u cpedcmea 3a MsaxXHOMo ehEeKMUBHO
ynassiHe u omeexdaHe U368bH pabomHOMO MOMeWeHUe U 2apaHmupaHemo Ha Jucm eb30yX 3a
pabomHuyume 8 msix.

B Hacmosiwiama paboma e HarnpageHa YucrieHa cuMyrnayus Ha rnpouec Ha omeexoaHe Ha
mypbyneHmHa cmpysi nocpedcmeoM 4Yecmo u3Mosi3eaH 8 UHXeHepHama rnpakmuka 6opdosu
cMmykamenn. [Nopadu pasnu4yHu KOHCMPYKmMueHU ocobeHocmu Ha obopydesaHemo moea € Hau-
yda4Husam eapuaHm 3a MOHMaX Ha CMyKameJsiHa cucmema 3a pa3sfiudyHu eudose 2aneaHu3alyUuoHHU
U mepMUYHU 8aHU, omOensauwu 3Ha4umesiHu Kosudyecmaa epedHocmu.

KnrouyoBu gymm: TypOyneHTHU CTpyU, YMcrneHo MoaenvpaHe, 6opaosu cMmykatern, BpeaHOCTH

Numerical modeling on evacuation of pollutant jet with on-board suction

Ivan Denev

The alignment of the Bulgarian and European regulatory and regulatory arrangements in recent
years has led to an increase in the requirements of regulators regarding the quality of the exhaust
air resulting from different technological processes. Considering that the work of a large part of the
existing, significantly depreciated and energy-intensive production equipment is accompanied by the
release of harmful substances in the working area, methods and means are sought for their efficient
capture and removal outside the working premises and guaranteeing clean air for the workers in
them.

In the present work, a numerical simulation of a turbulent jet process is made by using on-board
exhaust suction in the engineering practice. Because of the different design features of the
equipment, this is the most appropriate option for installing a suction system for different types of
galvanizing and thermal baths, which emit significant amounts of pollutants.

Key words: turbulent jet, CFD modeling, on-board suction, pollutants

BbBepeHue

MHOro 4ecTo B UHXXEHepHaTa NpakTuKa OT YUCTO KOHCTPYKTUBHA rfefHa TOYKa € HEBb3MOXHO
M3NBIAHEHNETO Ha CMyKaTenHa BeHTUnaums, pasnonoXxeHa CbOCHO C NMOBBLPXHOCTTa Ha OTAensHe
Ha BpegHocTMTe. TakmBa Hanpumep ca criyyaum npy pasfvyHu BaHW 3a 3akansiBaHe Ha geTannu,
KbAETO NPOCTPAHCTBOTO HaJ M3TOYHMKA Ha 3aMbpcsABaHe ce M3Mnon3Ba OT KpaHoBe 3a nojaBaHe U
oTBexgaHe Ha detannute. lNpu TO3M cnyyan e HeoBGXOOUMO MPOEKTUPaHETO Ha CMyKaTenHuTe
YCTPOWCTBA, Pas3nofioXeHn nog brbf CAPSAMO NbPBOM3TOMHMKA Ha 3ambpcsBaHe(6opaosu
cmykaren).

HanuuneTto Ha nogobeH Tvn MHCTanauun e NnpeanocTaBka 3a pasrnexgaHeTo U Ha BapuaHT 3a
3acMyKBaHe Ha BpeJHOCTU C NOMOLLTa Ha CMyKaTen, pasnosioKeH No4 brbf CNPAMO U3TOYHMKA Ha
3ambpcsaBaHe, KaTo B HactosiwaTta paboTta ca peanusmMpaHuM YUCNEHW CUMynauuuM Ha HAKOSKO
BapuaHTa Ha 6opaoBu cmyKkaTenu.
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UsrpaxxgaHe Ha reomeTpu4yeH moaen

MocTpoeH e reoMeTpuyeH Moden Ha TepMuUyHa BaHa, oTAenswa BpeaHOCTU M CTPaHWUYHO
pasnonoXxeHn cmykaTenun (6opaoBM CMykaTenu) Kato B MOCMEACTBME Ca peanv3vpaHy YUCIeHn
CMMyfauun Ha oTBeXJaHe Ha BPedHOCTU C [OBYCTPAHHO pasnonoxeHu 6GOpaoBM cmykaTenwu,
€[HOCTPaHHO pPasnosioXeHW U e4uH BapuaHT ¢ HepaboTella MeCTHa CMyKaTeNnHa BeHTUnauus, T.e.
Hann4mne Ha obLLLOOOMeHHa TakaBsa.

0,00 450,00 900,00 {rmm) S
S S

22500 675,00

our. 1 - Mogen Ha BaHa, oTaendwia BpeaHOCTU n 60pp,OBVI CMyKaTenn 3a TAXHOTO eBakynpaHe

Cnen noctposiBaHe Ha Mogena W gedwHUMpaHe Ha rpaHUYHUTE YCMOoBWS 3a 3agayata ce
npucTbnNBa KbM uyMcrneHaTa cumynauus. lNpean ToBa ce 3agaBaT ypaBHeEHWsTa 3a ABWkeHue [3]
KOMTO LLie Ce peluaBar C Len Aa ce nonydy pasnpeaerieHMeTo Ha uckaHuTe oT Hac BenuymHu. 3a
uenta e u3bpaH ctangapTeH k-e mogen Ha TypOyneHTHocT [2], 6a3vpaH Ha TpaHCMOPTHUTE
ypaBHeHus 3a TypOyneHTHaTa KuHeTu4Ha eHeprus k* n ckopocTtTa Ha gncmnnaums ,e*.

Te ce geuHUpaT CbC cnegHUTe TPaHCNOPTHU YpaBHEHMUS:

ad a a ok

% (I + = k) = o | (44 29) 5|+ Gy + Gy — pe = Yy + 53 (1)
a a a a 2

%(p) 7= (peu) = o | (1 2) 22| + 61 £ (G + Ce) = Gaep S+ 5, (2)
KbAETo:

Gk — reHepauus Ha TypbyneHTHa KMHeTMYHa eHeprus B pe3ynTtaT Ha HanmM4mMeTo Ha CKOPOCTEH
rpagmveHT.

Gp - reHepaums Ha TypOyneHTHa KMHETUYHA eHeprus B pesynTaTt Ha NofAemMHaTta cuna.

Yu — nokasBa CTeneHTa Ha yBenuyeHue Ha TypOyneHTHaTa KMHeTMYHa eHeprus C uen
KOMMEHCMpaHe Ha 3aTMXBAHETO Ha CKOPOCTTa Ha aucunauus. Tosm koedmumeHT oTpassiBa edekra
Ha cBMBaeMOCT Ha chrynaa npu BUCOKM Yncna Ha Max.

CumynauumsaTa Ha npouecuTe e npoBeaeHa BbB Fluent mogyna Ha codTyepHusa npoaykt Ansys
[1]. PeweHuneto e nocturHato creq npubnuantenHo 380 uTepauun, CbrnacHo npeaBapuTENHO
3agageHuTe KpuTepum.
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Pe3ynrtaTu oT YMcneHoTo pelueHue

MonyyeHu ca pe3ynTtaTu 3a Tpy BapuaHTa — ¢ ABYCTPaHHO pa3nonioXeHn 60pAoBM cMyKaTenwu,
C efHocTpaHHO pa3snonoxeHu 6opdoBn cmykaTenu W HepaboTewa MecTHa CMyKaTernHa
BeHTMNaums. 3a Tpute BapvaHTa e U3non3saHo e4HaKBO KONMMYECTBO Ha NodaBaHaTa (3aMbpceHa)
CTpys OT BaHaTa 1 eaHakbB Ae6UT Ha 3acMmykBaHe. CboTBeTHO Qo = 0,2 m¥/h n Q; = 0,4 m¥h.

Mpw pelueHneTo ca n3non3saHu cTaHaapTHUTE KOHCTaHTK B Moayna Fluent:

Cp=0.09 Ce1=1.44 Ce2=1.92 ok=1 oe=1.3
PesyntatuTte 3a CKOPOCTHWUTE NNMHWU Ha TPUTE pa3rneaaHn BapnaHTa ca fageHu Ha dur. 2, cour. 3 un
dour. 4.

1: Pathlines Colored by Veloc +

2.28e+00
1.95e+00
1.63e+00
1.30e+00
9.77e-01
6.51e-01
3.26e-01
0.00e+00

Pathlines Colored by Velocity Magnitude {mis) Jun 08, 201
AMBYS FLUENT 13.0 (3d, phns, ske

®ur. 2 - CKOPOCTHU NUHUM NPU eBaKyupaHe Ha 3aMbpceHa CTPys OT BaHa C e4HOCTPaHHO
pasnonoxeHu 6opaoBM cMyKkaTenm

1: Pathlines Colored by Veloc

N g .

Fathlines Colored by Yelocity Magnitude {mis) Jun 08, 2018
ANSYS FLUENT 13.0 (3d, phns, ske)

®dur. 3 - CKOPOCTHU NIMHUM NMPU eBaKyMpaHe Ha 3aMbpCeHa CTpys OT BaHa C ABYCTPaHHO
pasnonoxeHn 60paoBM cMyKaTenu
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1: Pathlines Colored by Velor ~

Pathlines Colored by Yelocity Magnitude {mrs) Jun 08, 207
AMSYS FLUEMNT 13.0 (3d, phns, sk

®ur. 4 - CKOPOCTHU NUHUM NPU eBaKyupaHe Ha 3aMbpceHa CTpys OT BaHa ¢ HepaboTelya Mec
CMyKaTefniHa BeHTMnauus

OT npennoxeHuTe BapuaHTK 3a eBakyupaHe Ha BPeOHOCTU OT MOBBbPXHOCTTA Ha AafeHa BaHa ce
BXKOA MHOro no-gobpoTo oTBexaaHe, KOeTo ce norlydaBa Mnpu ABYCTPaHHO pasnonoXxeHu 6opaosu
cMmykaTenu. LisnocTHaTta kapTuHa nokasea U MecTaTta, Ha KOMTO Cce Nony4vaBaT LUPKYaLMOHHN 30HW.

PasrnegaHu ca n KOHTypuUTe Ha CKOpPOCTHaTa KOMMMHEHTA MO BepTUKana 3a TpuTe MpeanioXeHu
BapuaHTa Ha eBaKyMpaHe Ha 3aMbpceHaTta CTpys. Te ca nokasaHu Ha cur. 5 — cour. 7.

1: Contours of Y Velocity (m/ ~

Contours of ¥ Velocity (mfs) Jun 08, 201
ANSYS FLUENT 13.0 (3d, phns, sk

dur. 5 - KoHTypu Ha ckopocTHaTa KOMMOHeHTa No BepTukana npyu BapuaHT ¢ ABYCTpaHHO
pa3snonoxeHn 60paoBKU CMyKaTenmu
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1: Contours of Y Velodity {m/

i L'
1.489e-01 - [
1.24e-01 Z,

1.00e-01

Contours of ¥ Welocity {mis) Jun 08,20
AMSYS FLUEMT 13.0 {3d, phns, st

dur. 6 - KOHTypu Ha ckopocTHaTa KOMNOHEHTa No BepTuKana npu BapuaHT C eAHOCTPaHHO
pasnonoxeHn 6opaoBM cMyKaTenum

1: Contours of ¥ Velodity (mf

1.60e-01 o

1.408-01 : 1
1.20e-01 =

1.00e-01

Contours of ¥ Velocity {m/fs) Jun 08, 201¢
AMEYS FLUEMNT 13.0 (3d, phns, ske

dur. 7 - KoHTYpu Ha ckopocTHaTa KOMMOHeHTa No BepTuKana npu BapuaHT ¢ HepaboTella
MeCTHa CMyKaTernHa BeHTUnaums

Cnep HanpaBeHW ceyeHust MO BMCOYMHA Ha pasnpoOCTpaHeHWe Ha CTpysTa € YCTaHOBEHO, Ye npu
n3nonasaHe Ha ABYCTpPaHHO pa3nonoXxeHn 60paoBKM CMyKaTenu 3ambpceHarta cTpys ce nsgura oo 0,28m,
B CNny4an Ha eQHOCTPaHHO PasnoNoXeHU cMykaTenu goctura sucovmHa ot 0,51m, a npu HepaboTelwwa
MeCTHa BEHTUNAaUUs U3OQUraHeTo Ha 3aMbpceHaTa CTpys € 40 TaBaHa Ha nomelleHueTo. KaTto ussopa
MOXe [a Ce Kaxe, Ye Mpu efHakBu YCroBWS 3a MpeanoyutaHe e ABYCTPaHHO pasmnonoXeHue Ha
bopooBuTe cMykaTenu 3a MO-NMbfHO YMaBsHE Ha 3ambpceHaTa CTPys U CbOTBETHO C MO-HUCKU
eKcnnoaTaLMoHHN pasxoau.

3akno4eHue
B paGoTtaTa e HanpaBeHO YNCIIEHO peLLeHre Ha eBaKyMPaHETO Ha BPEAHOCTM C oMol Ta Ha
GopgoBu cmykaTenu. NMocTpoeH e reomeTpuyeH MOAeNn Ha nocTaBeHaTa 3agadva. [lageHu ca
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HavariH1Te 1 rpaHUYHM YCIoBUSI, KaTo 3a peluaBaHe Ha Taka dhopMynvpaHaTa 3agada e NpUIoXeH
cTaHgapTeH k-e Mogen Ha TypOyneHTHOCT. HanpaBeHO e cpaBHeHVe Mexay enHOCTPaHHO
pa3nonoxeHn GOpOOBM CMyKaTenu, ABYCTPAHHO pa3MofioXeHW TakuMBa, KakTo M BapuaHT C
HepaboTella MecTHa cMykaTenHa BeHTUnauusi.
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M3I’pa)l(.ane N TeCTBaHe Ha eKcnepnmMmeHTarieH moayn 3a KOHTPOJ1 Ha (.bVIHM
npaxoBu 4YyactTuumn

LiBeTenuHa lMNeTpoBa, NnuaHa HargeHosa, Oruan CaHpgoB, Pocnua Benudkosa, Mckpa CumoBa

Pe3tome

Hacmosiwiama cmamus npedcmass usebpweHama paboma o u3zpaxdaHemo Ha
ekcriepumMeHmareH Modyrs 3a KOHMPOJ1 Ha eMucuu om ¢buHU rpaxosu Yacmuuyu. lNpedcmaseHu ca
omoOerniHUme ¢has3u no usepaxdaHemo Ha mModyna, 3aedHO C pe3dynmamu om npedsapumersnHu
mecmosu u3mepsaHusi, rnposedeHU npu pasfnuyHU ycrosus. Tecmosume ekcriepumeHmu ca
Haco4yeHu KbMm usmepsaHe Ha @14 u Ol1Y,5 8 ammocghepHusi 8b30yx 6e3 u npu Hanu4yue Ha
20puseH npouec 8 ekcriepuMeHmanHama nabopamopus Ha Konexa o eHepeemuka U
esleKmpoHuUKa KkbM TexHu4ecku yHusepcumem — Cogbusi.

Knroyosu dymu: ¢UHU npaxosu Yacmuuu, KOHMPOI Ha emucuu

Constructing and testing of experimental module for particulate matter emission
control

Tsvetelina Petrova, lliyana Naydenova, Ognyan Sandov, Rositsa Velichkova, Iskra Simova

Abstract

This paper aims to present the work performed for constructing an experimental module for
emission control of particulate matter. The different phases that were accomplished during the
module’s construction are presented herein, together with the preliminary results of the test
measurements, carried out at different conditions. The test experiments were focused on the PMyo
and PMy s measuring in indoor air in case of absence and in case of occurrence of combustion
process in the experimental laboratory at the College of Energy and Electronics, Technical University
of Sofia.

Keywords: particulate matter, emission control

Introduction

The current status of the environment pollution and the population health care requires increased
control about the compliance of both the outdoor air quality and the indoor air quality with the relevant
standards. Due to the huge variety of the pollution sources and their origin a special attention is paid
to the levels of particulate matter (PM) in atmospheric air, especially these with diameters 10 ym and
2,5 um (PM+1 u PM25). They have adverse effect on the respiratory and cardiovascular system.
When PMs are present in the atmospheric air, they enter into the respiratory system, deposit into
the lungs, and damage their tissues, thus increasing asthma attacks and allergies [1, 2]. In some
regions in Bulgaria the levels of PM1o n PM2 s often exceed prescribed limit values, especially in the
winter period. According the National State of the Environment Report in Bulgaria, the main PMs
source is the domestic heating. The sector emits 52% of the PMi, and 80% of the PM;5 in the
atmospheric air [3].

Bulgaria, as a member of the European Union has transposed the European legislation that aims
limiting and decreasing of levels of PM and PM_ [4, 5]. According to [4] an average daily norm for
PMjo is 50 pg/m3 (this norm should not be exceeded more than 35 times within one calendar year).
At the same time, the average annual norm for PM1g is 40 pug/m?3, and for PM, s is 25 pg/m3.
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The particulate matter emission control is performed by different methods used for its
quantitative determination in an unit air volume. The methods for PM measuring can be divided into
two main types:

a) Optical methods;

b) Filter-based methods.

Quantitative determination of the PMs can be done by its direct measurement (a) or indirectly/
by weight - using retaining PMs filters (b) [6].

Tecora [7], offers apparatus, based on the second approach for PM measuring, which are widely
used in every day practice. This type of device is Multistage Impactor which collects PMs of different
size with the use of a flat quartz filter. The offered filters are suitable for collecting fractions of particles
with different size: above/up to 10 uym; below 2.5 ym, between 2.5 and 10 ym, between 4 and 10
pm, below 4 pm. Other producers, like Dekati [8] for example, offer particle size distribution
measurement. The installation is equipped with 13-staged cascade with filters for collecting particles
with size between 30 nm and 10 ym.

The apparatus based on the optical principle (optical light-scattering), Palas [9] for example,
allow direct determination of PMs with size 0.2 and 100 um. The device provides the opportunity for
choosing between four measurement ranges depending on the size of the particles. GRIMM Aerosol
[10] developed installation, which works on the optical principle. It measures the PMs and gives
information about their size distribution over 30 ranges.

This paper presents the work done on constructing an experimental module for measuring the
concentration of PM and PMzs [ug/m?] in atmospheric air and in indoor air. The experimental set
up for controlling PMs is based on the optical method [11]. Currently, the device can be used for PM
pollution control measurements in outdoor and indoor air preferably for educational purposes. The
obtained results should serve to identify the operational parameters that have to be met in future
development of the module in order to meet the requirements for accuracy, uncertainty and
reproducibility of the measurement according to the relevant legislative frame.

Building of the experimental module about emission control of PM4 and PMa s

The process of construction of the PM control module was accomplished through the steps
shown on the Figure 1. Based on the literature review and the limitations of the available funding, a
self-assembling kit was chosen. This device is dedicated for measuring of the PM1g and PMzs, i.e.
the particles which emissions are monitored by the European and the national legislation.

Turn-key solution

o ) 4 N
/—‘\.
[ e 9 —
Market research Outcome :
about for anaWysgs ?”d Self Ordering and Assembling and Testing of Testing of
alternative PM PM emission supplying of the the PM I the

assembly kit configuration of
deployment control Gecion needed the PM module module module
models equipment i components
selection

L y A y | _4

Self assembly kit

Figure 1. The stages of module construction
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The main components of the module are: dust sensor for PM2 sand PM1g, sensor for temperature
and humidity, CPU/WLAN microcontroller, AC adapter and protective hull. The PMs sensor
measures the quantity of PMs in ug/m®. The purpose of the microcontroller is to connect the
measuring devices with a web browser. In this way, a remote access was provided to the
measurement data via computer and/or smartphone.

The chosen PM laser sensor SDS011 [12] has the following main characteristics: corresponding
time 1s, measuring range 0,0-999,9 ug/m?3, working temperatures — up to 50 °C, humidity range of
work environment up to 70%. According to a study, carried out in Germany [11], the data obtained
from such type of sensors is considered authentic and reliable enough from scientific application. A
research work of K. Genikomsakis at al. [13], proved the high precision of the data that are obtained
with sensors SDS011. In the Netherlands, an independent study was conducted by Wesseling at al.
[14] with the same type of sensors. In this work, the data received from 150 sensors SDS011 are
compared with the data from officially proven monitoring stations for PM measuring and control. The
result of this study showed that the data from the different type of measuring systems are comparable
with slight correlation. Such sensors are also used for PMs control in Belgium [15, 16].

Received test results

The test measurements are done at laboratory conditions. The sensor is intendent mainly for
PM measuring in atmospheric air and its measuring range is limited. Therefore, the operating range
of the constructed module determined the amount of fuel burnt out in each experiment in order to
achieve the appropriate conditions and reliable results.

The constructed experimental module is shown on Figure 2, while Figure 3 visualizes the results
of the experimentally measured parameters.

-
H

{y 192.168.1.13/values [

Hauano » TeKyWM faHHKW

142

CeHzop MapameTsp l CToliHocT
SDS011 | PM2.5 20.5 pg/m?
SDS011 | PMI0 29.5 pg/m?
DHT22 | Temnepatypa 238°C
DHT22 | BnamHocT Ha Bb3fyxa 67.6 %
WiFi Cuna Ha curHana -82 dBm
WiFi Ka4yecTeo Ha curHana 36 %
Figure 2. The experimental module for PMs measuring Figure 3. The visualization of

the measurements

First of all, the module was tested and tuned to reach its working capacity. After that, a set of
test experiments were conducted at laboratory conditions, namely at the Laboratory of Combustion
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Technique and Technologies (LCTT), situated at the College of Energy and Electronics (CEE) of the
Technical University of Sofia (TU-Sofia). The tests were carried out during the summer period at the
following conditions:

a)

b)

The concentration of PM1o and PM,s (ug/m®) was experimentally measured in indoor air
during rainy day at temperature of 22°C, relative humidity of 65% and atmospheric pressure
of 94 400 Pa;

The concentration of PM1o and PM,s (ug/m®) was experimentally measured in indoor air
during sunny day at temperature of 25°C, humidity of 50% and atmospheric pressure of 94
100 Pa;

These test experiments were carried out in the indoor air of the LCTT in the absense of
combustion process. The results disclosed in graphical mode on Figures 4 and 5, show the
expected lower PM, s (Figure 4) and PM1, concentration (Figure 5), obtained in the rainy day
compared with the data at the sunny day.

The concentration of PM1o and PM, s (ug/m?) was experimentally measured in the indoor air
while at the LCTT two types of biomass derived fuels were burned out: sunflower husk pellets
and cherry stones. The test measurements were conducted at temperature of 25 °C, humidity
of 57% and pressure of 94 100 Pa. The biomass low temperature combustion was conducted
in furnace Dentamatic 6000 at well controlled temperature of 550 °C (10 °C), atmospheric
pressure and residence time of 53 min. The amount of biomass used for each test run was
10 grams. The mean particle size of the fuel was below 1mm.

All type of test experiments described above were conducted in the middle of the LCTT

laboratory, not in the flue gases.

R . -
ONAOOONRD

PM, s concentration, yg/m?3

min

) time,
rainy day msunny day

Figure 4. Time history of the experimentally measured PM, s concentration in indoor air
during rainy and sunny days
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Figure 5. Time history of the experimentally measured PM1o concentration in indoor air
during rainy and sunny days

Figure 6 shows PMs average values obtained at the following conditions:
e in indoor air without combustion;
e in indoor air during sunflower husk pellets combustion;
¢ inindoor air during cherry stones combustion.

45.00
40.00
35.00

30.00
25.00
20.00 = PM10
15.00 PM2.5
10.00

5.00 I

0.00

sunflower cherry stones  without
husk pellets combustion
process

PM,, and PM , 5
concentrations, ug/m3

Figure 6. Experimentally measured PM2sand PM4o concentrations in indoor air
at different conditions

Figures 7 and 8 present the time history of the concentration of the PM..s and PM1o emitted during
the sunflower husk pellets and cherry stones combustion. After 31 min of each test run, the PMzs
levels became almost equal. Presumably, the peaks measured during the cherry stones combustion
are related to different mechanism guiding the devolatilization stage. The proximate analyses
showed slightly higher content of volatiles in the cherry stones (81.12 %) than in the sunflower husk
pellets (76.93 %). In addition, the content of moister and ash, respectively for the cherry stones was
9.98 % and 1.13 %, while for the sunflower husk pellets was 7.52 % and 2.88 %. However, this
hypothesis needs further investigations.
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Figure 7. Experimentally measured PM2.s concentrations during the combustion of
sunflower husk pellets and cherry stones

The PMy time-history in the same experiment follows similar behavior. As in the previous
graph, during the char combustion (second half of the test periods), the levels of the PMq
emissions are similar for the both type of biomasses.
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Figure 8. Experimentally measured PM1o concentration during the combustion of
sunflower husk pellets and cherry stones

Conclusions

In the frame of the current project, an experimental module was constructed and tested for
measuring the concentrations of PMiy and PM.s in indoor air. The major advantages and
disadvantages of the experimental module can be briefly summarized as follows:

Advantages:

- The experimental module allows measuring particulate matter with mean diameter of 2.5 um
and 10 um. Thus, the Laboratory of Combustion Technique and Technologies at the College
of Energy and Electronics, TU-Sofia was provided a new experimental set up offering the
opportunity for conducting different experiments with educational and research purposes.

- The constructed module obeys small size which makes it suitable for performing experiments
at laboratory and field conditions;
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- The operating and data acquisition procedures are user-friendly which is important when
using it for educational purposes.
Disadvantages:
- The module allows PM measuring in limited concentration range;
- The implemented measuring method is based on optical sensors, which might be a problem
in module’s calibration and results’ accuracy, especially after long-term operation.

Future work

In order to achieve analytical accuracy of the experimentally measured results, the module
should be further tested and calibrated which would make it suitable for scientific application.
Therefore, further development of the applicability aspects of the experimental module envisages its
calibration and the performance of series of test experiments in wide range of operating conditions.

In addition, the data acquisition and data storage needs to be improved, which would provide
the option for managing wide range of experimental data and its analyses.

Based on the conducted experiments and the analyses of the obtained results, the following
activities are planned:

- extend of the investigated conditions — the PMs measurements will be done at different
temperatures and different types of biomass. This will give more information about quantity of PMs
(formation);

- the processes of collection and treatment of the data have to be improve — via sending the data
onto server and its further collection in suitable form for processing;
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npeCMﬂTaHe pa3npocTpaHeHneToO Ha BpeAHOCTU BB BbTpPEeLWlHa cpeaa ¢ noaxon
3a nacunBeH ckanap

"eopru MNMuuypos, etennH MapkoB

Pe3rome [lybnukayusma npedcmass 4ucreHu pesynmamu om pasnpocmpaHeHuemo Ha
@r142.5 (cbuHu npaxosu Yacmuyu ¢ Quamembp Had 2.5 um) okosio peanucmu4vyeH Modes Ha
monnuHeH MaHeKeH 8 roMeuleHuUe ¢ ecmecmeeHa eeHmunauusi. Pucka om eduweaHe Ha
u3criedgaHume 8pedHOCMU € OUEHEH Ype3 UHmMeapupaHe Ha KOHBEKMUBHUSI NOMOK rnpe3 cmeHume
Ha eupmyasnHa naparnesnenurnedeH obem, ozpaxdaw, msraomo Ha MaHekeHa. B pabomama ca
rnpedcmageHu HsKkou rnodpobHocmu OMHOCHO cb30asaHemo Ha eupmyarneH obem u Hezosama
duckpemuuyasus 8 npozpamHusi nakem Gambit.

KnrouyoBu aymum: lNacmeeH ckanap, MaumcnutenHa mexaHuka Ha dpnymnguTe
Pollutant distribution calculations indoors with the passive scalar approach
George Pichurov, Detelin Markov

Abstract: The paper presents pollutants (PM2.5) distribution calculations around a realistic
thermal mannequin in a naturally ventilated room. The risk of of inhaling the invetsigated pollutants
has been quantified by integration of pollutants flux over the surfaces of a virtual box, surrounding
the mannequin. The paper also focuses on the peculiarities of creating and meshing a virtual
geometry in Gambit mesh generator

Keywords: Passive scalar, CFD

1 INTRODUCTION

To quantify the indoor pollutant inhalation risk of a human subject a virtual box approach was
used, where the risk target is surrounded by a virtual box and the pollutants mass flux flowing into
the box is evaluated. Although it is possible to construct the box in the post-processing level to
quantify the influx, it is more robust when the box is created at the pre-processing level, i.e. during
geometry creation. The study can be conducted under steady state conditions or in a pulse mode,
where the pollutant is injected in a pulse for few seconds. This paper presents the steady-state
approach.

For predicting the mean effect of turbulence the realizable version of the k-e model with
enhanced wall treatment was used. The enhanced wall treatment takes care of the wall effects by
switching to low-Reynolds number model when the dimensionless wall distance y* becomes lower
than 5. For modeling of the thermal effects on the flow the Boussinesq approach was used. The fluid
is treated as incompressible, but temperature impact on the gas density taken into account in the Z-
momentum equation which incorporates a source term proportional to a temperature difference and
the gas thermal expansion coefficient. The Boussinesq approach is acceptable when temperature
difference between inlet and outlet are much lower in magnitude compared to the absolute
temperature. In the simulated case this difference was less than 1.5°C and therefore lower than 1%
of absolute temperature.

As fluid is incompressible (with respect to pressure) the SIMPLE pressure-velocity coupling was
employed. Momentum variables were discretized with a second-order upwind scheme and scalar
variables with a first-order. The first-order is more conservative and suppresses solution oscillations
beyond the physical limits of the variable.
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For modeling pollutant distribution in the room the passive-scalar model is used, which neglects
the impact of the pollutant on the flow field. This model is suitable for low pollutant concentrations,
as is the case here. It is important to disable the diffusion of pollutant through the inlet if one is to
validate the mass balance via outlet values. Pollutant distribution in the investigated space was
calculated after the flow field (velocity and pressure) has been converged.

2 GEOMETRY AND BOUNDARY CONDITIONS
A 3D view of the simulated room is presented on Figure 1. Fresh air enters through a fully open
window (on the left wall) and exits through a slot below the closed door (on the right wall).

b
F

0 L X

Figure 1 Simulated geometry of room with a thermal mennequin.

There is a heater just below the window and a table behind which the mannequin reclines in a
sitting position. The mannequin model is created through a topographic scanning of a real
mannequin body 0 and has been successfully imported into a numerical simulation for example in 0.
The mannequin has been scanned into in a stereolitographic format and then converted by the
authors to three-dimensional primitives in an ACIS format before being imported into the Gambit 0
mesh generator. The mannequin together with the location of the virtual box around the head of the
occupant (head box) and its dimensions are shown on Figure 2. The second virtual box is
constructed around the body of the occupant (body dox). Within Gambit the virtual boxes were
constructed in a tedious and laborious way due to the necessity to slice the mannequin body.

Outdoor air passes through the window with a velocity of 0.01m/s equivalent to a flow rate of
0.0112m?%/s. The domain had two outlets: one slot below the door and the occupant’s nostrils. The
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door slot was extruded 1m further out of the domain to ensure fully developed flow. The door slot
outlet pressure was fixed to zero, while the occupant’s nostrils were assigned target mass flow rate
of 0.12e-3 kg/s. In this way the flow was split between the occupant and the door in a ratio of 1:100.
Hence mass and scalar flow rates in the vicinity of person are two orders of magnitude lower than at
the exhaust. Because of this, a small error in mass balance of say 0.5% may lead to somewhat big
discrepancy in the scalar balance over the boxes around the body, especially when dealing with the
body box.

The boundary conditions used for pollutant was zero value on inlets and zero diffusive flux (i.e.
zero gradient) on outlets. In addition the inlet diffusion was also disabled. The diffusion coefficient of
the pollutant was hard-linked to the turbulent momentum diffusion by a turbulent Prandtl number of
0.9. Five diffuse pollutant sources were simultaneously simulated. Three of the pollutant sources
were located over the desk and two were located over the shelf. Source locations were assigned via
a user-defined function (UDF), which scanned the numerical grid to find the cell closest to the pre-
defined source location. Those cells were assigned pollutant source with a strength of 1.E-09 kg/s.

The thermal boundary conditions for body surface was 70W/m?, the total output from heater was
320W, which was split between front and top surfaces of the heater. The inflow air temperature
through the window was 296K. All walls (incl. floor and ceiling) were adiabatic except for the external
wall, which had heat loss of 100 W/mZ.

0.30 m 2 1)/
y . :
)|
1.06 m /
.r'/ )
Ay
> <>

020m 0.10m

Figure 2 Digitalized mannequin and the virtual box dimensions

3 RESULTS AND DISCUSSION

The flow field was dominated by the flow from heated surfaces and not so much from the low-
momentum flow through the window. Figure 3 shows the velocity vectors in a plane coinsiding with
the occupant’s vertical plane of symmetry. Similar is the convective plume around the heater. Figure
4 shows the distribution of the pollutant in the same plane shown on Figure 3 which is emitted by the
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source located on the desk just in front of the mannequin. In the absence of strong flows near the
pollutant source the pollutant is spread by turbulent diffusion.

Figure 5 shows the pollutant distribution over the virtual box surfaces surrounding the
mannequin head. The integral mass balance over the box surface is a measure of inhalation risk
and has been calculated for each of the five pollutant sources. The figure presents the distribution
of the pollutant emitted from the source located on the desk to the right of the occupat’s. Figure 6
presents the distribution of the pollutant emitted from the source located on the desk just in front of
the occupant over the surfaces of the virtual body box. The larger dimensions of the box introduce
bigger uncertainty in results due to the inability to accurately calculate the integral fluxes from a
numerical mesh and mainly due to the software inability to include the diffusive flux in the
calculations.
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Figure 3 Velocity vectors in a mid-plane through the mannequin
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Figure 4 Pollutant mass fraction distribution [kg/kg] in the vertical plane of symmetry of the
mannequin
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Figure 5 Pollutant mass fraction [kg/kg] distribution over the virtual head-box
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Figure 6 Pollutant mass fraction [kg/kg] distribution over the surface of the virtual body box [kg/kg]

Table 1 presents summary of some integral characteristics calculated for the five contaminants,
with dimensionless quantities obtained by dividing the corresponding flow rate by the source strength
(1.10° kg/s). It should be noted that flow rate calculus is based on an integral involving the velocity
along an area, i.e. it represents the convective flux of variable through the area, not accounting the
diffusive one. Although the door outlet was extruded to provide for zero diffusive flux, any internal
surface of the domain, along which integral balance is calculated, will possible be subject to a
diffusive flux, which is not accounted for.

Table 1 Pollutant flow rates [kg/s] through the investigated surfaces

UDSO UDS1 UDS2 UDS3 UDS4

Headbox 4 52E- 3.10E- 3.97E- 1.66E- 1.54E-
surfaces 11 11 11 11 11
dimensionless 4 52E- 3.10E- 3.97E- 1.66E- 1.54E-
headbox 02 02 02 02 02
Bodybox 1.75E- 9.67E- 5.08E- 9.30E- 8.64E-
surfaces 10 11 11 11 11
dimensionless 1.75E- 9.67E- 5.08E- 9.30E- 8.64E-
bodybox 01 02 02 02 02
Nostrils 1.29E- 1.24E- 1.36E- 1.11E- 1.03E-

11 11 11 11 11

dimensionless 1.29E- 1.24E- 1.36E- 1.11E- 1.03E-
nostrils 02 02 02 02 02
pollutant mass 9.20E- 8.84E- 9.73E- 7.92E- 7.37E-

fraction at nostrils 08 08 08 08 08




178 HayyHa koHdepeHLma EMD 2018

4 CONCLUSION

A virtual box method has been used to evaluate the risk of occupants exposure to pollutant
emited from five diffuse sources using CFD. The results are sensitive due to the relatively small ratio
of contaminant inhaled by the occupant compared to the contaminant exhausted from the room.
Nevertheless, the method delivers quantitative in addition to qualitative data, that can be used to
construct an index of the dimensionless inhalation risk.
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NMpoBepoBBLYHO TOMNSIMHHO NpecMATaHe HAa MacnooxnaguTenuTe B narepum Ha
xugpoarperaTtu

eopru Muuypos, detenuH Mapkos, EmaHyun Neoprues

Pe3rome: [NpedcmaseHO € Mpo8epoYbYHO MOIMUHHO fpecMsimaHe Ha oxnadumesHama
criocobHocm Ha macriooxnadumenume Ha flazepume Ha xudpoagpezamu 6b8 QyHKUUOHUpawa
BEL|. UM3qucneHusima ca u38bpueHU 3a cbuecmsysawiume momnjioobmMeHHUUU 8 obema Ha
macriomo u 3a ripednazaHume HO8U makuea. M3nosi3gaHu ca 8Xxo0HU OaHHU Om u3MepeaHusi Ha
MSICIMO, Kakmo U iumepamypHU 0aHHU 3a Mornaogu3uUYHUMe napamempu Ha Macsiomo u godama.
Llenma Ha u3criedeaHemo e Oa ce OOKaxe, 4ye Hosume Mmor/ioobMeHHUUU ca C He ro-marika
oxnaxdawa criocobHocm om cbujecmesysauwjume.

KniouoBu AyMu: MacneHn oxnagutenu, xugpoarperaTtu

Verification of the capacity of the lubrication oil coolers of hydraulic turbines
bearings

George Pitchurov, Detelin Markov, Emanuil Georgiev

Abstract: The capacity to cool the lubrication oil of hydraulic turbines bearings by submerged
water heat exchangers has been verified. Calculations are done for the existing heat exchangers
and for the new one. Input data from on-site measurements was used, as well as data for the physical
constants. The goal of the study was to prove that the new heat exchangers’ efficiency is not less
than that of the existing heat exchange

Keywords: Lubricant oil coolers, hydro devices

BbBEOEHUE

Llenta Ha HacTosiwata 3agaya e ga 6bae npecmetHata TonnoobmeHHaTa cnocoOHOCT Ha
HOBMUTE MacnooxnaguTenu Ha xugpoarperatute BbB dyHKunoHupawa BEL| n ga 6bae cpaBHeHa ¢
TonnoobmeHHaTa cnocobHOCT Ha CbLLEeCTByBaLLMTE.

Bcekn xmppoarperat e CbopbXeH C BogHa TypbuHa Tun ,dpaHumc’ ¢ XOpu3oHTaneH Ban,
MaxOBWK U reHepaTop, KOWTO farepysa KbM ONopuTe C NMOMOLLTa Ha TpW Nib3rawy narepa, eauH
paguanHo-akcuaneH (J11) n aea pagnanuu (J12 n J13), kakto € nokasaHo Ha c¢ur. 1. MasaHeTo Ha
narepute ce m3BbpwBa C TypbuHHO Macrno Tl 46. OxnaxgaHeTo Ha MacroTo B rarepurte ce
OCbLLIECTBABA Ype3 BogoMacreHn TpbOHM oxnaguTenu pa3nonoXeHn B KapTepuTe Ha BCEKU eauH
narep. BogaTta npemuHaBa npe3 TpbbuTte, a MacnoTo rm obnmBa OTBbH. TEXHUYECKMTE CXEMU Ha
BOAOCHabAsBaHWS Ha TpuTe arperata ca e€fHakBMW, KaTo pasfnukarta e camo B: pa3mMepute Ha
dunTtpute, agnameTpute Ha Tpbbute, PUTUHIMTE N apmaTypaTta M pasMepuTe M MOLLHOCTa Ha
BoAOMAacCreHuTe oxnagutenu. 3a BCeKku xuapoarperaTt AgBaTa paguanHu narepa, pecn. TexHuTe
mMacrooxnagutenu, ca MAeHTUYHW. [BUXKEHMETO Ha MacnoTo B paguanHo-akcuanHute narepm ce
ocbllecTBABa OT BbHWHA MacneHa nomna. OxnaxpawaTa Boda 3a BCeku xuapoarperat ce
ocurypsiea OT HanopHusi TpbOoONPoBOA Ha LeHTpanarta, Kato ebuTbT Mexay oxnaguTenuTe Ha
CbOTBETHUA arperar ce pasnpefens ¢ NoOMoLLTa Ha UIMeHN KpaHoBe.
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PagmanHo-akcmaneH narep

PagnaneH narep

Pagnanen
narep (N3)

durypa 1 Cxema Ha xmagpoarperat

BXOOHW OAHHU U TOMNO®PU3NYHU KOHCTAHTHU

OTaoeneHoTO KOMMYECTBO TOMMMHA B narepyute Ha xugpoarperaTute 3aBUcKU OT AMaMeTbpa U
obopoTute Ha Bana, xnabuHaTta B narepa, HaTOBapBaHETO Ha flarepa 1 BUCKO3UTETa Ha MacnoTo.
YacT oT Ta3m TonnuMHa ce pascenBa OT KOpryca Ha narepa BbB Bb3yxa B MalUMHHA 3ana, a gpyra
YyacT ce OTHEMA OT MacroTO, KOETO Cb3faBa MacreHus KnuH B narepa. lNopagu nunca Ha TOYHM
AaHHW 32 napameTpuTe, OT KOUTO 3aBMCU rEHEPMPAHETO Ha TOMNSMHA B narepa, U pa3cerBaHeTo i B
okornHata cpega, Ha 4.4.2017 e npoBefeH eKCnepuMeEHT, NMpuU KOWTO € OnpederfieHa TonnuHara,
KOSITO Ce OTBeXJa OT MacnoTo Ypes BoAaTta npeMmnHaBsalla npes macnooxnagutenute. lJaHHute ot
eKkcnepvMeHTa ca npeacrtaseHun B Tabnuua 1.

Tabnuua 1
OTBexgaHa TonnuHa oT MacrnoTo
Xr-1 Xr-2 Xr-3
MNapameTsbp OnpegensHe | Pa3sm. 06y, N1 12 13 06wy, 11 2 13 06w, N1 J12 n3
[lebut npuet 1/min 145 75 35 35 96 50 23 23 96 50 23 23
HanaraHe Ha BogaTta [ uamepeHo bar 14 14 14
Temnepatypa
Jlarep v“3mepeHa °c 42 50 50 43 54 54 43 54 54
Macno (B kapTepa) | usmepena °C 46 46 38 49 49 38 49 49
Boga - Bxo4 n3mepeHa °c 6 6 6 6 6 6 6 6 6
Boja - u3xon nsmepeHa °C 11 9 9 13 9 9 13 9 9
[ebut n3yncneH kg/s 2.418| 1.251 0.584] 0.584] 1.601 0.834 0.384] 0.384] 1.601 0.834] 0.384 0.384]
OTBeXJaHa TON/INHA| U34ucneHa kW 24.643 6.602 6.602 23.420 4.339| 4.339 23.420| 4.339| 4.339)
Boga
NABTHOCT - BXOZ, oTyeTeH kg/m3 1000.58] 1000.58| 1000.58| 1000.58| 1000.58| 1000.58| 1000.58| 1000.58| 1000.58]
EHTaNNuA - BXo4, oT4yeTeH ki/kg 26.609] 26.609| 26.609 26.609| 26.609| 26.609) 26.609] 26.609| 26.609
eHTaNNuUA - U3X0[, oTyeTeH ki/kg 46.312| 37.921f 37.921 54.697| 37.921] 37.921] 54.697| 37.921| 37.921]
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3abenexka: Tbi kaTo AebnTa Ha oxnaxaallaTa Bofa nNpes3 Macriooxnagntens Ha BCeku narep
e npueT, No AaHHW Ha onepaTtopa, Han-BepoATHO KONMYECTBOTO Ha OTBEXdaHaTa TonnuHa ¢ BogaTa
€ 3aBMLUEHO.

Bcekun narep pasnonara cbc cobCcTBEH MacnooxnaguTen, KOMTo 3a pagnanHo-akcuanHus narep
npeacraensaea TpbbeH cHon (Purypa 2), a 3a pagvanHuTe narepu — ABe nocnegoBaTeriHo
cBbp3aHu cepneHTuHu (®urypa 3). B ctaparta koHdwurypauus TpbOHMS cHonm e m3paboTeH oT
CTOMaHeHU TpbOK, a CepneHTUHHNUTE oxnaauTeny ca npaboTteHu oT meq. B HoBaTa koHUrypaums
mMaTepuanbT Ha BCUYKU TPBOU, KakTo TPBOHMSA CHOM, Taka U CepneHTUHUTE, € Mmes. FeomeTpuyHuTe
XapaKTepucTUKM Ha ABaTa HOBUW TuUNa OxnaguTens 3a TpuTe xugpoarperaTa ca npeacraBeHu B
Tabnuua 2. TpbOHUAT CHOMN € NOTOMNEH OKONo 5-6 CM Mo HUBOTO Ha MacnoTo B kapTtepa. CHoOMbT
e [Byx0[o0B, kKaTo BoAaTta npeMuHaBa npe3 nonosuHaTa peaoBe Tpbou 1 NoCTbMNBa B 06LL, KONEKTOp,
OTKbAETO Ce Bpbllia Npe3 ocTaHanuTe pefose. MacrnooxnagutenuTe Ha paguanHuTe narepu
cbaobpxaT ABa Oposi CepneHTUHHU OXNaguTenu, MOHTMpaHWM nocneaoBaTenHo eauvH Ha Opyr u
noToneHn Ha 1-2 cMm noA HMBOTO Ha MacnoTo B KapTepa.

TonnoTexHU4ecknTe XapakTepUCTMKN Ha MmaTepuana Ha TpbbuTe ca npeacraBeHn B Tabnuvua
3.

durypa 2 TonnoobmeHHMK TpbbeH cHon 3a durypa 3 TonnooOMeHHMK ceprneHTMHa 3a
Macnooxnagutenss Ha KoMOuHUpaH narep Ha MacnooxnaguTens Ha pagvaneH narep 3a XI-2

XI-2 n Xr-3 nXr-3
Tabnuua 2
"eoMeTpUYHM XapaKTEPUCTMKN Ha HOBUTE Macrooxnagurenm
TpbbeH cHon
Bpon Tpbun OnameTtbp ObmkmHa Tpbbu | OTcTOosIHME mMexay
ocuTe Ha Tpbbute
Pepose X | mm mm mm
TpbOM B pega
Xr-1 6x10 22x1 800 32 x 37
XI-2n Xr-3 5x10 22x1 750 33.5x 34
CepneHTuHa
Butku OuameTtbp O6Lwa gbmKknHa
Opon mm mm
Xr-1 5 12x1 2645
XI-2n Xr-3 4 12x1 1760
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Tabnuua 3
TonnoTexHUYECKN XapakTEPUCTMKN HA MaTepuana Ha CTapuTe U HOBUTE TONITI00OMEHHNLN
CrtomaHa Mep
MmbTHOCT kg/m?® 7850 8920
KoeuLmeHT Ha TonnonpoBoAHOCT W/(m.K) 52 386
CneumduyeH TonnMHeH KanauuTeT J/(kg.K) 502 390
TemnepaTyponpoBOAHO YMCHO m?/s 1.3196x10° 1.1096x10*

[ebutute N TEMNEpaTypuTe Ha BodaTa B OXNaAUTENUTE HA Pas3fNINYHUTE arperat ca NpeacTaBeHu
B Tabnuua 4. PaboTHOTO HandraHe Ha BogaTa e 14 bar, a TemnepaTtypata B HanopHus
TpbbonpoBoa npeau Aa NocTbnu B oxnagutenuTe e 6 °C.

Tabnuua 4
[MapameTpu Ha oxnaxgawiata Boga
LebuT [I/min] M3axogsawa Temnepatypa [°C]
Jarep 1 Nlarep2un 3 Jarep 1 Nlarep2un3
X1 75 35 11 9
Xr2un Xr3 13 9

3 N1POBEPOBBYHU TOMINMUUHHU NMPECMATAHUA

3a npoBepOBBYHNTE TOMNMHHY MPECMATAHNUSA U aHanu3 Ha PasnuKUTe Mexay CbLlecTByBaLuTe
W npeanaraHWTe HOBM, OOEKT Ha HaCTOSIWMS MPOEKT, MAacrooxnaguTenu ca W3nonssaHu
ypaBHEHUETO 3a TonnunHeH 6anaHc Ha TONNooOMeHHWK, ypaBHEHMETO Ha TOMMOMNPEMUHABAHETO U
n3pasu 3a onpeaensiHe Ha TOMIIMHHUTE CbNPOTUBIIEHNS.

YpaBHeHMe Ha TONNMHHKS BanaHc (B Temnepartypu):

Q = mwcp,w(tw,z - tw,l) = mocp,o (to,l - to,Z) (1)

3a TonnuHata oTBexgaHa OT BogaTta € no yﬂ,O6HO na ce pa60T|/| B €eHTannun, KoUTo ce
onpepnendar ot Tabnuuun Ha 6asaTa Ha JaHHK 3a TeMmnepartypaTta n HandaraHeTo Ha Boaarta.

Q = mw(hw,z - hw,l) = mocp,o (to,l - to,Z) (2)

OcHoBHO YpaBHEeHue Ha TonnonpemMmnHaBaHeTO 3a Uuennd TOMNOOBMEHHUK:

0=U.ATT =2 (3)
x

CyMapHOTO TONSIMHHO CbNPOTMBNEHNE Ry 3a cryyad e neduHnpaHo

) 1 1
%:UA: 5 R, R,+R 4R (4)
i=1 1% w A o

TonnnHHOTO cbnpoTuBneHne nNnpun KOHBeEKUUA OT CTpaHaTa Ha BogaTa Cce npecMaTa 4pes:

Ry =——— (5)

wlndipay,



XuapoaepoimHaMmKa, Xnapo- 1 MHEBMOTEXHMKA 183

TonnnHHO CbNPOTUBIIEHNE NPU KOHBEKLMS OT CTpaHaTa Ha MacroTo ce NpecmaTa ypes

1

o

lnd gyt ®o

(6)

TonnnHHO CbNPOTUBEHME NPU TONONPOBOAHOCT B MaTepuana Ha pr6aTa Cce npecMdra 4ypes

R)L=

dout
ln( 7] )

in
2nlnly

(7)

CumBoOnuMTE M3Non3BaHu B ypaBHeHnsa 1 — 7 ca npegctaBeHun B Tabnuua 5.

Tabnuuya 5
[MapameTpu y4acTBalLM B ypaBHEHUATA 38 TOMSIOTEXHUYECKUTE NPeCcMATaHUS
Cumeon PasmepHoc | MapameTbp
T

0 kW OTBeaeHo KoNMyecTBO TONNMHa C BogaTa

m,, m, kg/s MacoB AebuT Ha BogaTa U Ha MacnoTo

Cpws Cp,o kJ/(kg.K) CneundpuyeH TONMMHEH KanmauuTeT MNpW MNOCTOSIHHO HansraHe Ha
BoAdaTa W Ha MacroTo

twa two °C TemnepaTypa Ha BogaTa Ha BXxofa M Ha u3xofa Ha Macnooxnagutens

hwi hwo kJ/kg EHTannusa Ha BogaTa Ha BXoda M Ha u3xoaa Ha macrnooxnagutens

to1, toz °C Temnepatypa Ha Macrnoto Ha Bxoda W Ha wu3xoga Ha
macnooxnaguTens

U W/(m?2.K) KoeumumeHT Ha TonnonpeMmHaBaHe

A m? TonnoobMeHHa NOBBLPXHOCT Ha Macnooxnagutens

AT °C CpepnHa pasnuka Mexay TemnepaTyparta Ha MacroTo 1 Ha Bogara no
ToNNnoobMeHHaTa NOBBLPXHOCT Ha MacnooxnaguTens

Ry, K/W CymapHO TONNMHHO CbNPOTUBMEHWE NPY NPEMUHaBaHe Ha TonnuHaTa
OT MacrfoTo KbM BogaTa

R, K/wW TonnuHHO CLNPOTMBIEHWE MPU KOHBEKUMS OT CTpaHaTa Ha BogaTta

R, K/w TonnWHHO CBNPOTMBEHME MPU KOHBEKUMS OT CTpaHaTa Ha MacnoTo

R; K/wW TonnuHHO CBNPOTMBEHME NPU TONNOMNPOBOAHOCT B TpbbaTa

n Bpon ycnopegHu TpbOM npes KOUTO NpemMuHaBa Bogata B obemMa Ha
MacnoTo

L m ObmkuHa Ha TpbbaTa npes KOATO npemuHaBa BofaTa B obema Ha
MacnoTo

,1p W/(m.K) KoedunumeHT Ha TONoNnpoBOOHOCT Ha CTeHaTa Ha TpbbaTa

dip, Aoyt m BbTpelleH u BbHLWEH AnamMeTbp Ha TpbbaTa

Oy, O W/(m?.K) KoeduupneHT Ha TonnootaaBaHe oT TpbbaTa KbM BogaTa v OT
MacrnoTo KbM TpbbaTta

4 AHAIIN3 HA PA3JIMMUATA MEXAOY COHLUECTBYBALLUTE WU HOBWUTE
MACITOOXNAOUTENN
4.1 Macnooxnagutenu Ha paguanHute narepm (Jlarep 2 u Jlarep 3)
Pasnuunara mexay CbLlecTByBaLUTE U HOBUTE MACOOXTagnTeENn ce 3akryaBaTt B CNegHOoTo:
o XI-1-Narep 2 u XIr-1-Nlarep 3: obwaTa AbmkMHa Ha TpbbaTta B CbliecTByBaLUS
Macnooxnaguten e 5.16 m, a B HoBua 5.29 m. ToBa BoAM OO yBenuyaBaHe Ha
TONNoobmeHHaTa NoBbLPXHOCT (A) Ha MacrooXnaguTensa U 40 HaMarsiBaHe Ha TONNIMHHUTE
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cbnpoTtuBneHnsa Ry, Ro, Ry M Rz npun 3anassaHe Ha CTOMHOCTUTE Ha KoedUUMEHTUTE Ha
TONMNOOTABAHE Oy U O
e XI-2-NMarep 2, XI-2-NMarep 3, XI-3-NMarep 2 u XIr-3-NMarep 3: obwata gbmkrMHa Ha Tpbbata

B CbllecTByBawwmsa macnooxrnaguten e 3.48 m, a B HoBma 3.52 m. Tosa Bogu A0
yBenmyaBaHe Ha TonnoobmeHHaTa NOBbPXHOCT (A) Ha MacnooxnaanTens 1 o HaMmansiBaHe
Ha TonnMHHUTE cbnpoTuBneHna Ry, Ro, Ry U Rs npm 3anasBaHe Ha CTOMHOCTUTE Ha
KoemUMEHTUTE Ha TONNOOTABAHE Oy U Co.

3aknrueHue:

OT n3pasute 3 — 7 npu onnucaHuTe No-rope pasnuyusi cnenea:

OxnagntenHaTa cnocoBHOCT Ha HOBUTE MacnooxnaguTenu Ha narepu 2 n 3 Ha XI-1, XI-2 n Xr-3

€ He Mo-NoLa OT Ta3n Ha CbLLEeCTBYBaLLMTE MACNOOXaaNTENMN.

4.2 Macnooxnagurten Ha KOMOMHMpaHuA narep Ha XI-1
Pasnnuusata mexay CblUeCTBYBaLLMS U HOBUS MacrooXnaanTen ca KakTo creaBsa.

e [lpomeHeH maTepuan Ha TpbOUTE OT cTOMaHa Ha Me[

e [lpomeHeH guameTbp Ha TpbOUTe oT 25x1 Ha 22x1

e [lpomeHeH Gpoii Ha TprbuTe oT 60 (10 pepa x 6 TpbOM) Ha 70 (10 pega x 7 TpLOU)

Tes3n npomMeHn BOAAT OO0 CreAHUTe N3MEHEHUS B XapakTepUCTUKUTE Ha Maxrooxnagutenure.

e TonnuHHO cbNpPOTUBIEHME NPU TONNONPOBOAHOCT B Tpbb6aTa (R;) — cbrnacHo m3pasa
7 Npuv n3nonaeaHe Ha gaHHWUTE 3a Oposi, reomeTpusaTa U maTepuana Ha Tpvbute (Tabnuua
3) ce nonyyaBsa, Ye TOMSIMHHOTO CBLMPOTMBIIEHUE MPW TOMNMONPOBOAHOCT Ha TPLOUTE Ha
cbluecTByBawmsa macnooxnaguten (5.317x10° K/W) e 7.576 nbTu no-ronsiMo OoT ToBa Ha
HoBWA Macnooxnaauten (7.018x107 K/W).

e TonnuHHO cbLNPOTUBIEHWE NPU KOHBEKUUS OT cTpaHa Ha BogaTta (R,) — cbrnacHo
n3pasa 5 npu U3nonsBaHe Ha faHHuUTe 3a 6pos 1 reomeTpusaTa Ha TPLOUTE, KakTo 1 faHHUTE
3a obemHua gebut Ha BogaTa (Tabnuua 1) n NpoekTHNTE NapamMeTpu Ha BogaTa Ha BXoda
Ha macnooxnagutens (Pabs= 16 bar, t = 6 °C, p=1000.674 kg/m? u = 0.00146916 Pa.s,
A=0.57516 W/(m.K), Pr=10.71924) Te4yeHneTo Ha BogaTa e TypOyneHTHO (Re = 94264 3a
cbllecTBYBalms mMacnooxnaguten u Re = 92917 3a HoBuA), a koeduumeHTa Ha
TonnooTAaBaHe (Oy) 3a ChlecTByBaLLuA TONNoobMeHHuK (14169 W/(m?2.K)) e no-manbk ot
TO3M 3a HOBWS TONNooBMeHHKK (16108 W/(m?.K)), koeTo Boau Ao HamansiBaHe ¢ 12 % Ha
TOMMAMHHOTO CBMPOTMBIIEHWE MpPU KOHBEKUMS OT CTpaHa Ha BogaTta npu HOBMSA
macnooxnaguten (6.208x10° K/W) cnpamo cbuiectsyBawms (7.058x10° K/W).

e TonnoobmeHHa noBBLPXHOCT (A) — BbHWHATA TOMMOOOMEHHA MOBBLPXHOCT Ha
chbliecTByBaLmsa Macnooxnaguten (3.7699 m?) e no-manka oT BbHLUHATa TOMNMIOOGMEHHa
NOBBPXHOCT Ha HOBUSA Macriooxnaauten (3.8704 m?).

3akntoyeHue: Ha 6a3ata Ha uspasnte 3 1 4 Npn oTYMTaAHE HA NOCOYEHMTE NO-TOpe NPOMEHN MOXe
Oa 6bae 3aknyveHo, Ye oxnaguTenHara cnocobHOCT Ha HOBUS MacnooxnaguTen e obae He no-
fnowa oT Ta3n Ha CbLUEeCTBYBaLLUS.

4.3 Macnooxnagurten Ha KOMOMHUpaHuTe narepu Ha XI'-2 u XI-3
Pasnunuusata mexgy CbLUeCTBYBaLLMTE U HOBUTE MACroOXnaamTenm ca KakTo creBa.
e [lpomeHeH maTepuan Ha TpbOUTe OT CTOMaHa Ha Me[,
e [lpomeHeH guameTbp Ha TpbOUTe oT 25x1 Ha 22x1
o [IpomeHeH 6pon Ha Tpbbute o1 50 (10 pega x 5 TpvbM) Ha 60 (10 pega x 6 TpLOM)
Te3n npomMeHn BOAAT OO0 CeAHMTE N3MEHEHUS B XapakTePUCTMKUTE HA Maxrooxnagutenure.
e TonnuHHO cbNpPOTUBIEHME NPU TONNONPOBOAHOCT B Tpbb6aTta (R;) — cbrnacHo m3pasa
7 Npv n3non3eaHe Ha gaHHWTE 3a Oposi, reomeTpusaTa U maTepuana Ha Tpvbute (Tabnuua
3) ce nonyyaBa, Ye TOMJIMHHOTO CbLMPOTMBIIEHWE NPWU TOMIONPOBOAHOCT Ha TpbOUTE Ha
chbliecTByBalwmsa Macnooxnaauten (6.380x10° K/W) e 7.79 nbTu no-ronsmo oT ToBa Ha
HoBWs Macnooxnaamten (8.187x107 K/W).
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e TonnWHHO CHLNPOTUBIIEHWE NPU KOHBEKUUSA OT cTpaHa Ha BogaTta (R,) — cbrnacHo
n3pasa 5 npu nsnonssaHe Ha JaHHWUTE 3a OPost U reomeTpusiTa Ha TPbLOUTE, KaKTO M AaHHUTE
3a 0bemMHusa O0ebut Ha BogaTa (Tabnuvua 1) M NpoeKkTHMTE napameTpu Ha BodaTa Ha Bxoda
Ha Macnooxnaautens (Pabs= 16 bar, t = 6 °C, p=1000.674 kg/m? u = 0.00146916 Pa.s,
A=0.57516 W/(m.K), Pr=10.71924) Te4yeHneTo Ha BogaTa e TypOyneHTHO (Re = 75411 3a
CcblLlecTBYBalms mMacnooxnagnten m Re = 72269 3a HoBus), a koeduumeHTa Ha
TonnooTaaBaHe (y) 3a ChllecTBYBaLLUA TONNoobmeHHUK (11852 W/(m?.K)) e no-manbk ot
TO31 3a HOBUA TonnoobmeHHuk (13173 W/(m?2.K)), koeTo Boau Ao HamanssaHe ¢ 10 % Ha
TOMNAVHHOTO CbLMNPOTUBIIEHNE NPWU KOHBEKUMA OT CTpaHa Ha Bogata npu HOBUS
macnooxnaguten (7.591x10° K/W) cnpamo cbuiectsysaums (8.437x10° K/W).

e TonnoobmeHHa noOBBLPXHOCT (A) — BbHWHATa TOMMOOOMEHHA MOBBPXHOCT Ha
chbliecTByBaLwmsa Macnooxnaguten (3.1416 m?) e no-manka OT BbHLUHATA TONNOOGMEHHa
MOBBPXHOCT Ha HOBMSI Macnooxnaguten (3.3175 m?).

3akntoueHune: Ha 6asata Ha uspasute 3 1 4 Npy OTYMTaAHE HA NOCOYEHUTE MO-rOpe NPOMEHN MOXE
0a 6bAe 3aknyeHo, Ye oxnagutenHarta cnocobHOCT Ha HOBWUS MacrnooxnaauTten we 6bae He no-
noLa oT Tasu Ha CbLLeCTBYBaLLMS.

5 n3soagun

AHanNu3bLT Ha TONMOTEXHUYECKUTE XapakTEPUCTUKM Ha HOBUTE Macrnooxnaguteny nokasea, 4e
Te umat no-gobpa oxnaxgallia cnocobHOCT OT CbLUECTBYBaLLUTE, KOETO MOXe Aa ce NpOosiBu No
HSAKOW OT CrnegHuTe HauuHu:

e [lpu cblimTe NapameTpu Ha oxnaxaallaTa Boga (8ebuT, HansraHe U TemnepaTypa Ha Bxoaa

Ha MacrooxnaguTens) KakTo Npu ekcnepumeHTa npeacraseH B Tabnuua 1
O Wu3MepeHaTa TemnepaTtypaTa Ha MacnoTo B kapTepa Le Obae Marnko no-Hucka oT
n3MepeHara no Bpeme Ha ekcnepumMmeHTa npeacraseH B Tabnuvua 1;
O pasnpegeneHneTo Ha TemnepaTypata Ha Macnoto B kapTepa we 6bae no-
paBHOMEpPHO, T.e pasnukata Mexay MakcumarnHata U MMHMManHaTa TemnepaTypa
Ha MacnoTo B kapTepa LWe Obae No-HWCKka OT Ta3n KOATO Ce peanusmpa Cbe
CblLieCTBYBaLUMTE MAcNooxXnaguTeny;

e TemMmnepaTypaTta Ha MacnoTo B KapTepa, KOATO CbOTBECTBa Ha M3MepeHaTa Mo Bpeme Ha
ekcnepumeHTa npeactaBeH B Tabruvua 1, we 6bae nocturaHa € MO-HUCBK O0ebUT Ha
oxnaxgawata Boga, npu napamMeTpu Ha BojaTa (HandraHe W Temnepatypa), KOWUTO
CbOTBETCTBAT Ha nNpeactaBeHuTe B Tabnuua 1.
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A research on the Kinematics and the Performances of the effect of the
geometrical shape of inlet nozzles of Gas—Liquid Cylindrical Cyclone (GLCC)
Separators

Ho Minh Kha, Nguyen Thanh Nam, Hoang Duc Lien, Vo Tuyen, Svetlin Antonov, lvan Antonov

In the petroleum industry, the Gas-Liquid Cylindrical Cyclone Separator (GLCC) is a simple,
easily manufactured and low-cost equipment that is being interested in petroleum companies in the
current time because of the pressure of the decline in the price of oil in the world. However, the
behavior of phases in the instrument occurs is the rapid, complex and unsteady way which may
cause the difficulty of enhancing the performance of the separation of phases. Almost all recent
multiple research shows that the inlet nozzle geometry is probably the most important factor that
impacts directly to the performance of the separation of phases of flows inside the instrument. The
main objective of this paper is to investigate the dynamics of the flow by the application of single and
double inlet nozzles in different gauge caliber nozzle in proportion to the different flow rates sizes by
using 3D CFD simulation. The derived components of tangential and axial velocities of flow from the
simulated model are reciprocally compared. The results show that the double symmetrical inlet
nozzle type could gain better performance of separation of phases than the single one.

Keywords: Gas-Liquid Cylindrical Cyclone Separator, Dynamics of the flow, CFD simulation,
Nozzle

Introduction

In the petroleum industry, the separation of multi-phase mixture that are exploited from oilfield
to single phase item is an important sector in exploitation process because almost all exploited
products from the oilfield rarely exist in single phase but they are in the mixture of multi-phases such
as liquid, gas and sometimes in solid. Normally, the exploited flow of Hydrate carbon is a mixture of
gas and liquid. The separation of the impurities in solid and liquid out of crude oil for transportation
and getting rid of some phenomena as the accumulation of paraffin and the formation of bubble and
emulsion.

There are many types of multi-phase separator decanter for oil separation process. On the
geometrical shapes, we can cite: Upright cylindrical tube with the inlet is perpendicular to the body
of cylindrical, horizontal cylindrical tube, and spherical one. These types of separation decanter are
always big, bulky, and voluminous for installation and price of manufacturing, working and
maintenance. From about 22 years recent, Kouba [1] recommended a type of separation tube that
is based on the principle of dynamical whirl called Gas-Liquid Cyclone Cylindrical (GLCC) separator.
This installation was a result of the collaboration of research and manufacturing of Chevron
Company and Tulsa University (USA) [1]. Nowadays it is developed with many different applications
by other researchers [1, 2, 3, 4 and 5].

GLCC comprises a single or double downward inlet ends that is tangent to a vertical cylinder
tube (Fig. 1). It has also an outlet for gas and another for liquid. The inlet multiphase mixture that
follows the tangent direction of the inlet to the body of GLCC that engender a whirl flow inside.
Because of the influence of the gravity and the centrifuge forces, the liquid phase is pushed out from
the center to the lateral wall of the tube and escapes to the downward direction. In the meanwhile,
the gas phase is concentric to the center of the tube because its light weight is smaller than its
centripetal force, the gas phase will escape to the top outlet of the tube. The advantage of this GLCC
is simple, lean, low expenditure in operation and maintenance, easy to be installed in oil rig and
could be used sheer off and deep-sea areas.
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Fig. 1 The Gas-Liquid Cyclone Cylindrical (GLCC)separator

In the current time, the industry of gas and petroleum of Vietnam has carried out the activities of
searching and exploitation to sheer off and deep sea areas which demand high technology and big
expenditure in exploration and exploitation. Therefore, the research on GLCC that is suitable to small
and medium quantity and scale will bring along a big economical effect. The ability of manufacture
of the GLCC set is feasible in the current level of technology of Vietnam [6]. Nowadays, the GLCC
is studied in many country especially in USA where the results can be applied to more than 4200
products in the process of exploitation of gas and petroleum [3]. However, the accuracy prediction
of kinematics inside the separation set is a great obstacle in the propagation this installation.

There are many researcher teams have concentrated on the accurate definition of the flow
properties inside the GLCC according to lots of application and working condition for enhancing the
performance of the separator set. Kouba [2] who, by the observation from the experiment,
considered that the slope angle of the inlet is approximate 27° which will get the best performance.
Arpandi [7] studied on the theory of the influence of flow properties, the geometry of the inlet nozzle
and the reciprocal pressure inside the GLCC. Erdal and Shirazi [5] performed an experiment with 3
different geometrical inlet nozzle. Gomer [4] developed a toolset of computing design GLCC via
Microsoft Excel. Hreiz R. et al [8] performed a numerical simulation for comparison of many untidy
flows. They defined that the untidy model Realizable k-[1 is suitable to the simulation of GLCC. Le
Van Sy [9] defined also that the two untidy models RSM and Realizable k-1 can describe the untidy
behavior inside the GLCC with high Re. Hreiz. R et al [10] studied on the influence of the design of
the nozzle on the performance of separation of the installation. This team studied also on the
kinematics and measured the components of the velocity inside GLCC [11] using a single inlet nozzle
that is tangent to the body tube of the GLCC. From all of the above result we recommend an
application of multi tangent inlet nozzles for enhancing the performance of the separator set because
its structure will restrict the intensity if untidy flow and will adjust the symmetry of all the component
of velocity to the center of the tube.

The principal objective of the paper is the application of CFD 3D simulation for analyzes the
influence of the number of inlet nozzles (1 or 2) with equal area section of the nozzles. In the other
side, the comparison of the other 2 inlet nozzle types with different section area are also studied in
the research in order to evaluate the kinematics influence and the performance of phase separation
in many cases.

Kinematics of flow and separation process in GLCC

The properties of flow inside the GLCC is very complicated and difficult to predict. The velocity
of the flow is analyzed into 3 components that follow the direction of the coordinate, as in the Fig. 2
(tangential, radial and axial velocity). According to the results of experiment and simulation [3], the
value of the radial velocity is so small than the others, therefore in this research we only mention the
axial and tangent velocities. From the experiment, we known that the reason of untidy flow in the
body of the tube is due by the connection structure of the inlet and the body tube GLCC. The flow
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stream inside the tube in the helical shape and impact to the volume of intern liquid. The properties
of the untidy flow are not only influential to the Reynolds coefficient but also to the way of forming
the untidy flow [3].
In the analyzing of the separation process, the flow
inside the GLCC is divided into 2 parts: \
In the upper part of the GLCC, the centrifuge force '
will push the liquid drops to the wall of the tube and they
self- combine to a thin membrane there (Fig. 1).
Therefore, the gas phase is difficult to bring up the liquid , \
so it will stream down and mix to the under whirl. sl

However, when the gas flow rate increases higher than \
the allowable threshold, the liquid will be rolled up and \ x )
escapes with the gas flow that is called Liquid Carry Over \/ =
(LCO) phenomena. The upper flow of the GLCC could be h OO

mist, fog, small drops, band, a circle near the wall
tube...All of them are depended on the gas-liquid flow
rate and provide pressure. Kouba et al [2] recommended
that the nozzle must be oblique about 27° to the
horizontal line. This slope helps to decrease the LCO phenomena. The slope will impulse the
stratified in the input section, it directs the liquid flow under the nozzle, and restricts the LCO.

In the lower part of the GLCC, because of the down tangent direction of the nozzle, the input
gas will form an under whirl and a kernel bubbles gas near to the center of the tube (in Fig. 1). In the
observation of a single flow with the single input nozzle, Mantilla realizes that there is an upward flow
at the lower part of the GLCC and 2 upward flows in case of double input nozzles. This event was
verified later by Erdal and Shirazi [12, 13]. Because of the flow, when the gas bubbles are in the
upward turbulence, they will follow the upward gas. However, when these bubbles do not catch the
gas kernel up in a certain time, they will be pulled downward to escape with the liquid flow that is
called Gas Carry Under (GCU) (Fig. 1). This is a non-simple problem that demands lot of time and
effort to get the satisfied result for many application of GLCC.

Fig. 2 The distribution of velocity
components inside the GLCC [3]

Model of simulation by CFD 3D
In reality, all the dimensions of GLCC that are in the

researches of Hreiz R et alin 2014 [10, 11] can be applied 72mm
in the following values:
v Diameter of body tube: @72 mm,
v Total height is 2500 mm (the upper part of inlet is 1200mm
1200 mm and lower one is 1300 mm,
v" The diameter of gas escape tube on the top is 72 I
mm,
v' The diameter of liquid escape tube on the bottom is "
@63 mm, 1300mm
v" A controllable liquid valve is mounted inside the
GLCC,
v' The inlet nozzle is designed a down slope of 27° with L L.
the horizontal plane (Fig. 3). b
In the simulation, 4 different nozzles are used: _ . 3 63w
v Type 1 is a single circular nozzle with diameter of 36 Fig. 3 Dimensions of the GLCC
mm, its section area is about 25% of the one of the
body of GLCC,

v' Type 2 is double circular nozzles with each diameter of 26 mm, their common section area is
about 25% of the one of the body of GLCC,
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v' Type 3 is double circular nozzles with each diameter of 22 mm, their common section area is
about 19% of the one of the body of GLCC,
v' Type 4 is double circular nozzles with each diameter of 29 mm, their common section area is
about 32% of the one of the body of GLCC.
Type 1 and 2 are used for the comparison of the effect of the same section area but different
number of nozzles.
Type 2, 3 and 4 are used for the comparison of the effect of the different sections area but same
number of nozzles (Fig. 4).

b | | |
= > ==
=
T 1. A G G ﬁ
ype 1. Type 2: Double  Type 3: Double  Type 4: Double

single circular  iolar nozzles  circular nozzles  circular nozzles

« Q%Zfszﬁm) (d = 26mm) (d =22mm) (d =29mm)

Fig. 4: Shapes and types of inlet nozzle

All of models of simulation are displayed in 3D shape with Tetra meshing that is applied by ICEM
CFD software. The area that is contact to the wall of GLCC is divided into 5 layers for the studies of
the influence of flow kinematics of contact area with the boundary condition of sliding. The quality of
mesh is ensured all the criteria of mesh quality such as: Skewness < 0.98 va Orthogonal Quality =
0.2. The Finite element method Ansys Fluent software is applied for dividing the partial differential
equations. The selected SIMPLE algorithm of simultaneous pressure-velocity with focus criterion is
10 and the turbulence model is selected Realizable k-€.

Table 1
Cases of mixed ratio of inlet flow rate and phases properties
Density Flow rate | Average Coefficient | Dynamics
Cases Fluid types (kg/m?) mass velocity | of Reynolds | viscosity
(kals) Uav (m/s) (Re) ()

1 Water 998.2 2 0.48 34,500 0.001
Air 1.225 0.00972 1.99 9,750 0.000018

5 Water 998.2 0.9 0.22 15,800 0.001
Air 1.225 0.0305 6.25 30,600 0.000018

3 Water and Glycerin 1093 2 0.48 5,400 0.007
Air 1.225 0.00972 1.99 9,750 0.000018

All type of fluid inside the GLCC is considered isothermal and the inlet boundary condition is flow
rate mass (kg/s). The values of the flow rate of cases 1 and 2 of Table 1 are similar to the experiment
of Hreiz, R. et al. 2014 [11] for studying of the difference of flow rate of air and water with the same
viscosity (1 CentiPoise or 0.01 Poise). The value of flow rate of case 3 in Table 1 is the new selected
value (the mixture of water and Glycerin) for the comparison of the different behavior when the
viscosity increase 7 CPS (0.07 Poise) but the same inlet flow rate as in case 1. The boundary
condition of the air and liquid outlet is the ambient pressure.

Result of simulation and observation
As mentioned in section 2, the radial velocity is so tiny than 2 other components of velocity.
Therefore, the result concentrates only on axial and tangent velocities in 3 cases for the inlet mixture
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of liquid and air in Table 1. From the received result, we analyzed, evaluated and drew out the
comment on the performance of separation of the GLCC.

Axial velocity. There exist 2 simultaneous types of axial velocity inside of GLCC: The downward
main fluid with the positive value and the upward fluid with the negative value. In the observation of
the diagrams in figures 5 and 6 we have the following results:

v' At the measured position x = -200 mm in the upper of the inlet nozzle of the GLCC, the upward
flow is near to the wall and the downward one is near to the center of the main tube.

v At the measured position x = 200 mm and x = 300 mm in the bottom of the inlet nozzle of the
GLCC, there is a swap of direction of the flow: The downward one is near to the wall of the main
tube, in the other hand, the upward flow is in the center of the main tube for the bubbles that are
rolled with the downward flow could intermingle with the spiral kernel and escape to upward.
This is the condition of separation of bubbles when separate 2-phase liquid and gas.

In the single inlet nozzle, the components of flow fluid inside the GLCC are not symmetrical. All
the upward and downward flows are the spiral shape (Fig. 5-7). At the different gauged position, we
recognize that the density in any section is not unified and similar. As near to the outlet section (as
far from the inlet section), the density is decreasing and the pitch of the helical of upward and
downward flow is increasing. This point can be explained that as far from the inlet end, the
momentum that activates on the flow decreases so the torsion degree also as decreases and the
pitch of helix has the tendency of stretch out and as close to the center of the cylinder. So, the space
near to the wall increases time by time. However, in the inlet double nozzles type, all the velocity
components is symmetrical to the center line. As near to the outlet ends the value of velocity also
decreases time by time as well as in the case of the area of the outlet nozzle also increases time by
time.

In the separation of the same inlet flow rate and the same nozzle area, the double inlet nozzle
(2 nozzles of 26 mm diameter) have the result of separation better than the single one of 26 mm
diameter. This problem can be interpreted by the value of the upward concentric velocity of the
double inlet nozzles is equal or bigger than the one of the single inlet nozzle at the gauged position
x = 200 mm and 300 mm. In another hand, the upward flow is approximately in the center of the
GLCC that helps the bubble gas escape to upward easy and faster than the single nozzle type
because in the single nozzle, the orbit of its helical kernel escape gas is longer, the geometrical
shape of the gas kernel also continuously modify. This problem causes the inconvenience of the
impact of the gas bubbles in the gas separation process (observe the helical gas bubble shape at
Figure 1 of the single inlet nozzle).

When the proportion of the inlet flow rate modifies (Fig. 5), the common behaviors are slightly
similar but the density, the pitch and the amplitude of the whirl are different. In comparison of case
1 (high liquid flow rate and slow gas flow rate) and case 2 (low liquid flow rate and high gas flow rate)
we recognize that the axial velocity of case 2 is higher than the one of case 1 about 2.5 to 3 times
because of the influence of the ratio of the input gas flow rate: when the gas flow rate in a high value,
the mass and the viscosity of gas are lower than the one of liquid that engenders the mixed
multiphase flow, but the gas phase get a superiority as described in the diagram.

With the comparison of case 1 and case 3 in Fig. 6, we know that when the viscosity of the liquid
increases (case 3) the velocity of upward and downward flows will decrease because of the dense
viscosity (7cP). Hence the performance of phases separation will decline when the viscosity gets
higher and higher.
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Fig. 5: Axial velocity in case 1 and case 2

In the application of double inlet nozzles with the declination of area of nozzle section (Fig. 5-7)
we realize that the axial velocity of fluid increase time be time in the lateral of the wall of the tube,
the downward flow rate increases in the proportion of the number of downward gas bubbles because
of the short tie of separation process. In the observation of Figure 5 and 6 of the double inlet nozzle
with diameter of d = 22 mm at the gauged position x = -200 mm, the value and the width of downward
flow is higher than the case of using double inlet nozzles of diameter d = 26 mm and d = 29 mm.
The result is the liquid flow rate increase and prevent the upward gas bubbles escape hence the
performance of the separation of gas is decline.
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Fig. 6: Axial velocity in case 1 and case 3
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Fig. 7: Distribution of axial velocity in case 1

The tangential velocity. The oblique angle of the inlet nozzle of the GLCC is used for impulsion
the stratification of the multi-phase before the flow enters to the tangential direction inside the
separation set. Therefore, the tangential velocity is very important to generate the centrifuge force
for phases separation. The generating of big and logical tangential velocity depends on the selection
of the geometry, the number of inlet nozzle and it area section.

The tangential velocity is always positive on one side and negative on the other one (figure 8-
10) because of the rotation of the flow. The positive velocity expresses the going out direction and
the negative one describes the entering direction into the plane. The tangential velocity gets high
value in the layer that is near to the wall of the GLCC but gradually decreases in the centripetal
direction. It also gradually declined to the escape directions.

In case of a single nozzle, the tangential velocity is not symmetrical as well as the axial velocity
to the center where the flow has a spiral shape and the tangential velocity is very tiny or null (Figure
10). Near to the escape to end (far from the input one), the spiral pitch increases and has
straightened tendency. Therefore, in the application of double nozzles type, the tangential velocity
is slightly symmetrical and convenient to balance and get stable for the phase separation along the
body of the GLCC. In case of the air flow rate is big and the liquid flow rate is small (case 2) the
tangential velocity is bigger than in case 1 about 2.5 times.
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Fig. 9: The tangential velocity in case 1 and case 3

In the separation of a mixture that has the same ratio of gas and liquid but the viscosity of liquid
increases from 1 CPS up to 7 CPS. Case 1 and case 3 in Figure 9 display that when the viscosity of
the fluid increases, the intensity of the whirl will decline because of the intensification of the inside
and outside viscosity friction of the fluid. All these factors cause the declination of tangential velocity
and the ability of phase separation but they raise the number of gas bubbles that follow the liquid
flow to escape to downward. In case of the section area of the nozzles is equal but the difference in
a number of nozzles, the experiment shows that the double symmetrical nozzles type has the bigger
tangent velocity than the one of a single nozzle. This is the reason why the double nozzle type has
better phase separation [11].
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In the design of double inlet nozzles type but the difference in section area, the smaller section
area double inlet nozzles will create the higher tangential velocity and inverse. However, when the
section area of the nozzle is so small (< 20% of the body of GLCC) the ability of phase turbulence
at inlet end will grow and cause the number of gas bubbles that follow the liquid flow to escape to
downward. When the section area is very huge the inlet momentum is small, the gas bubbles and
liquid will mix each other than be separated [10]. Almost all studies apply the section area of the inlet
nozzle that is approximately 20% to 30% of the one of GLCC. Nowadays the value of 25% is the
most popular because it can balance the phenomena between LCO and GCU [5, 14, 15, 16, 17, and
18].
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Fig. 10: The distribution of tangential velocities in case 1
Conclusion

This research has described the influence of geometrical shapes of inlet circular nozzles that
have the equivalent and different section areas and the ration of inlet mixed flow rate with different
properties that effect directly to the kinematics of the separation set. The CFD simulation of the untidy
model Realizable k-[] by Ansys Fluent software created a model of the kinematics of flow inside the
GLCC with the high untidy degree.

In the operation of the same section area of the inlet nozzle and flow rate, the double inlet nozzles
is more effective than the single one because its structure generates the symmetric of the tangential
and axial (up and down) velocity along the center of the body tube.

In case of the declination of the section area of inlet nozzles, the ability of liquid separation is
better but the ability of gas separation is poorer and inverse.

The solution of simulations can be applied to study the untidy flow or optimize the dimensions of
GLCC when the theoretical computing is difficult to perform. This is a complicated problem that could
concentrate a lot of effort to improve the properties of the GLCC in many different applications.
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Research on The Formability of Titanium Sheet Materials by Hot Single Point
Incremental forming Technology

Nguyen Tan Hung, Le Khanh Dien, NguyenThanh Nam, Vo Tuyen, Svetlin Antonov, lvan Antonov

In the present day, the Incremental Forming Sheet (ISF) technology, especially its branch Single
Point Incremental Forming (SPIF), is certainly an ultimate and essential method of manufacture of
metal sheet in single and small batch production because of its flexibility. The dominant ability of this
ultimate technology is forming random shape of metal sheet products in eliminating of manufacture
of an expensive mold as in the conventional forming metal sheet. In this new technology, the tool is
only a non-cutting edges spherical end pestle that applies and presses on the metal sheet with the
designed orbit. This method is really effective in aluminum alloys, mild steels and other similar
materials but it is inconvenient in forming of hard materials such as Titanium, stainless steel... The
purpose of this paper is to recommend a measure of declining the hardness of metal sheets by
increasing its temperature, surnamed Hot SPIF, when forming to overcome this disadvantage. In the
innovated method, the formability of the sheet material is considerably increased, in the other hand,
the springback phenomena is decreased thus the accuracy of shape and dimensions of the product
is better. However, because of the heat transferring phenomena from the sheet to the tool when
forming, the accumulated high temperature of the tool engenders the deformation of its spherical
end shape and declines its strength that reduces the accuracy of the dimension and the shape of
the product. This paper represents a new research on the influence of Hot SPIF on Titanium by
experiment and simulation. We hope that the result could contribute a tiny part in the enhancing the
formability and the accuracy of dimension and shape of the products of this ultimate method of
forming sheet.

Keywords: Hot SPIF, Empirical process, DOE, Formability, Enhancing the accuracy, Flexibility,
Springback phenomena

Introduction

The ISF technology can be distinguished into 2 types as SPIF and Two Point Incremental
Forming (TPIF) that are illustrated in the Fig. 1. Actually, the most prominent question in ISF is the
enhancing of the formability of hard material sheet such as Titanium that is the trend of almost all
researchers and technicians.

This paper concentrates to find out an effect way to increase the formability of theses above
materials sheet by increasing its temperature when forming in the way of setting up a new installation
feature that we could control the temperature of the materials sheet when forming by SPIF
technology. The recommended model is illustrated in Fig. 2 with circular conic lateral shape for ease
of measuring the formability (angle 1): Objective parameter, maximum value in perspective purpose:

a=arccos(R’;Zj, (1)

where: R: radius of model profile =80;
z: depth at first breakage position.
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(a) SPIF M-

b)
Fig. 1 a) SPIF technology [1]; b) TPIF technology [2]

200

P1474

T0

Fig. 2 Model profile and its designed dimension

Procedure of realization
An application of empirical method with Full Factors Experiment Design Of Experiment (DOF)
for 4 output parameters with 2 levels is carried out in the purpose of getting the highest formability

(angle 1) of Titanium sheets. The selected limited values of output parameters is given in the
following table:

Table 1
The selected limited values of output parameters
. Value

No Output parameters Symbol Unit Low level | High level

1 | Temperature of working sheet T °C 480 600

2 | Feeding rate in z direction A, mm 0,3 0,6

3 Eg‘f‘de rate of tool on XOY Vi | mm/minute | 1000 1500

4 | Diameter of tool D mm 6 12

The simulation before empirical process is always necessary for prediction the result of forming

process, Fig. 3 displays the result of simulation to break position (red color at rigid tool).

Fig. 3 Model profile and its designed dimension
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Design the heating system of the worked sheet and temperature measuring
Fig. 4a) illustrated the structure of continuous heating installation for Titanium when forming. Fig.
4b) displays the real structure of SPIF feature and all accessories without sheet model:

b)

Fig. 4 a) Installation of continuous heating for SPIF model; b) Real structure of SPIF feature
where: 1: The electrical solenoid always contacts to the bottom of the model sheet, 2: Conic spring
for continuous pressure of solenoid via a ceramic thermal isolator wafer, 3: Electrical ware and signal

thermal measure ware, 4: Formed model, 5: Pestle (SPIF tool), 6: Upper clamp on a thermal isolator
pad, 7: Top of SPIF feature, 8: Ventilator.

A feedback thermal measuring system included thermal relay is designed and assembled in the
circuit to control the temperature of sheet when forming.

Fig. 5 Feedback thermal system s assembled to the SPIF feature

When setting up the temperature at 480°C, the feedback thermal system maintains this
temperature with the tolerance of +1°. The ventilator that is controlled by the thermal relay is
automatically active when the control circuit detects the overheat situation. The electrical circuit
provides AC 220V/50Hz for the solenoid. The ceramic thermal isolator wafer type K that can support
the temperature up to 1100°C is connected to point contact 78 of TZN4S that have the duty to detect
the feedback temperature of the sheet. This temperature is controlled and compared to the setting

up temperature (480°). SSR, a high intensity relay for continuous cutting, is connected to the
solenoid. The control signal is DC 5V.
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Fig. 6 Schema of electrical circuit for controlling the heat with feedback system when forming

Empirical process of forming titanium

All the empirical processes of forming 16 models of Titanium sheet are performed in SPIF

machine in CAD-CAD workshop of the Digital Control and System Engineering Laboratory
(DCSElIlab). The following figures displayed the empirical process.

a)

Fig. 7 a) Forming to the appearance of breakage; b) Direct measure by position of pestle

Fig. 8 a) Adjusting at top of the model; b) Measure the bottom of the model to define the error on z
direction when clamping
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Fig. 10 Measure the bottom of the model after released from the feature to define the depth at
breakage for deducing the angle [

Result of empirical process and numeric treating
The results of measuring 16 models of Titanium in empirical process are displayed in table 2.

Table 2
The simulation and empirical results with relative error of formability angle a
and springback value A of Titanium

No D Az ny T a (o) A
(mm) | (mm) | (mm/min) (°C) Empirical (mm)
1 12 0.3 1000 480 71,1 0.3
2 12 0.6 1000 480 72,4 0.18
3 12 0.6 1000 600 70,5 0.31
4 12 0.3 1000 600 72,4 0.11
5 12 0.6 1500 600 71,7 0.03
6 12 0.3 1500 480 71 0.32
7 12 0.3 1500 600 71,3 0.1
8 12 0.6 1500 480 71 0.1
9 6 0.6 1000 600 73,2 0.02
10 6 0.3 1500 480 70 0.32
11 6 0.6 1000 480 69 0.5
12 6 0.3 1000 480 70,4 04
13 6 0.6 1500 480 72 0.05
14 6 0.3 1000 600 73,1 0.03
15 6 0.6 1500 600 70 0.2
16 6 0.3 1500 600 71,1 0.05
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Analyses of the influence of input parameters
The Design-Expert software is applied to analyze the mutual influences of 2 in 4 parameters to
the formability (angle a). The following figures illustrate the mutual influences:

angle alpha (0}

08 _/Jw

[ .r:""“-\_ //'u
048 e e
082~ il
B: Step depth Vz (mm) ¢ J'?“"x__/'r a: Diameter D (mm)
03 6

Fig. 11 Influence of Step depth Vz and diameter D to the formability of Titanium

angle alpha (0)

B -

00 e

C: Feed rate Vxy (mm/phyot " 03 B: Step depth Vz (mm)
100008

Fig. 12 Influence of Feed rate Vxy and Step depth Vz to the formability of Titanium

angle alpha (0}

04

d: Temperature T (0CF™ “:._ —"0% B; Step depth Vz (mm)
480 03

Fig. 13 Influence of temperature T and depth Vz to the formability of Titanium
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d: Tamparature T (OCF o™ == 11 C: Fead rate Viy (mmiph)

angle ajpha (0)

Fig. 14 Influence of temperature and feed rate Vxy to the formability of Titanium

T and Feed rate Vxy depth Vz to the formability of Titanium to the formability of Titanium
Consideration:

- In any case the higher temperature, the bigger formability of the Titanium sheet (Fig.13-14),
- The smaller feed rate of tool the bigger formability of the Titanium sheet (Fig. 13),

- The influence of tool diameter is not clear, may be invariable (Fig. 11),

- The influence of step depth Vz is not clear (Fig. 12, 13).

Conclusion

The rise of temperature of Titanium sheet in SPIF technology will increase the formability of the
metal. The experiment does not show the limits of the influence but Hot SPIF with overheat influents
directly to the mechanics properties of the other components such as the shape of the tool,
lubrication between tool and surface of sheet work piece.
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DESIGN A CONTROL SYSTEM OF SLS RAPID PROTOTYPING MACHINE
Vo Tuyen, Le Khanh Dien, Tran Van Hung, Svetlin Antonov

At present, in Vietnam, mastering of technology and rapid prototyping equipment is very limited.
Therefore, the research design and manufacture of rapid prototype machine made in Viet Nam,
including SLS rapid prototyping machine is necessary. This article performs the design of a control
system for the SLS rapid prototyping machine, which meets the requirements for control as well as
experimental adjustment of the technological parameters when prototyping the product.

Keywords: Control system, Rapid prototype, Selective laser sintering, SLS machine

Introduction

In rapid prototyping method by sintering laser technology, the powder is sintered by the laser to
reach the temperature where they convert solid into plasticity, after the laser passes through the
material which will harden and link together to form the layers that we desired. When the previous
layer is done, the next layer is also made, the sintered powder is not only linked to the powder in the
same layer but also linked to the previous layer. Repeating the same for each layer until finishing
the product [1].

At present, in Vietnam, mastering the technology and rapid prototyping equipment is very limited.
Therefore, the design and manufacture of rapid prototyping machine made in Viet Nam, including
SLS rapid prototyping machine is necessary. Because of the particularity of the method of
prototyping complex surfaces, the control of the machine's operation as well as the process of
prototyping is essential. The control system for the SLS rapid prototyping machine meets the
requirements for SLS prototyping process control. It is the purpose of this design.

Analysis requirements and plans to control the SLS machine
The aggregation of the motions that need to be controlled as shown in table 1 will form the
function of the SLS rapid prototyping system [2].

Table 1
Components of the SLS machine to be controlled

Order Function Components

1 3-axis X-Y-Z moving accuracy 0.01 mm 3 high precision motors

2 Rollers - 2 moves 2 stepper

3 Supply powder to the system 1 stepper motor

4 Limit Sensors 10 sensor

5 Heater of machine 1 heater

6 Laser beam driver control 1 control cabinet

From the above analysis, the following control schemes can be identified (Fig. 1) [3]:

Controlling the motion of the machine and servo motor.

- The return signal is collected by the motion card.

- Controlling parameters and operating status of the machine by the software developed by
researchers.

- The process of creating cut files is performs through STL layer cutting software to the specific
requirements of the machine being studied.
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Fig. 1 Interconnection diagram of blocks in SLS rapid prototyping machine

Design of SLS control system

The control of the SLS machine consists of the following diagram (Fig. 2) [4]:
- Control the power source cluster;

- Control feed/roller powder cluster;

- Control the three-axis execution cluster XY Z;

- Control laser cluster.
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Fig. 2 Schematic diagram of the SLS rapid prototype control system

Control the power source cluster. The power source is a electrical energy conversion transfer
from 220v, 50Hz frequency of the normal home grid, to DC power supply with values of 5V, 12V,
24V for electronic circuits and motors in other clusters. Power circuits mainly use two power
converters: rectifier and DC-DC converters. The AC source is fed through a rectifier to convert it into
a DC source of approximately 300V. This source continues through the DC-DC converter to achieve
the desired value. The PWM pulse generator in the circuit will be continuously cut according to the
set task (% of input value) (Fig. 3).
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Fig. 3 Design, fabrication of power circuits for SLS rapid prototyping manchine

Control the powder feed/roller cluster. When the signal is activated, the microcontroller will
trigger the buffer amplifier circuit for the spinning wheel motor in the direction of the powder. The
time, it takes for the motor to rotate has been adjusted so that the amount of raised powder is
sufficient to undergo the machining. After the powder is putting up, the motor lifts the powder. The
roller motor is activated to spread the powder into the machining area, then the motor reverse the
rollers back to the original position, ending an operation cycle (Fig. 4).
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Fig. 4 Schematic diagram of powder feed/roller cluster in SLS machine

The microcontroller used is the Microchip PIC16F877A Microcontroller, based on Microchip's
proprietary PIC16F877A microprocessor, which has a large footprint and is designed to be flexible
and easy to find in the Vietnamese market. Microcontrollers assume the role of setting the working
modes of this cluster, following the flow chart (Fig. 5).

Buffer circuits include relay circuits and high capacity H-bridge circuits. The relay pad is
responsible for receiving the control signal from the relay to switch off the operation of the powder
feed motor and the roller motor, when the XYZ axes are touching the limit (touching the limit switch),
relay stop operation of XYZ temporary clusters, avoid destroying machine structure. The relay has
opto isolates the control circuit section with the power circuit, which minimizes the interference
caused on the microcontroller, affecting the operation of the motor (Fig. 6).

Large capacity H-bridges act as flexible role to reverse direction of the motor’s rotation under
the control of the microcontroller (Fig. 7).
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Fig. 5 Design and manufacture of powder feed/roller cycle control circuits with PIC16F877A
microcontroller

Control the three-axis execution block X Y Z. We see the X Y Z axis motor is controlled by
software on the computer, transmitting the data to the control board via parallel transmission port
LPT. Parallel port allows parallel transmission bits and serial bytes. Also called LPT port. Parallel
port structure of 8 data lines, 4 control paths and 5 status paths. These paths are compatible with
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TTL (0.5), so it is quite convenient to simply connect multiple components and circuits that are
compatible with the logic level. Parallel port distances are limited due to parasitic capacitance,
induction and power loss.

CONTROL - XY, 2
SOFTWARE MOTORS
|
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Fig. 8 Design and contruction of motor X Y Z control board

The XY Z motor control circuit is an important driving force, which is responsible for transferring
control commands from the computer to specific tasks through the motor, shaping the product
(Figure 8). The Toshiba 6560 IC driver is the main and most important component, producing PWM
pulses for controlling dipole stepping motors. TB6560AHQ has a variety of control modes, relatively
cheap and popular. At the same time, this IC offers low vibration, high efficiency, flexible to drive and
reversing motor simply. The circuit is designed to control three dipole stepper motors - four (3 XY Z
axis), along with an auxiliary shaft. Each TB6560 driver uses a step motor controller. The computer
control program outputs control signals through the LPT port. Control signals enter the IC after being
purified via IC 74HC14. Each TB6560 IC is controlled via three signals, namely CLK, DIR and
ENABLE. Control input is insulated with the motive circuit via the LTV357T opto. Bipolar motors need
to be controlled on both poles to generate electric current on the motor, thus requiring a full H-bridge
to control each winding of the stepper motor. This H-bridge is integrated inside the TB6560 IC used
in the control circuit. With this type of engine, we have the following types of controls:

Full-step control (wave drive — 1 phase on): In Wave drive mode, at one time only one winding
is supplied current. This control is simple, but the power is very low, only 50%. So the torque force
generated by this type of control is relatively weak.

Full-step control (two phase drive - 2 phase on): In this mode, two windings will be energized at
the same time, giving higher power than the one above.

Half-step control (1 or 2 phase on): This type of control combines the two forms. As a result, the
motor can move at angles up to twice the resolution of the above. This type of control is relatively
complex. Thus, with the driver mentioned above, we can control the micro step 1/16, which increases
the precision of the engine as well as increase the torque, power...

Control laser cluster. To control the on / off laser, the control signal is connected to one leg of
the LPT port, which is defined in the software to indicate that the laser is turned on and off. When
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the laser control signal is sent, it passes through the buffer circuit, thereby opening and closing the
laser source. The laser on / off control is the spindle leg of the control circuit. By combining with
gcode commands, the control circuit will turn on / off the laser during operation. Anode of the
discharge tube is connected to the positive end of the source, cathode connected to the negative
source (Fig. 9).
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Fig. 9 Design and construction of laser power control circuit

The laser used is the CO- laser. The CO, laser is formed by exploring the reaction of the gas
mixture in the sealed tube. These gases are the laser environment. This tube can be made of glass
or metal. Metal pipes are more efficient, more stable and more durable. Glass tubes are lower
performance, less stable, brittle, but much cheaper. Radio Frequency (RF) is used to stimulate gas
molecules (laser environment) to produce lasers. The main fuel in this mixture is COg, so it's called
CO, Laser. The wavelength of this laser is 10.6um, which will work on wood, paper, some plastic,
fabric, ceramic, stone, etc. CO; laser is widely used in laser technology on metal and nonmetal, laser
cutting and laser sintering (Fig. 10). This laser system radiates a lot of heat so it must cool well to
avoid overheating the laser. Water-cooled CO; hose. To pump water into the tube, we use a DC
pump, 12V DC, to ensure the water level in the tube is 1-4 liters per minute. Water is continuously
injected throughout the machine to ensure that the laser tube is stable at the allowable temperature.
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Fig. 10 CO, Laser ejecting tube
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Conclusion

The paper presents the design of the hardware of the control system together with the electrical
equipment that meets the main driving force used in the SLS rapid prototyping machine, which meets
both control and experimental requirements during the product performing (Fig. 11).

Fig. 11 Experiment and manufacturing products with SLS rapid prototyping machine.
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STRUCTURE DESIGN OF THE SLS RAPID PROTOTYPING MACHINE BY
MODULARITY

Vo Tuyen, Le Khanh Dien, Nguyen Thanh Nam, Svetlin Antonov, Rositsa Velichkova, lvan Antonov

In rapid prototyping method by sintering laser technology, the powder is sintered by the laser to
reach the temperature where they convert solid into plasticity, after the laser passes through the
material which will harden and link together to form the layers that we desired. When the previous
layer is done, the next layer is also made, the sintered powder is not only linked to the powder in the
same layer but also linked to the previous layer. Repeating the same for each layer until finishing
the product. The design of the SLS rapid prototyping machine will greatly depend on the machine
architecture for the formation of clusters. This paper presents a design method application for
modularity to analyze structure, system design for the SLS rapid prototyping machines which based
for detailed design calculations of the SLS rapid prototyping machines.

Keywords: Structure design, Modularity, Rapid prototype, Selective laser sintering machine

Introduction

SLS rapid prototyping technology is based on a laser sintering technique developed and issued
at the University of Texas in Austin. With the financing from BF Goodrich company, the DTM Group
(1987) commercialized SLS, the first rapid prototyping of the DTM Group, which was commercialized
in 1992. Nowadays, this type of rapid prototyping has also been produced by a number of other
companies. SLS method using the properties of powder material can be solidified by the effect of
heat. A thin layer of powdered material is spread on the surface of the cylinder by a certain thickness,
the laser solidifies (bonds) the powder within the boundary of the scanning surface, causing them to
stick in the contact surface. Then the cylinder descends to about the next layer thickness, the
material powder is added and the process is repeated until the complete product. With SLS
technology, materials are very diverse, inexpensive, using a wide variety of materials, from waxes,
polymers, thermoplastics, ceramics to metals and alloys. This has an important significance in the
rapid prototping in the global competitive era. The economic design of the SLS rapid prototyping
machine will greatly depend on the machine architecture for the formation of clusters. Therefore, to
have an efficient modular design, we need to analyze the structure of the SLS rapid prototyping
system as the basis for the economic design of the SLS rapid prototyping machine.

The working principle of the equipment

The working principle of the SLS rapid prototyping process is shown in Fig. 1 The product is
divided into slices from the .STL format file that forms a layer by spreading the layers of powder and
sintered by a CO; laser source according to the steps:

Step 1: A layer of molten powder is placed in the product container.

Step 2: The first layer of powder is scanned by CO; laser and solidify. Unprocessed powder
material will be returned to the container.

Step 3: When the first layer is finished, the second layer of powder is supplied through the
mechanical roller to prepare for the second layer scanning process.

Step 4: Step two and step three are repeated until the complete product.

Once the process is finished, the product is removed from the treatment chamber and they can
be transferred to the postprocessing or re-polish stage as sandblasting depending on the application
of the product.
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Fig. 1 The working principle of the SLS rapid prototyping machine

The working principle of the equipment

With the concept: System characteristics are the one-to-one relationship between the functional
characteristics and structure of the components (functional characteristics are the result of activities
performed by the executing components to contribute to the general character of the products,
structures that result from the layout, assembly and shaping of the functional executing components).
To manufacture all elements required for each functional cluster, will not be effective with the work
progress and fabrication cost. The best option would be to calculate and choose standard elements,
then buy them for assembly. For some specific details that are not available on the market, we can
fabricate the details to have the desired effect.

First of all, we need to list all the elements of the SLS rapid prototyping system from the outgoing
motors as follows [1]: 1) Roller drive motors; 2) Roller transmissions, toothed belts; 3) Powder rollers;
4) Forming motors; 5) XY axis drive; 6) Power supply, laser tube; 7) Orientation lenses; 8) Z axis
lifting transmission; 9) Container; 10) Bracket, halogen lights; 11) Frame, cabinet.

To determine the relationship between the parts by the structure and function, we use a matrix
of relationship between structure and function with “1” is the desired effect, “0” is the negligible effect
and finally, “-1” is the undesirable effect.

Based on the analysis of actuators, we have a table of relationships between components by
the structural characteristics (Table 1) [4]. In which, the symbols: MA: mate; PA: parallel; CO: contact;
RE: remoteness; DT: direct transmission; IT: indirect transmission; DE: deceleration; NDE: no
deceleration; HE: heating; LA: Laser.

Table 1
Relationship between parts in the structure
Component
Structure Function
Arrangement Position Energy Transmission
B6 phan 1 Bo phan 2 MA PA CO | RE DT IT DE NDE
Roller drive Roller and
toothed belt 1 0 1 0 1 0 0 1
motor ;
drive
Powder roller 0 1 0 1 0 1 1 0
Prototyping | 1 o | 1 0 1 0 1
drive motor
XY axis drive 0 1 0 1 0 1 0 1
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Component
Structure Function
Arrangement Position Energy Transmission
B6 phan 1 B6 phén 2 MA PA CcO RE DT IT DE NDE
Power
supply, laser 0 1 0 1 0 0 0 0
tube
Orientation 0 1 0 1 0 0 0 y
lens
Z axis drive
of the lifting 0 1 0 1 0 1 0 1
table
Container 1 0 1 0 1 0 1
Bracket,
halogen lights 0 ! 0 ! 0 ! 0 !
Frame, 0 1 0 | 1 0 1 0 1
cabinet
Roller and
toothed belt Rollers 1 0 1 0 1 0 1 0
drive
Prototyping 1 o | 1 0 1 0 1
drive motor
XY axis drive 1 1 1 1
Power
supply, laser 0 1 0 1 0 0 0 1
tube
Orientation 0 1 0 1 0 0 0 1
lens
Z axis drive
of the lifting 0 1 0 1 0 1 1 0
table
Container 1 0 1 0 1 0 1
Bracket,
halogen lights 1 1 ! 1
Frame, 0 1 0o | 1 0 1 0 1
cabinet
Rollers Prototyping | 4 0 1] 0 1 0 0 1
drive motor
XY axis drive 0 1 0 1 0 1 1
Power
supply, laser 0 1 0 1 0 0 0 1
tube
Orlelntatlon 0 1 0 1 0 0 0 1
ens
Z axis drive
of the lifting 0 1 0 1 0 1 1 0
table
Container 1 0 1 0 1 0 1
Bracket,
halogen lights ! ! ! !
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Component
Structure Function
Arrangement Position Energy Transmission
B6 phan 1 B6 phén 2 MA PA CO RE DT IT DE NDE
Frame, 0 1 0o | 1 0 1 0 1
cabinet
Prototyping | v ouis drive | 1 0 1 0 1 0 0 1
drive motor
Power
supply, laser 0 1 0 1 0 0 0 1
tube
Orientation 0 1 0 1 0 0 0 1
lens
Z axis drive
of the lifting 0 1 0 1 0 1 1 0
table
Container 1 1 1 1
Bracket,
halogen lights 0 ! 0 ! 0 ! 0 !
Frame, 0 1 0 1 0 1 0 1
cabinet
Power
XY axis drive | supply, laser 0 1 0 1 0 0 0 1
tube
Orientation 0 1 0 1 0 0 0 1
lens
Z axis drive
of the lifting 0 1 0 1 0 1 1 0
table
Container 1 1 1 1
Bracket,
halogen lights 0 ! 0 ! 0 ! 0 !
Frame, 0 1 0o | 1 0 1 0 1
cabinet
Power supply, Orientation 0 1 0 1 0 0 0 0
laser tube lens
Z axis drive
of the lifting 0 1 0 1 0 0 1 1
table
Container 1 0 1 1
Bracket,
halogen lights 0 ! 0 ! 0 0 0 0
Frame, 0 1 0o | 1 0 1 1 0
cabinet
Orientation Z axis drive
| of the lifting 0 1 1 0 1 0 0 1
ens
table
Container 1 1 1
Bracket,
halogen lights 0 ! 0 ! 0 0 0 0
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Component
Structure Function
Arrangement Position Energy Transmission
B6 phan 1 B6 phén 2 MA PA CO RE DT IT DE NDE
Frame, 0 1 0o | 1 0 1 0 0
cabinet
Z-axis drive of .
the lifting table Container 0 1 0 1 0 0 1 1
Bracket,
halogen lights 0 ! 0 ! 0 0 0 0
Frame, 0 1 o | 1 1 0 0 0
cabinet
Container Bracket, 0 1 0 | 1 0 0 1 0
halogen lights
Frame, 0 1 o | 1 0 0 1 0
cabinet
Bracket, Frame,
halogen lights cabinet 0 ! 0 ! 0 ! 0 0

Modularity design in the SLS rapid prototyping machine

Establish the functional relational matrix of the system, the parts with the different compatibility
levels (showed different values) are grouped into the corresponding modules. This can be done by
General Functional Requirements criteria, we form the functional modules matrix of the rapid
prototyping system as shown in Table 2.

Table 2
The function relationship matrix of the system
1 2 3 4 5 6 7 8 9 10 11

1 2 2 1 1 0 0 1 0 0 1
2 2 2 1 1 0 0 1 0 0 1
3 2 2 1 1 0 0 1 0 0 1
4 1 1 1 2 2 2 2 0 0 1
5 1 1 1 2 2 2 2 0 0 1
6 0 0 0 2 2 2 2 0 0 1
7 0 0 0 2 2 2 2 0 0 1
8 0 0 0 2 2 2 2 0 0 1
9 0 0 0 0 0 0 0 0 0 1
10 0 0 0 0 0 0 0 0 1
11 1 1 1 1 1 1 1 1 1 1

As a result, there are five functional modules as follows:
— Module 1 (Powder roller cluster): Roller drive motor; Rollers and toothed belt drive; Rollers.
— Module 2 (Laser prototyping cluster): Prototyping drive motor; XY axis drive; Power supply, laser
tube; Orientation lens; Z axis drive of the lifting table.
— Module 3 (Container cluster): Containers.
— Module 4 (Heating cluster): Bracket, halogen lamp.
— Module 5 (Chassis frame cluster): Frame, cabinet.
Similarly, we obtained the structural modules matrix of the rapid prototyping system in Table 3.
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Table 3
The structural modules matrix
1 2 3 4 5 6 7 8 9 10 11

1 3 3 1 1 1 1 1 1 1 1
2 3 3 1 1 1 1 1 1 1 1
3 3 3 1 1 1 1 1 1 1 1
4 1 1 1 2 2 2 2 1 1 1
5 1 1 1 2 2 2 2 1 1 1
6 1 1 1 2 2 2 2 1 1 1
7 1 1 1 2 2 2 2 1 1 1
8 1 1 1 2 2 2 2 1 1 1
9 1 1 1 1 1 1 1 1 1 1
10 1 1 1 1 1 1 1 1 1 1
11 1 1 1 1 1 1 1 1 1 1

According to the system structure, there are also 5 modules as follows:
— Module 1 (Powder roller cluster): Roller drive motor; Roller and toothed belt drive; Rollers.
— Module 2 (Laser prototyping cluster): Prototyping drive motor; XY axis drive; Power supply, laser
tube; Orientation lens; Z axis drive of the lifting table.
— Module 3 (Container cluster): Containers.
— Module 4 (Heating cluster): Bracket, halogen lamp.
— Module 5 (Chassis frame cluster): Frame, cabinet.
System analysis by function and by structure shows that the modules are similar. This proves
that the results of the analyzing process are reasonable, which helps to identify the design options
available and the design details as shown in Table 4.

Table 4
Design elements can be purchased and details to be manufactured
STT Name of cluster Name of detail Selective | Design and
design | Manufacture
Roller drive motor X
1 Powder roller cluster Roller and toothed belt drive X
Rollers X
Prototyping drive motor X
XY axis drive X
2 Laser prototyping cluster Power supply X
Orientation lens X
Z axis drive of the lifting table X
. Powder container on the right X
3 | Container cluster .
Powder container on the left X
. Halogen light X
4 Heating cluster Bracket X
5 | Chassis frame cluster Frame X
Cabinet
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Conclusion
Applying the modular design method for structural analysis, system design, we have the general

structure for the SLS rapid prototyping machine as follows (Fig. 2).
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b) Roller and Powder

a) Sintered laser in two directions X Y
Fig. 2 Dynamic diagram of the SLS rapid prototyping system

facturing

Fig. 3 The SLS rapid prototyping machine is completely manu

Powder roller cluster: roller drive motor, roller and toothed belt drive and rollers are designed so
that they aren’t sagged in the middle, the roller surface isn’t sticky during operation.
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Laser prototyping cluster: prototyping drive motor; XY axis drive; power supply, laser tube;
orientation lens; Z axis drive of the lifting table, which ensure the scanning quality, but do not reduce
the machining efficiency.

Powder container cluster: powder containers on the right and left, ensuring enough powder for
the prototyping process without compromising product quality.

Heating cluster: bracket and halogen lights, the task of pre-heating so that when sintering will
not cause heat stress and increase product quality.

Chassis frame cluster: frame and cabinet, ensuring the firmness of the machine during the work.

The SLS rapid prototyping machine is manufactured and operated to demonstrate the
effectiveness of applying the modular design method in system design for the SLS rapid prototyping
machine (Fig. 3). The specifications of the machine are as follows: Working volume: 100 x 100 x 100
mm; Movement speed of x, y axis: 900 mm/s; Laser system: suitable power is used for many
materials; Materials: PS resin; Thickness of layer: 0.08 ~ 0.3 mm; Detailed accuracy: 100 mm +/-
0.5 mm or +/- 0.5%; Laser accuracy: 0.02 mm.
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STRESS AND TRANSPOSITION ANALYSIS OF THE SLS RAPID PROTOTYPE
MACHINE FRAME

Vo Tuyen, Le Khanh Dien, Tran Trong Hy, Svetlin Antonov, Rositsa Velichkova, Ivan Antonov

In designing the chassis machine of the SLS rapid prototype machine, the problem of ensuring
durability and vibration limitation during product performing plays an important role. The article
presents the stress analysis and displacements the frame when dynamic load is applied during the
motion. With reciprocal displacement we can calculate the oscillation frequency of the entire three-
dimensional synthesizer frame which will determine the durability of the chassis that will absorb the
entire vibration, eliminates the vibration factor that generated machine component size errors during
SLS manufacturing.

Keywords: Stress & transposition analysis, Rapid prototype, Selective laser sintering

Introduction

In rapid prototyping method by sintering laser technology, the powder is sintered by the laser to
reach the temperature where they convert solid into plasticity, after the laser passes through the
material which will harden and link together to form the layers that we desired. When the previous
layer is done, the next layer is also made, the sintered powder is not only linked to the powder in the
same layer but also linked to the previous layer. Repeating the same for each layer until finishing
the product [1].

At present, in Vietham, mastering the technology and rapid prototyping equipment is very
limited. Therefore, the design and manufacture of rapid prototyping machine made in Viet Nam,
including SLS rapid prototyping machine is necessary. The general structure of the SLS rapid
prototyping machine consists of the following clusters: 1) Roller drive motors; 2) Roller transmissions,
toothed belts; 3) Powder rollers; 4) Forming motors; 5) XY axis drive; 6) Power supply, laser tube;
7) Orientation lenses; 8) Z axis lifting transmission; 9) Container; 10) Bracket, halogen lights; 11)
Frame, cabinet [2]. The analysis of the stress & transposition of the SLS rapid prototyping machine
is necessary to meet the requirements of the SLS rapid prototyping. It is the purpose of this design.

Design of the SLS machine frame

In the design of the SLS machine frame (figure 1), the vibration problem during performing
prototyping process occurs due to the following factors [3]:

— Movement of the roller creates vibration for the system.
— Movement of the XY axis laser source’s part during machining process.
— Vibration generated by water supply system for laser source cooling.

In order to overcome the above factors, we will analyze the stresses and displacements in the
frame when the dynamic load is applied during the motion. With reciprocal displacements, we
calculate the oscillation frequency of the entire three-dimensional synthesizer frame, which will
increase durability of the frame to absorb the entire vibration.
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Fig. 1 Complete SLS machine frame

Stress analysis and results evaluation

The forces applied to the frame during operation include:
— Weight of all elements in the SLS machine.
— The component forces on SLS machine frame.

Fig. 2 Static analysis of the SLS machine frame

Executing simulation of the stress analysis is done by steps as follows [4]:
Step 1: To simulate a static analysis for the SLS machine frame (Fig. 2).
Step 2: To simulate dynamic analysis of the machine, so that the laser head moves in two

directions X, Y while the machine is operating. The strength and moment on the SLS machine
frame is shown in Table 1.
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Table 1
The strength and moment on the SLS machine frame
Strength Moment
Order | Name of C . C .
No bindin . omponents . . omponents .
(¢ Size (X.Y,2) Unit Size X.Y,2) Unit
1 0 N 69.643 Nm
Fixed
S 4019,355 0 N 93.287 61.599 Nm
binding:1
4019,355 N 7.607 Nm
— Step 3: Transfering elements to static analysis environment after dynamic analysis.
— Step 4: Performing static analysis for each desired element.
— Step 5: Analysing results of the whole machine (Table 2).
Table 2
Summary of the analysis results
Order No Name Min | Max Unit
1 Volume 37609500 mm?
2 Weight 295.234 Kg
3 Von Mises stress 0.00000316864 31.1277 MPa
4 Transposition 0 0.0828384 mm
5 Stress in XX -8.72426 11.9986 MPa
6 Stress in XY -5.67507 44376 MPa
7 Stress in XZ -12.17 10.0809 MPa
8 Stress in YY -17.1758 14.6794 MPa
9 Stress in YZ -7.37713 8.88229 MPa
10 Stress in ZZ -23.2888 10.6214 MPa
11 Transposition in X -0.00915307 0.016386 mm
12 Transposition in 'Y -0.0138993 0.0170779 mm
13 Transposition in Z -0.0826147 0.0000222054 mm
14 Equivalent deformation|0.000000000013238 0.000128996 ul

Step 6: Summary of the results of stress analysis (Table 3).
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Results of stress analysis

Table 3

Image

Order No Name
1 Von Mises stress
2 Transposition
3 Stress in XX
4 Stress in XY
5 Stress in XZ
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Order No Name
6 Stress in YY
7 Stress in YZ
8 Stress in ZZ
9 Transposition in X
10 Transposition in Y
1 Transposition in Z
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Order No

Name

12

Equivalent deformation

Evaluating the SLS machine performance’s simulation:

— The largest transposition is in the powder container.
— The highest stress is in the powder supply tank.

— The transposition of the laser head is trivial and there is no stress on the structure.
— Transposition parameters of the machine is in Table 4.

— Deformation parameters of the machine is in Table 5.

— Stress values in the allowable range, the transposition values are trivial;

Transposition parameters of the machine

Order No

Name

Min

Max

Unit

1

Transposition| 0

0.083

mm

Deformation parameters of the machine

Order No Name Min Max Unit
1 Equivalent 1,324e-011 | 1,29e-004 ul
deformation

— The stability of the laser cluster is ensured.

Conclusion

Stress and transposition analysis of the SLS machine frame is performed while the dynamic load
is applied during motion. With transposition in each direction, We will calculate the oscillation
frequency of the whole three-dimensional synthesis engine. This will determine the durability of the
frame to eliminates the vibration factor that occurs the machine size error in processing products by
SLS machine. Experimental results show that the laser sintering machine meet the requirements of
the SLS rapid prototyping (Fig. 3).

Table 4

Table 5
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Fig. 3 SLS rapid prototyping machine and real products
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DESIGN OF ASSEMBLING PROCESS FOR SLS RAPID PROTOTYPING MACHINE
INSTALLATION

Le Khanh Dien, Vo Tuyen, Nguyen Thanh Nam, Svetlin Antonov, Ivan Antonov

In the design the SLS rapid prototyping machine, the analysis of the assembling process of the
machine is necessary for the completing assembly of SLS rapid prototyping machines to ensure the
quality and accuracy of the machine. This article studies an assembling process of the machine’s
clusters to meets the requirements of machining accuracy. Experimental results show that the SLS
rapid prototyping machine, which had made with the above assembly design process, satisfies the
desired machining product with complex geometry according to the design.

Keywords: Assembling process, Analysis, Rapid prototype, Selective laser sintering

Introduction

In rapid prototyping method by sintering laser technology, the powder is sintered by the laser to
reach the temperature where they convert solid into plasticity, after the laser passes through the
material which will harden and link together to form the layers that we desired. When the previous
layer is done, the next layer is also made, the sintered powder is not only linked to the powder in the
same layer but also linked to the previous layer. Repeating the same for each layer until finishing
the product [1].

At present, in Vietham, mastering the technology and rapid prototyping equipment is very
limited. Therefore, the design and manufacture of rapid prototyping machine made in Viet Nam,
including SLS rapid prototyping machine is necessary. The general structure of the SLS rapid
prototyping machine consists of the following clusters: 1) Roller drive motors; 2) Roller transmissions,
toothed belts; 3) Powder rollers; 4) Forming motors; 5) XY axis drive; 6) Power supply, laser tube;
7) Orientation lenses; 8) Z axis lifting transmission; 9) Container; 10) Bracket, halogen lights; 11)
Frame, cabinet [2]. The analysis of the technological process of assembling of these clusters is
necessary to complete the installation of the SLS rapid prototyping system. This is the purpose of
this design.

Laser cluster assembling process
Assembly Requirements:
— To ensure the Y-axis parallel to the horizontal surface.
— To ensure the X-axis parallel to the horizontal surface.
— To ensure the perpendicularity of the Y-axis to the X-axis.
— To ensure the perpendicularity of the laser source to the horizontal surface.
— To ensure the perpendicularity of the laser source to the Y-axis.

Laser cluster assembling process is show in Fig. 1:
— Step 1: X-axis installation: install the rails into the frame, Install step motor;
— Step 2: Y-axis installation: Install the slider into the frame, Install step motor;
— Step 3: Laser source installation: Install the bracket into the frame, Install laser power supply;
— Step 4: mirror system installation.
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Fig. 1 Schematic diagram of laser cluster assembling

Laser cluster is completely assembled as shown in Fig. 2.

Fig. 2 Laser cluser is completed assembly

Powders roller cluster assembling process

Assembly Requirements:
To ensure the roller parallel to the horizontal surface.

— To ensure the perpendicularity of the roller to the slide rail.

— To ensure the required gap for the rollers.
Powders roller cluster assembling process is show in Fig. 3 & 4:
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Fig. 3 Schematic diagram of powders roller installation

Step 1: Roller instalation (Fig. 3): Install cage into the rollers, Install the ball bearing into the shaft
and the roller cover, Install the rubber seal on the roller cover, Install the impart connector to the

roller cover, Install the pulley into the connector;
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Fig. 4 Schematic diagram of powder roller cluster installation

Step 2: Powder roller cluster installation (Fig. 4): Install motor, Install sliding rails, Install the

pulley, Install the cogged belt, Install the roller into the sliding rail.
The completed powder roller cluster installation is show in the Fig. 5.
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Fig. 5 The completed installation powder roller cluster

Powder supply cluster assembling process
Assembly Requirements:
— To ensure the face parallel to the horizontal surface.
— To ensure perpendicularity between surfaces.

Step 1: Install the frame support;
Step 2: Install the product tank (Fig. 6): Install of slides, Install the cover crate on the base, Install

sliding board and lifting platform, Install the visme ball screws;
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Fig. 6 Schematic diagram of product tank installation

Step 3: The powder container installation (Fig. 7): Install slides, Install the crate on the base,
Install sliding board and lifting platform, Install the visme ball screws;
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Fig. 7 Schematic diagram of the powder container installation

Step 4: Completing the supply tank assembly (Fig. 8): Install the motor, Install the belt;
Powder supply cluster installation completed as shown in Fig. 9.
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Fig. 8 Schematic diagram of the supply tank installation
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Fig. 9 Completed installation powder supply cluster

The process assembly was performed and the SLS rapid prototyping machine is shown in
Fig.10.
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Fig. 10 Completed assembling SLS rapid prototyping machine

Experimental evaluation of the machining product by SLS machine
In order to evaluate the quality and ability of the machine, we have conducted experiments the
products, designed and manufactured by SLS machine in the DCSELAB [3], in particularly:

— Manufacturing machine detail with parameters [4]: thickness of a sintering layer: 0.2 mm; Laser
power source: 0.75% (60W); Sintering speed: 250mm/s; Sintering temperature ~ 1600C; Time
of machining: 3 hours 15 minutes. The result: laser pathways meet requirements. The product
after machining is shown in Fig. 11.

Fig. 11 Machine detail is made by SLS machine
Comment:
o Sintering properties achieve good hardness, no breakage.
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0 Resolution of the product is guaranteed.
o Surface roughness is very large, verified in accordance with the theoretical study required to

(@]

(o} elNe]

perform the processing after forming on the SLS machine.

Experimental fabrication of spiral cylindrical inner details with parameters [4]: Thickness of a
sintering layer: 0.2 mm; Laser power by source: 0.75% (60W); Sintering speed: 250 mm/s;
Sintering temperature ~ 1600C; Time of machining: 2 hours 30 minutes. The result: laser
pathways meet requirements. The product after machining is shown in Fig. 12.

Fig. 12 Machine detail is made by SLS machine

Comment:

Products are improved when the thickness of the powder is adjusted to 0.2mm, the details are
not warped after machining.

The surface hardness of the block ensures the shape of the part.

After processing and cleaning the base layer do not need to perform the post-processing.
Experimental fabrication of raised letters with parameters [4]: Thickness of a sintering layer:
0.1mm (and 0.3mm); Laser power by source: 0.75% (60W); Sintering speed: 250 mm/s;
Sintering temperature: ~ 1600C; Time of machining: 35 minutes. The result: The cut of the laser
meets the requirements. The product after processing is shown in Fig. 13.
Comment:

Hardness of the product ensures the bonding of the layers.

High resolution of words in the part.

Thicker layer is more pronounced than SLS layer thickness with “PTK”.

Evaluation of machining precision: After conducting the same work, the same nominal size, we
measured the size of the inner helical cylindrical detials with the workpiece. The dimension of
the prototypes is as follows in Table 1.
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Table 1
The dimension of the prototypes

STT Dir?;:]s)ion STT Dir?;r;]s)ion STT Dir?:]r;?)ion STT Dir?;r:)ion
1 39.58 6 39.46 11 39.46 16 39.57
2 39.48 7 39.58 12 39.49 17 39.51
3 39.49 8 39.59 13 39.53 18 39.50
4 39.58 9 39.53 14 39.58 19 39.45
5 39.56 10 39.54 15 39.57 20 39.55
Average value 39.53

The result: nominal size: D = 39.5mm, model measurement result: Ddo = 39.53 mm. The
processing tolerance is 0.03.

Conclusion

This paper has conducted a study to build the technological process of assembling clusters of
SLS rapid prototype machines, which meet the demands of precision machining of the products.
Experimental results show that: SLS rapid prototype machine satisfies requirements, processed
products have the desired shape according to the design with complex geometry.
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MHOroTO4KOBO eKCrepMMeHTarIHO U3MepBaHe Ha CKOPOCTTa Ha Bb3AYLIHO
TeuyeHue, reHepupaHo Npu asaTta Ha U3gULLBAHe, OT PECNUPATOPHUA LIMKBI NPU
Xoparta

MapTuH VBaHOB

lMpedcmaseHama paboma e Yacm om OeliHocmume o npoekm kbM HUC Ha TY-Cogbus,
¢uHaHcupaH ro HarnpasneHue ,llepcnekmusHu pbkosooumenu®, ¢ [Joezosop Ne 1811P0005-02, Ha
mewma: ,EkcriepumeHmarnHa cbriocmaska Ha xapakmepucmukume Ha 8b30yWHOMO meYyeHue rnpu
u3duwseaHe, € 4ucreHU pesynmamu om cb30adeH esupmyarnieH Molesi Ha duwaw, MornuHeH
MmaHekeH", [lposedeHO € MHO20mMOYKO80O €eKCriepuMeHmMarsnHo U3Mepg8aHe Ha CcKopocmma Ha
8b30YWHO meveHue, 2eHepupaHo rnpu ¢azama Ha uzduweaHe, om pecriupamopHUs UUKbI rnpu
xopama, 6asupaHo Ha OaHHU om 10 peanHu yyacmHuka. [lonydeHume pesynmamu
deMoOHCMpupam  U3KIlYUMesIHama  HecmayuoHapHocm Ha  fpouyecume  €8bp3aHu ¢
pecrupamopHUs UUKDBJT PU Xopama, o OmHoweHuUe Ha UaMepeHama CKopocm & pasfiuyHuU moyxu
om 2eHepupaHomo Om 4Y0BEK 8b30yWHOmMO medeHue npu u3duwaHe. [lpedcmaseHume
EKCMOHEeHYuanHu JuHUU Ha meHOeHyuume riokasgam o4akeaHama 3aKOHOMEPHOCm, Ha
HamarssisaHe Ha cKkopocmma Ha usduwaHe, ¢ HapacmeaHe Ha OmMCMOosIHUEMO Om Hoca.

Knro4oeu dymu: ekcriepUMeHTanHu nscrnegBaHus, CKOPOCT Ha Bb3AYLUHU TEYEHUS, OUXaTENEH
UMKBI Npu Xopara

Multipoint velocity measurements of air flow, generated by the exhale phase
from the human respiratory cycle

Martin lvanov

The presented study is supported by “RDS” at TU-Sofia, as part of the activities under the
"Perspective leaders" project, with Contract Ne 1811P0005-02, entitled: “Experimental comparison
of the air jet characteristics during exhalation, with numerical results from developed virtual breathing
thermal manikin”. It was conducted a multi-point experimental measurement of the airflow velocity,
generated in the exhalation phase from the human respiratory cycle, based on data from 10 real
participants. The results obtained demonstrate the exceptional irregularity and the transient
character of the human respiratory cycle, in terms of measured velocity at different points of man-
generated exhalation air flow. The presented exponential trend lines show as expected, that there is
a reduction in the exhalation velocity, with the increase of the distance from the nose.

Key words: experimental studies, air flow velocity, human respiratory cycle

BvBeneHue

[uiwaHeTo e Hal-4ecTo cpeljaHaTa U Han-CbLLECTBEHA aKTMBHOCT Ha YOBELLKOTO THAMO, U Ha
npakTuKa xopaTta He MoraT ga cbluecTByBaT 6e3 aa guwar [1,2,4]. YUpes obmsiHaTa Ha BAMLWIBaHUSA
W N3gULLIBaH Bb3AyX Ce OCbLLECTBSABA NMPEYNCTBAHETO Ha YOBELLKUSA OpraHM3bM OT FreHepupaHuTe
npu metabonuama BpedHu BellecTBa U rasose [4,6,9]. M3kniounTenHo BaxkHa YacT OT AguxaTtenHarta
dYHKLMS 3aemMa OTBEXOAHETO Ha BbIriepoaHusa guokcmg ot 6enute gpobose, KaTto MO TO3U HAYUH
Ce OCbLLEeCTBSABA M NPEYNCTBAHETO Ha KpbBTa.

[dunxaTenHns LMKLN NpU XopaTa ce xapakTepusnpa ¢ BWKEHMETO Ha Bb3ayxa OT U KbM benute
apobose. 3apaBute Bb3pacTHM MHAUBUON OOMKHOBEHO BAMLLBAT M n3guwsaT mexay 10 n 15 nbtu
B MWHYyTa, B 3aBMCUMOCT OT CTEeMeHTa Ha TAXHaTta MOMEHTHa dwmandecka akTuBHOCT. [euaTa
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BavwBeat u nagmweat mexay 18 n 20 nbtn B MuHyTa [4,9]. CbLuo Taka okono 0.6 nuTpa Bb3gyx ce
ob6meHAT mexay 6enute gpoboBe M okonHaTa cpeaa, no Bpeme Ha HopMarneH AvxaTteneH LuKbI.
CymapHo, ToBa CbOTBETCTBa Ha BAMLLBaHE M m3guvwBaHe Ha noseye oT 12900 nutpa Bb3AYX Ha
J€EH.

Ot gpyra cTpaHa, npouecuTe Ha BAWLLBaHE M U3guLIBaHE Npy XxopaTta ca CUITHO HECTaLVNOHaPHU
No CBOSITA CbLUHOCT, M M3KMNIOYMTENHO TPyAHW 3a u3cnedBaHe. dusmonormaTa Ha OTAENHUTE
WHOMBUOM € OO ronisiMa CTerneH OCHOBHAa NpuUYMHa 3a Ta3u HecTauMOHapHOCT. [JJoKyMeHTupaHu ca
peguvua cMMynaumMoHHU n3crneaBaHus Npes nsMuHanuTe roauHn, CBbp3aHn ¢ pecnmpaTtopHus LUK
npu xoparta [3,5,7]. OTunTamkm U3NONOrM4yHUTE pasnuKM Npu xopaTa, Npu MOBEYETO OT Te3u
na3crnenBaHns ca M3nona3BaHu TOMMAMHHU MaHEKEHW, CUMYNMpaLLM gullaHe 1 apyrin pmsamnonorniHm
npouecu [8,10,11]. Ho, pnsnyeckata samsiHa Ha 4YoBeKa B eKcrnepuMeHTarnHuTe yCTaHOBKM BoAu 0
KOMMNpoOMeTMpaHe Ha nonydyeHuTe pesyntatu. CbLUo Taka, YecTa npakTuka B NogoOHMTE YnCreHn
u3crefBaHvusi € Aa ce BanuMauMpaT YMCIEHM pes3ynTaTtM OTHOBO C €KCNepUMEHTanHW OaHHW OT
TOMMANHHN MaHekeHu [7,12]. N Tyk OOCTOBEPHOCTTa C peanHuTe MU3nYHN ABNEHNd, B cuctemaTta
,1OBEK — OKOJHa cpeda“ e komnpomeTnpaHa.

M3noxeHOTO OO0 TyK Moka3Ba CblUeCTByBallaTa HyxAda OT eKkcrnepumMmeHTarnHu u3crneaBaHus B
npegcraBeHaTa obnacTt, Npy KOUTO Bb3gyllHaTa pecnupaTopHa CTpys € reHepupaHa ot 4osek. OT
ocobeH uHTepec e dasata Ha M3guLIBaHe, TbI KaTo NPWU Hest Ce OCbLUECTBsIBA OTBEXOAHETO Ha
reHepvpaHute npu MetabonMama BpegHW ras3oBe B OKofnHata cpega. MakcumanHoTo
pasnpoCcTpaHeHWe Ha Bb3AYLWHOTO TEYEeHWEe NpuM M3guWBaHe [0 ronsma creneH AedumHupa
.anxatenHata 3oHa“ Ha 4voBeka. CblO Taka, Bb3AdylwHaTa CTpyd Mpu usguliBaHe oOkKasBsa
3HAYNTENHO BMUSIHAE BBPXY pPasnpOCTPAHEHNETO Ha KOHBEKTMBHMS T[PaHUWYEH CIrioM OKOfo
YOBELLKOTO TSMO.

Cb3gaBaHeTO M NPOBEXOAHETO Ha EKCNePUMEHTAITHO M3CNedBaHe 3a oxapakTepusnpaHe Ha
napameTpuTe Ha Bb3OYLUHO TEeYEeHWe, reHepupaHo Mpu PeCnUPaToOpHUSt LUKBLI, OM nomMorHano
3HAUUTENHO MpW BanuguMpaHe W BepuduUUpaHe Ha NPOBEAEHN YUCIEHN CUMYMALMOHHN
n3crnenBaHusi B obnactra. Bbnpeku ToBa, nopaan CUITHO M3paseHuTe (pU3MONOrMYHK Passmku
MeXay XopaTa M CbliecTByBallaTa HecTauMoHapHOCT Ha npolecuTe, NpoBexaaHeTo Ha nogobeH
TWN U3cnegBaHus e TpyaHa u MynTuauncumninHapHa 3agada.

Lien Ha npeacTaBeHOTO U3cneaBaHe

Llenta Ha npeactaBeHOTO u3cnedBaHe e [a Ce HanpaBuM MHOMOTOYKOBO €KCMepUMEHTArTHO
u3MepBaHe Ha CKOpPOCTTa Ha Bb3QyLWHO TeYeHue, reHepvpaHo npu ¢asata Ha u3auvliBaHe, OT
pecnupaTopHUs LMKBbI Npu XopaTa.

MeToan

OcHOBHUMSI U3NoN3BaH MeTOA B NpefcTaBeHaTta nybnvkaumsi ce 6asnpa Ha ekcnepuMeHTanHo
n3MepBaHe Ha PU3NYECKUTE XapakTEPUCTMKN HaA Bb3OYLLIHO TeYEHME, FEeHepMpaHo Npu dasaTa Ha
n3guLiaHe OT pecnuMpaTopHUS LUMKBI Npu xopaTta. Bb3gylHOTO TeYeHne ce reHepupa OT YOBEK, B
HaMbJTHO HECTAUMOHAPHM YCIOBUS, OTpa3siBaLLn peanHn puanyHn SBneHus. ExcnepmmeHTanHoTo
nacriegBaHe He € NpoBEeAEHO B KOHTPONIMpaHa cpefa (KnuMaTuyHa kamepa), a B HanbiHO peanHa
paboTHa ob6cTaHoBKa. MoAOOPBT HA YHACTHULUTE € U3LANO Ha CryYaeH nNpuHLmn.

M3amepBaHnTE NnapaMeTpy Ha Bb3AYLIHOTO TEYEHNE NPU U3AMLLAHE ca CKOPOCT U TeMnepaTypa.
Touknte Ha u3MepBaHe ca NpPeaBapUTENIHO YCTAHOBEHW MPU NPOBEAEHO EKCNepPUMEHTaNHO
BU3yanua3nMpaHe Ha TEeYEHNETO NpU U3OuLLaHe, Ypes uurapeH gum. 3a yrnecHeHue Ha yyacTHUUMTE
W C Uen npeumsmpaHe Ha pesynratuTte, MaMepBaHusaTa ca orpaHnYeHn 4o 5 ToOYKM B €4Ha paBHMHA
(Mpe3 5 cm XOopM30OHTaNHO M BEPTUKANHO OTCTOSIHUE OT HOCAa), B MpeAnoniaraeMmsa 0CeBn LIEHTBP Ha
cTpysiTa.

3a AONMBNHUTENHO OXapakTepusnpaHe Ha B3aMMOOENCTBMETO Ha Bb3AYLWIHOTO TEYeHue npwu
n3guaHe C rpaHUYHUS KOHBEKTMBEH CITOM OKOSI0 YOBELUKOTO TAMO, napanesHo € u3MepeHa
NoBbPXHOCTHATa TemnepaTtypa Ha yvacTHUUMTe, Ype3 MHppayvepBeHa TEPMOBU3NOHHA Kamepa.
MamepBaHeTO e CbCpeaoTOoY4eHO OT KpbCTa Ha rope, KbAeTo TOMMMUHHUSA KOHBEKTUBEH CIOW ce
paswupsiBa u B3auModencTea ¢ gnxaTtenHarta 3oHa. OTHOBO C LeN yrecHeHne 1 npeunsnpaHe Ha
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nosyYyeHnTe AaHHU, UHpPaYepPBEHUTE CHUMKM Ca HAaNpaBEHU B HAYaroTo M B Kpasi HA U3MepBaHeTo
Ha CKOpPOCTTa Ha TEeYEHMETO NpU U3aAULIAHE, KOETO € B MHTEPBAIn OT 3 MUHYTU.

He Ha nocnegHo MsICTO, caMuTe y4acTHULM ChLLO ca OXapakTepuanpaHm, Ypes KpaTKo aHKETHO
npoyyBaHe, MPOBEAEHO HEMOCPEACTBEHO Mpeau eKCcnepuMeHTanHWTe uaMepBaHusl. AHKeTUTe
CbAbpxaT Habop BBLMNPOCK, kacaeln hU3NYECKUTE XapakTEPUCTUKM Ha OTAENHM y4aCTHULM, KaTo
BBb3PAcT, Mon, PbCT, TEMNO U 30paBOCNOBHO CbCTOSIHUE.

EkcnepumeHTanHa cpega u usmepBaTtesiHu ypeau

EkcnepumeHTanHaTta cpefa e yctaHOBeHa B pearnHo cbliecTByBallata 3ana 2126, Hamumpalua
ce Ha nbpBus eTax B brok 2 Ha TexHnveckn YHusepcuteT — Cocound. 3anaTa e ¢ pasmepu: 7 m X
15 m x 4 m, KoeTo npegnonara Hanuumeto Ha 420 m® Bb3ayx. lNomelleHMeTo e 4YacT oT
mMaTepuanHata 6asa Ha kategpa ,XvapoaepoavHamuka n XuapaBnuvyHW MalmMHK®, 1 uma Tpu
BBHLLUHM CTEHU C U3NOoXeHne ceBep-n3tok-tor. CeBepHaTa 1 oxxHaTa pacaga ca nsLano OCTbKIEHN.

OTunTankm KpaTknusg MHTEpPBan Ha M3MepBaHe Ce cyuTa, Ye roremMmHaTa Ha MoOMELLEeHMNETOo e
JoctatbyHa, 3a ga Obae agekBaTHO NPOBeAEHO MPEAnoXeHOTo u3cnenBaHe, 6e3 cpeparta
CbLLECTBEHO Aa Brvsie BbpXy NofyvyeHuTe pesyntatu. Bonpekn ToBa, NogoOHM ekcneprMeHTanHu
nacrnenBaHust Tpsbea ga 6baaTt npoBexaaHu B crneunanuanpadi KnmmaTuyHn Kamepu (C KakBUTO
YHMBEPCUTETBT He pasnonara KbM [HEWHa JaTta), NpuM  KOHTPONMpaHu napameTpu Ha
MUKpOKnMMaTa. 1o BpemMe Ha u3mepBaHuATa, BCMYKM NPO30OpUM M BpaTuM ca 3aTBOPEHM, a B
NoMeLLIEHMETO MPUCHCTBA CaMO eAWMH YYacTHUK M €A4uH onepaTtop, C UeNl MUHUMAIHO BRUsiHUE
BbpXy cpedarta. XOMOreHHoCcTTa Ha napameTpuTe B MOMELLEHMETO He € KOHTponuMpaHa, camo
TemnepaTypaTta Ha Bb3ayxa Mo BpeMe Ha u3MepBaHusTa e npocrneaeHa u 4YacTUYHO aHanuaupaHa.
[aHHM 3a BbHLWHWTE aTMOCMEpPHN YCroBUs ca HanmuyHu oT uamepsBaHuaTa Ha HVMX npu BAH.
EkcnepumeHTanHoTo unacnensaHe e nposeneHo Ha 04.07.2018r. n cbrnacHo ocpeaHeHNTe OaHHM,
TemnepaTtypaTta Ha BbHLUIHMA Bb3ayX € B uHTepBana 28+29 °C, atmocdepHOTO HandaraHe e 6nun3ko
0o cpegHoTo 3a mMeceua B rp. Codms, BNaHOCTTa Ha BbHWHUA Bb3ayx € 53% v uma cnab go
yMEpEH BATBP CbC ckopocT 2,5 m/sec. TemnepaTypaTta B NOMELLEHNETO € B MHTepBana 23+24 °C.

15m
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durypa 1. OnpocteHa cxema Ha ekcrniepMMeHTanHarta cpega
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OnpocTeHa cxema (He B Mawlab) Ha ekcnepuMeHTanHaTa cpefa, ¢ No3MUMOHUpaHeTo Ha obekTa
U namMepBaTenHuTe ypeau, e npencraBeHa Ha durypa 1. snon3sBaHeTo Ha pearieH YOBeK, 3a
reHepvpaHe Ha pecnuMpaTopHO Bb3AYLIHO TEYEHME, CUITHO OrpaHMyYyaBa Bb3MOXHUTE TEXHUKM 3a
naMepBaHe Ha HerosaTa ckopocT. CbBpeMeHHM npeuusHu MeTtoau, 6asvpaHn Ha nasepHu
TexHonoruu, kato PIV (Particle Image Velocimetry) n LDA (Laser-Doppler Anemometry) ca onacHu
3a YOBELUKOTO 34paBe W Ca HEMPUIOXMMU B KOHKPETHMS cryvan. 3a ToBa, 3a U3MepBaHe Ha
CKOpPOCTTa Ha Bb34YLUHOTO TEYEHUE Npu N3guLLIBaHE € U3MNon3BaH TepMoaHeMoMeTbp , Testo 435"
C BrpageH ,iorbp“ 1 coHaa no3sonsealla namepBaHus B o6xeat 0+20 m/sec, cbe ctbnka 0.01 m/sec
M TOYHOCT * 4%. TepmoaHeMOMeTbpa € MOHTMPaH Ha CTaTmB, NO3BOMSIBALL, PbYHO NPEMECTBAHE B
XOpU3OHTaNHa W BepTMKanHa MOoCoKa, KaTo Cca M3MON3BaHU LOMbIHUTENHM NpPeuunsHu
pasrpadsaBaHusa. Ctatnea e noctaBeH Ha 70 cm OT y4acTHMKa, U3BBH AMxaTenHarta 30Ha, 3a e He
cmyliaBa uandeckuTe u3aMepBaHusi. 3anMcuTe Ha CKOpPOCTTa Ca M3BbPLUEHM 3a BCSKa egHa
CeKyHa, Npes3 Lenusa ekcnepumMmeHTaneH nepuog,.

M3non3BaHaTa nHdpayepBeHa TepMo-Kamepa 3a U3MepBaHe Ha NOBbPXHOCTHaTa TeMnepartypa
Ha yyacTHuumTe e FLIR C3. Ts no3sonsea namepsaHe B 4800 Touku, B TeMnepaTypeH AManasoH -
10+150°C, c ToyHocT = 2%. KamepaTta e MOHTMpaHa Ha COBGCTBEH CTaTMB Ha 2 m OTCTOSAAHWE OT
y4yacTHUKa, OTHOBO M3BbH [MxaTefniHaTa 30Ha, 3a Ae He cmylaBa (oM3MyYeckuTe N3mepBaHusl Ha
CKOPOCTTa Ha Bb3AYLWHOTO TeyeHne. POKYCHOTO pa3cTosHME e CboDpa3eHo Taka, Ye TOYKWUTE Ha
n3mepBaHe ga obxBallaT TANOTO Ha YY4acCTHUKA OT KpbCTa Ha rope. YcrnoBHO ca o6ocobeHun 5 30HM
Ha uamepBaHe — ,Hoc", lLUuns“, ,Pamene”, ,[pbaeH kow“ n ,KopemHa obnact".

3a oxapakTepuanpaHe Ha camuTe y4acTHMLUM ca U3MNoN3BaHM CNOMeHaTUTE No-rope ONpoCTEHU
BbMNPOCHULN, CbAbPXaln HAabop OT BLNPOCK Kacaeln TEXHUTE PU3NONOMMYHN XapaKTEPUCTUKN U
MOMEHTHO CbCTOsIHME. Te3n BbMPOCHULM Ce MOMb/IBAaT CAMOCTOATENHO OT BCEKM €OUH YYACTHUK,
HenocpeacTBEHO npeaun pusnyecknTe namepsaHus. ToBa Bpeme ce M3Nos3Ba U 3a agantauus Ha
y4YacTHMKa KbM TOMMMHHATA cpefa B NOMELLEHNETO. BbNpoCHNLNTE ca CbLUO BaXeH UHCTPYMEHT B
npencTaBeHOTO uacrnenBaHe M nHdopMaumdara OT TSX nmomara 3a npeumsMpaHe Ha MnonyvYeHuTe
pesynTaTtu.

EkcnepumeHTanHa npoueaypa v y4acTHUUMU

Kakto Ge cnomeHaTo, agekBaTHOTO WM3MEpPBAHE Ha CKOPOCTTa Ha Bb3AyLWHOTO TeEYeHue,
reHepupaHo OT YOBEK NpW N3OULLIBaHE, € U3KITIYNTENHO CrnoXxHa 3agada. OT egHa cTpaHa, ToBa ce
OBbIDKM Ha HecTauMoHapHOCTTa Ha pecnupaTopHUSA LUMKLA Mpu Xopata M Ha OM3MONOornYyHuUTe
pasnuuusa mexagy otaenHute uHgueman. Ho, ot gpyra ctpaHa, 3a camuTe y4acTHULU € CEPUO3HO
npegu3BUKaTENcTBO Aa OCTaHaT ObJIr0 BPEME HEMNOABWXHO, B €OHa M Cblia NO3uuus, SULIanku
paBHOMepHO. 3a TOBa, EKCNEPUMEHTANHOTO M3MEpPBaHE € Pas3BUTO B TPU MUHYTEH MHTepBarn, unm
obxsawa o6wo 180 cekyHan. Toan nHTepBan rapaHTupa Han-Marnko 45 BanwBaHus 1 3gulBaHns,
B 3aBMCUMOCT OT MOMEHTHOTO CbCTOSIHME Ha YYaCTHUKbLT, KaTto cpegHo To3u Gpoil moxe Aa
gocturHe go 60.

O6wo ca npoBegeHN M3MepBaHMS B 5 pasnnyHU OTCTOSIHUS OT HOca, B edHa paBHUHA
(Xopn30oHTanNHO 1 BepTUKaNHO oTcTosiHME Ha 5 cm, 10 cm, 15 cm, 20 cm 1 25 cm). ToBa npaBwu
MUHUMYM 9 (cpedHo 15) n3amepeHn CTOMHOCTM Ha CKOPOCTTa B JafeHa To4vka OT npegnoriaraeMumsi
OCEBW LIEHTBbP Ha cTpysiTa. B Ha4yanoTo u B Kpas Ha BCeKM 3 MUHYTEH WHTEpBas, € HanpaBeHa
MHdpavepBeHa CHMMKa Ha TOMSIMHHOTO M3MbYBaHe Ha BCEKN yYaCTHUK.

0O606LeHo, ekCnepMMEHTANHOTO U3cneaBaHe crieaBa CTPUKTHO criegHaTa npoueaypa:

= HyneBa MMHyTa — y4aCTHMKBT BfM3a B MOMELLEHMNETO, CHA4a Ha cneuunanHo opraHuM3npaHo
MSICTO U MOMbfiBa BbMPOCHUKLT B MPOABLITKEHNE Ha 2 MUHYTU. TOoBa Bpeme € OTpedeHOo M 3a
HopManuanpaHe Ha AULLIAHETO, KakTo U 3a aganTupaHe KbM TOMMMHHATA cpeaa.

= BTopa MWHyTa — y4aCTHMKbLT 3aemMa OnpeferieHoToO 3a LenTa Ha U3MEpBaHEeTO MSACTO.
OnepatopbT HacTpoviBa TepMoOaHEMOMETbpa MO MHOMBMAyanHaTa BMCOYMHA, OMNPEeAEnsiiku
HayanHa To4ka Ha 5 cm OT Hoca.

» [leTa MMHyTa - CcTapTMpaHe Ha U3MEPBAHETO Ha CKOPOCTTa Ha u3guliaHe, KakTo U Mbpsa
WH(ppayepBeHa cHMMKa. Ha Bcekum 36 cekyHOM onepatopa MNpeMecTBa pPbYHO coHAaTa Ha
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TepMoaHeMoMeTbpa, MOCPEeACTBOM CTaTMBa, Ha pPa3CTosiHME 5 Cm B XOPU3OHTAalHO U BEPTUKanHO
HanpasneHve, 40 AOCTUraHe Ha 25 CM OTCTOsHME.

» Ocma MyHyTa — Kpan Ha M3MepBaHETO Ha CKOpPOCTTa 1 BTopa nHdpayvepBeHa CHUMKA.

= [leBeTa MMHYyTa — y4aCTHUKLT Harnycka NOMeLLeHUeTo, KoeTo nopaau ronemms cm obem ce
npeanonara, 4e B pamkute Ha 10 MUHYTM JOCTUra paBHOBECHO CbCTOSIHME Ha napameTpuTe Ha
MWKpOKNMMmaTa.

B ekcnepumeHTanHoTo u3cnegBaHe B3exa [obpoBonHo yvactue obwo 10 y4vacTHuka,
CenekTUpaHu Ha CriydyeH MpUHUMN Cped CRY>XUTENW U CTYAEHTU Ha TexXHUYEeCKU YHUBEpCUTeT —
Codms. Cpepf Tax uma TpyMa Mbxe 1 cegem xeHn. CpefHa Bb3pacT Ha yyacTHuuuTe e 40 roamHu,
a cpegHata um BucounHa e 175 cm n cpegHo terno 70 kr. Tpuma oT Tax ca nywadn. Cnopefq
AaHHWTE OT BBMPOCHMLUMUTE, HWKOW OT YyyacTHUUMTE B W3CNeABaHETO He e Joknagsan 3a
pecnMpaTopHy NpobnemMu unu apyr TMn NnpuTeCHeHNe npean namMepBaHnaTa.

Pe3yntatu n guckycus

Bcuukn  pesyntatM  OT NPOBEAEHOTO EKCMEPUMMEHTaNHO wu3cnegBaHe ca o6paboTeHn u
aHanuanpaHu. OcHOBHWSI aHann3 e 6asupaH Ha pa3npeaeneHMeTo Ha CKOPOCTTa Ha Bb34yLIHOTO
TeYeHne BbB BPEMETO, 3a CbLOTBETHUTE OTCTOSAHMS OT HOCA Ha y4vacTHuuuTe. MakcumanHaTta
n3MepeHa CKOpPOCT BbB BCsika TOYKA, Ce CYMTa 3a perncrpupaHata CKOpPOCT MpU M3auLlaHe.
Pesyntatm oT Tepmo-rpadckma aHanm3 we Obaat nybnukyBaHM Ha Mo-kbceH eTtan. 3a
oHarnegsBaHe, Ha ®urypa 3 ca npeacTaBeHU U3MEPEHUTE CTOMHOCTU HA CKOPOCTTa 3a Lenuvs
nepvoa, Ha eauH y4acTHUK, n3bpaH Ha CnyyYyeH NpUHLUMN — y4acTHUK Homep 4. YYaCTHUKBLT e XKeHa,
Ha Bb3pacT 42 roguHu, pbeT 169 cm u Terno 59 kr. YYacTHMKBT He € nyway, KbM MOMEHTa Ha
€eKCNepMMEHTaNHOTO M3credBaHe Cce YyBCTBa CMOKOMHA, He 4yBCTBA HOCa CWM 3anylleH Wunu
pasgpasHeH 1 He cTpaga OT XPOHWYHM pecnnpaTopHu Npobnemu.

YyacTHuK Ne 4
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durypa 3. PasnpeneneHue Ha CKOpoCTTa 3a Liennusa nepuoa Ha namMepBaHe Ha yvyacTHuk Homep 4

Ha oTcTosiHMe 5 cM OT Hoca, MakcMMarHaTa M3MepeHa CKOPOCT Ha Bb3ayLHOTO TedeHue e 0.12
m/sec (SD 0.023 m/sec). Ha otctoaHme 10 cm makcumanHaTta namepeHarta ckopoct e 0.16 m/sec
(SD 0.031 m/sec), a cboTBeTHO nNpu 15 cm ckopocTtTa Ha TedeHneTo e 0.08 m/sec (SD 0.014 m/sec),
npn 20 cm e 0,06 m/sec (SD 0.013 m/sec) n Ha pa3cTosiHMe 25 cm OT HOCa, MakcumarnHaTta cCKopocT
€ 0.07 m/sec (SD 0.012 m/sec).
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PesynTaTTe nokas3BaT oO4akBaHa 3aKOHOMEPHOCT, Ha HamansBaHe Ha CKOpocTTa Ha
Bb34YLWHOTO TeYeHne Npu usguiiaHe, C HapacTBaHe Ha OTCTOsHMETO. Ho, Cblo Taka nokaseaT U
BUCOKaTa CTEeNeH Ha HecTaLMOHapHOCT Ha npoueca Ha auliaHe npu xopaTa. Tpsbea na ce
oT6enexu u, Ye HAKOW OT MaKCUMarHUTe CTOMHOCTM Ha CKOPOCTTa MoraT Aa CbBnagHaT ¢ MOMeHTa
Ha npemecTBaHe Ha TepMoaHeMoOMeTbpa B [fOajeHa Todyka. 3aToBa AaHHWTe TpsibBa Oa ce
pasrnexgaT 3aefHO CbC CTaHAapTHOTO OTKIIOHEHWE Ha CTOMHOCTTA B U3CneABaHus MHTepBsarn.

B Ta6nuua 1 n Ha durypa 4 n ca npeacTaBeHN cpedHaTta, MakcumarnHaTa U MUHUManHara
M3MepeHa CTOMHOCT Ha CKOPOCTTa, KaKTO M CTaHOApPTHOTO OTKMOHEeHME 3a BCAKa Tovka Ha
namepBaHe, ocpeHeHN Ha 6as3a Ha JeceTTe y4YacTHUKA B M3CMeABaHeTo.

Ta6bnuua 1. UamepeHn ckopocTu, ocpeaHeHn Ha 6asa BCUYKW y4aCcTHULM

OmcmosiHue om Hoca: 5cm 10 cm 15¢cm 20cm 25cm
CpedHa ckopocm: 0,059972 | 0,062944 | 0,053778 0,044 | 0,036833 m/sec
MakcumanHa ckopocm: 0,15 0,2 0,15 0,1 0,1 m/sec
MuHumarnHa ckopocm: 0,01 0,01 0,01 0,01 0,01 m/sec
CmandapmHo omknoHeHue: | 0,00504 | 0,008525 | 0,005252 | 0,003362 | 0,00461 m/sec
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durypa 4. Pa3snpegeneHue Ha ocpegHeHaTa CKOpOCT Ha 6a3a BCUYKM y4aCcTHULUM, 3a Lenus
nepuoa Ha nsmepBaHe

Ha oTcTosiHMe 5 cm OT Hoca, ocpeAHeHaTa MakcumarnHaTa CKOpoCT Ha Bb3AYLLIHOTO TeYeHME e
0.15 m/sec (SD 0.005 m/sec). Ha otctosiHue 10 cm, ocpegHeHaTa MakcumarnHa ckopocT € 0.2 m/sec
(SD 0.008 m/sec). Ha 15 cm ocpegHeHaTa makcmumanHa ckopocTt e 0.15 m/sec (SD 0.005 m/sec).
Ha otctosHune 20 cm 1 25 cm, ocpegHeHaTa MakcumarHa ckopocT e cboTBeTHO 0.1 m/sec (SD 0.003
m/sec) n otHoBo 0.1 m/sec (SD 0.004 m/sec). CToMHOCTMTE Ha ocpegHeEHaTa MUHUMANHa CKOPOCT
Ha Bb3AYLWHOTO TEYEeHMEe ca efHakBM W B MeTTe TOYKW Ha M3MepBaHe, cboTBeTHO 0.01 m/sec.
MonyyeHaTa cpegHa CTOMHOCT Ha OCPeAHEHUTE CKOPOCTUTE Ha TeYEeHWeTOo npu 5 cm oTCcTosAHME €
0.0599 m/sec, n cvotBeTHO npu 10 cm e 0.0629 m/sec, npu 15 cm e 0.0537 m/sec, npn 20 cm e
0.044 m/sec n npu 25 cm e 0.0368 m/sec.
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O600wWweHnss aHanu3 nokasea, 4e Ha 10 cm OTCTOAHME OT HOCa MakcMMariHaTta, KakTo U
cpeaHaTa CKOpOCT ca C NO-roflieMmn CTOMHOCTU, OT KONKOTO Npu 5 cm oTcTosiHME. ToBa noAckasea,
Yye nopagn M3MOMOrMsaTa Ha YOBELLKMS HOC, 5 cm He ca OOCTaTbyHU 3a MBbJIHO pa3BUTUE Ha
reHepMpaHoTO CTPYMHO TeuyeHwe. Ha ToBa pascTosHMe CTpyuTe ca BCe Olle [Be, reHepupaHu
CbOTBETHO OT NsiBaTa U AsicHaTa Ho34pa, B pasnmMyHo 06eMHO OTHoLeHue. To3un edhekT TpsibBa aa
Oboe npeasuaeH nNpy nogobHM 6baeLwmn n3cneqBaHnsi, KakToO U NpPU KOPEKTHOTO AedUHUpaHe Ha
JuxartenHara 30Ha OT eproHOMUYHa rnegHa Toyka. EkCnoHeHumManHuTe NMHUM Ha TeHOEeHuuuTE,
BMU3yanuampaHm Ha durypa 4, OTHOBO NokasBaT O4YyakBaHaTa 3akOHOMEPHOCT, Ha HaMansdBaHe Ha
CKOpPOCTTa Ha u3gulliaHe, ¢ HapacTBaHe Ha OTCTOSIHMETO OT Hoca.

BucokaTta cTeneH Ha HecTauUMOHaPHOCT Ha MpoLueca Ha AullaHe Npu xopaTa ce NoTBbpxaasa
[0 ronsima cTeneH OT Taka opraHvM3upaHusi ekcnepumeHT. Ho, cbluecTByBa Hyxga OT peauua
nogobpeHns Ha ekcnepuMeHTanHarta cpega u npouegypa. [NpenopbynTenHo e aBToMaTtusmpaHo
€[JHOBPEMEHHO N3MepBaHe B NOBEYE TOYKM, MUHMMASIHO y4acTUe Ha onepaTtop M NpoBexaaHe Ha
eKcnepvMeHTa B KOHTponupaHa cpefa. CbLuo Taka, Heobxo4MM e No-ronsiM 6pon y4acTHULN, C Len
HabupaHe Ha noBedye eKCrnepuMeHTarHM AaHHW, 3a aJeKBaTeH CTaTUCTMYECKM aHanu3 Ha
nHdopmaumara.

3aknio4yeHue

HanpaBeHO € MHOroTOYKOBO €KCMepMMEHTaNHO W3MepBaHe Ha CKOpPOCTTa Ha Bb3OYLUHO
TeYyeHue, reHepupaHo npu asata Ha W3OuLLIBaHe, OT PEeCnUPaTOPHUS UMKBbIT Mpu XopaTa.
M3cnenBaHOTO TedeHMe e reHepupaHo OT pearHu xopa, a aHannanTe ca 0b6o6LLeHn Ha 6a3a gaHHU
oT 10 peanHu yyacTHuKa.

MonyyeHnte pe3yntatv OEMOHCTpUpAaT M3KMIYMTENHATa HECTauMOHApHOCT Ha npouecute
CBbp3aHM C pecnupaTopHUs LKL Npu XopaTta, No OTHOLUEHME Ha N3MepeHaTa CKOPOCT B pas3fnyHU
TOYKM OT FEHEPUPAHOTO OT YOBEK Bb3AYLUIHOTO TEYEHME NpU U3LMLIAHE.

MpenctaBeHWTe  eKCMOHEHUMANHW  NUHUM  Ha  TEeHOEHUUUTE MNokaseaT O4akBaHaTta
3aKOHOMEPHOCT, Ha HamarsiBaHe Ha CKOpOoCTTa Ha M3aullaHe, C HapacTBaHe Ha OTCTOSIHMETO OT
Hoca.

O606weHna aHann3 nokasea, 4e Ha 10 cm OTCTOsiIHME OT HOCa MaKcMmanHaTta, Kakto u
cpegHaTa CKOpPOCT ca C No-rofieMu CTOMHOCTU, OT KOMKOTO Npu 5 cm oTcTtosiHMe. ToBa noAckasea,
Ye nopagu cusmororMaTa Ha YoBELIKMS HOC, 5 cm He ca JOoCTaTb4YHWM 33 MbIHO pa3BUTUE Ha
reHepMpaHoOTO CTPYMHO TEYEHME.

MonyyeHnTe pes3ynTtaTtv U xapakTepPUCTUKM Ha TeYEeHMEeTO MoraT Aa MocnyXaT 3a CbMNOoCTaBKa,
BanuaupaHe n BepuduLnpaHe Ha AaHHW OT NPOBEAEHU YMCMEHN U3crneaBaHuUs Ha NPoLEechT Ha
AVillaHe B npeacTtaBeHaTa obnacT, ype3 BUMpTyanHWM MOAENU WM peanHn auwaliy TONSMHHU
MaHeKeHW.
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AHanus Ha TepMorpadcku nsobpaxeHusi, Ha y4aCTHULM B eKCNepuMeHTarnHo
M3MepBaHe Ha CKOPOCTTa Ha Bb3A4YLHO TeYeHue, reHepupaHo Npu usguiuBaHe

MapTuH ViBaHOB

[pedcmaseHama paboma e yacm om OeliHocmume o npoekm koM HUC Ha TY-Cocgbus,
¢uHaHcupaH ro HanpasneHue [lepcriekmusHu pbrkogodumenu®, ¢ [Joeogop Ne 1811P0005-02, Ha
mewma: ,EkcriepumeHmarnHa cbriocmaeka Ha xapakmepucmukume Ha 8b30yWHOMO medyeHue rnpu
usduweaHe, C 4YucrieHU pesynmamu om cb3dadeH supmyasieH mMoles Ha Ouwal MOrIUHEH
MmaHekeH", [lposedeHO € MHO20MmOYKOBO eKCcriepuUMeHmMarsrHo U3MepeaHe Ha cKopocmma Ha
8b30YWHO MmevyeHue, eeHepupaHo rnpu ¢azama Ha u3zduweaHe, om PecrupamopHUs UUKBbIT rpu
xopama, b6asupaHo Ha OaHHu om 10 pearnHu y4acmHuka. [lapasenHo € u3mepsaHemo Ha
cKopocmma e rpocrie0eHo U3MEHEHUEMO Ha MO8bPXHOCMHama memnepamypa Ha y4acmHuyume,
upe3 3acHemaHe C UHGbpadepseHa mMepMOBU3UOHHa Kamepa.  [lonydeHume pe3ynmamu
deMoHCmMpupam  U3KIYUMesHama HecmauuoHapHocm Ha — fpouecume  cebp3aHu  C
pecrnupamopHus UUKb/I 1pU xopama, M0 OMHOWEHUe Ha MOMIUHHOMO U3/bYeaHe U Ha
u3MepeHama CKOpOCM 8 pas/iuyHU MOYKU OMm 2eHepupaHoOmo om 408eK 8b30YWHOMO MmedYeHue
npu usduwaHe. lNpedcmaseHuUme eKCcroHeHyuaHu UHUU Ha meHOeHuuume npednonazam
oyakeaHama 3aKOHOMEPHOCM, Ha HapacmeaHe Ha debesiuHama Ha epaHUYHUST €10l MO NOCoKa KbM
Hoca. To3u echekm eriusie 8bpPXy cKopocmma Ha 68b30yUWHOMO medeHue npu uzduwaHe u om
ep20HOMUYHa 2r1e0Ha moyka rPoOMeHs napamempume Ha duxamesiHama 30Ha Mpu Ho8eka.

Knro4yoeu AymMu: ekcnepvMeHTanHu n3cneaBaHns, CKOPOCT Ha Bb3AYLUHW TEYEHUS, AnuXaTeneH
LUMKBI NpU Xopara, TepMorpadcku aHanms

Analysis of thermographic images, of participants in experimental measurement
of the airflow velocity, generated during exhalation

Martin Ivanov

The presented study is supported by “RDS” at TU-Sofia, as part of the activities under the
"Perspective leaders" project, with Contract Ne 1811P0005-02, entitled: “Experimental comparison
of the air jet characteristics during exhalation, with numerical results from developed virtual breathing
thermal manikin”, It was conducted a multi-point experimental measurement of the airflow velocity,
generated in the exhalation phase from the human respiratory cycle, based on data from 10 real
participants. Parallel to the velocity measurements, the surface temperature of the participants was
monitored by means of an infrared thermal imaging camera. The results obtained demonstrate the
exceptional irregularity and the transient character of the human respiratory cycle, in terms of the
surface temperature distribution and the measured velocity at different points of man-generated
exhalation air flow. The presented exponential trend lines suggest the expected increase of the
thickness of the boundary layer, towards the nose. This effect influences the velocity of the
exhalation air flow and changes the parameters of the human breathing area from ergonomic point
of view.

Key words: experimental studies, air flow velocity, human respiratory cycle, thermographic
analyses
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BbBepeHue

MpenctaBeHata nybnukaums Hagrpaxga pesyntatute OT MpeaBapuTernHO NpoBedeHO
eKcrnepuMMeHTanHo wmscrneaBsaHe, onucaHo B: MeaHos M., ,,MHO20mMoO4YKO80 eKcriepuMeHmarnHo
usmepgaHe Ha cKopocmma Ha 8b30yWHO medYeHue, eeHepupaHo rnpu ¢hazama Ha usduweaHe, om
pecrnupamopHUs YUKb nNpu xopama®, npuema 3a rybrukysaHe 8 COOPHUK ¢ Hay4YHU OoKnadu Ha
XXl HayuyHa koHgbepeHyusi ¢ mexdyHapoOHo yyacmue — EM® 20182, OCHOBHMSA aKLEHT TyK, €
BbpXy aHanus3a Ha TepmorpadCcku M300pakeHus, CHETM OT Yy4aCTHUUWUTE B MPEACTaBEHOTO
ekcnepuMMeHTanHo namepsaHe. CunTta ce, Ye pasnpegeneHmeTo Ha NOBbPXHOCTHaTa Temneparypa
Ha TANOTO, OKa3BaLLO 3HAYUTENHO BIMSIHWE BbpXY AebenuHata Ha KOHBEKTUBHUSA FPaHUYEH Crown,
OKasBa BIIUSIHWE M BbPXY CKOPOCTTa Ha Bb3QYLWIHOTO TeYeHue npu msguwsaHe. ToBa OT CBOA
CTpaHa, Boau A0 U3MEHEHME Ha napameTpuTe Ha guxaTenHara 30Ha Ha YoBeka, OT eproHOMUYHa
rnegHa Toyka.

Kato uano, guwaHeTo e Han-4ecTo cpellaHata M Han-CbLLeCTBEHA aKTMBHOCT Ha YOBELLKOTO
TAMO, M Ha NpakTMKa xopaTa He MoraT Aa cbluecTByBaT 6e3 aa guuwar [1,2,4]. YUpes obmsaHaTa Ha
BOMLLBAHMS U M3OWLWIBAH Bb34yX CE€ OCbLUECTBSABA MPEYNCTBAHETO Ha YOBELLKUS OpPraHms3bm OT
reHepupaHuTe npu metabonuama BpedHn BelwecTBa U rasose [4,6,9]. M3kntounTtenHo BaxHa 4yacT
OT guxartenHara yHKLMS 3aema OTBEXAAaHETO Ha BbIiepoaHus anokeng ot bennte gpobose, kato
MO TO3W HAYMH Ce OCBLLECTBSBA U NPEYNCTBAHETO Ha KPbBTA.

CbLo Taka, npouecuTe Ha BOULLIBAHE U M3OULLBAHE Npy XxopaTta ca CUMHO HecTauMoHapHW no
CBOSITA CbLLHOCT, 1 U3KMIOYMTENHO TPYAHW 3a n3cneaBaHe. Pmanonornsata Ha oTaenHnTe MHANBUAN
€ [0 rongma CTeneH OCHOBHAa MpuYMHa 3a Tasu HecTauuMoHapHoCT. [lokymeHTMpaHu ca peguvua
CUMYNaUNOHHN MU3CNefBaHUsA nNpes3 U3MMHanNuTe rognHn, CBbP3aHU C PecnMpaTopHUsS LKL npwu
xopaTa [3,5,7]. OtumTaiku U3NONONMYHNTE pPasfnKM Npu XopaTa, Npu MNOBEeYEeTo OT Te3u
n3crnegBaHnsa ca M3nosi3BaHN TOMSMHHU MaHEKEHW, CUMYMMpaLLM OULIaHe 1 apyrn pusanonorniHm
npouecu [8,10,11]. Ho, dmanyeckaTta 3aMsHa Ha YoBeKa B eKCnepuMeHTanH1uTe yCTaHOBKW BOAU A0
KOMNpOMEeTMpaHe Ha nonydyeHuTe pesdyntatu. CbLUo Taka, YecTa npakTuka B NogoOHMTE YnCreHn
nacriegBaHnsa € fga ce BanvMaumpaTt uYUCcreHu pesynTaTi OTHOBO C eKCMEepUMEHTanHW OaHHW OT
TOMMANHHU MaHekeHn [7,12]. N Tyk OOCTOBEPHOCTTa C peanHuTe MU3NYHN ABMNEHNd, B cuctemaTta
,4OBEK — OKOJHa cpeda“ e KomnpomMeTMpaHa.

M3noxeHOTO OO0 TyK Moka3Ba CblUeCTByBallaTa HyxAda OT eKCrnepuMeHTarnHu u3crneaBaHus B
npegcraBeHaTa obnacTt, Npy KOUTO Bb34ylHaTa pecnupaTopHa CTpys € reHepupaHa ot 4osek. OT
ocobeH uHTepec e ¢asata Ha M3guLIBaHe, TbI KaTo NPWU Hest Ce OCbLUECTBsIBA OTBEXOAHETO Ha
reHepuvpaHute npu MetabonMama BpegHW ras3oBe B OKofnHata cpega. MakcumanHoTo
pas3npocTpaHeHne Ha Bb3QYLWHOTO TeYeHue npu ms3guwBaHe A0 ronsMa crteneH geduHupa
.anxatenHarta 3oHa“ Ha 4voBeka. CblO Taka, Bb3AdylWHaTa CTpys MNpu usguliBaHe oOKasBa
3HAYUTENIHO BIIMSIHAE BBPXY pPa3npOCTPAHEHNETO HA KOHBEKTMBHMS T[PaHWYEH CIIOM OKOMOo
YOBELLKOTO TANo. TepmorpadckM aHanm3 Ha NOBbLPXHOCTHATaA TeMnepaTypa Ha YOBELLKOTO TAMO
npv nsguwaxe, 6u nomorHan npu nscnegBaHeTo Ha TOBa B3aUMOAENCTBUE.

Cb3gaBaHeTO M NPOBEXOAHETO Ha eKCNepUMEHTANHO U3CneaBaHe 3a oxapakTepumsnpaHe Ha
napameTpuTe Ha Bb3OYLUHO TeYEeHWe, reHepupaHo MNpu PeCnUpPaTopHUst UUKBLI, OM momorHano
3HAUUTENHO MpW BanugupaHe W BepuduuUpaHe Ha NPOBEAEHN YUCIEHN CUMYMALMOHHN
nscrnegBaHust B obnactra. Bbnpekn ToBa, nopaan CUITHO M3pas3eHuTe (pr3MONOrMYHU Pasnmku
MeXay xopaTa M CbliecTByBallaTta HecTauMoHapHOCT Ha npolecuTe, NpoBexaaHeTo Ha nogobeH
TVN U3cnefBaHusa e TpyaHa u MynTuancumnianHapHa 3agada.

Len Ha npeacTaBeHOTO nscnenBaHe

Llenta Ha npeacTtaBeHOTO M3cneaBaHe € Aa ce aHanuampart Tepmorpadcku M306pa)KeHVIFI, Ha
yqaCTHUUWM B eKCcnepuMeHTarnHo namMepBaHe Ha CKOpOCTTa Ha Bb34YLIHO Te4yeHue, reHepupaHo npu
n3guiBaHe.

MeToaun
CToiHOCTUTE Ha MNOBBPXHOCTHATa TemrepaTypa Ha YOBELWIKOTO TSAMO, OTYETEHW 4pes
Tepmorpadckm n3obpakeHnst Ha y4acTHULMTE, ca CHETU C MOMOLLTA HA TEPMOBU3NOHHA Kamepa.
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Ho, oCHOBHWMs u3non3BaH MeTod B MPeACTaBEeHOTO KOMMSIEKCHO u3cnefaBaHe ce 6asvpa Ha
€KCMepMMEHTanHoO Uu3MepBaHe Ha (U3NYECKUTE XapaKTEPUCTUKM Ha Bb3OYLWHO Te4veHue,
reHepvpaHo npu asata Ha M3AuLaHe OT PecnuMpaTopHMs LUKbI Mpu xopaTa. Bb3gylwHoTo
TeYeHVe ce reHepupa OT YOBEK, B HaMblHO HECTauMOHApHW YCMOBWS, OTpassiBaly peanHu
pu3nyHK siBneHns. EkcneprMeHTanHOTO M3crefBaHe He e MpoBedeHO B KOHTponupaHa cpena
(kMMmaTuyHa kamepa), a B HambfHO peanHa paboTHa obcTaHoBka. [oabopbT Ha yvacTHULUTE e
M3LSIO Ha CriyYyaeH NpuHUmn.

N3mepBaHWTEe NapameTpu Ha Bb3OyLHOTO TEYEHWE NPU U3aMLLAHE ca CKOPOCT U TeMnepaTypa.
ToukMTe Ha u3MepBaHe ca NpeaBapUTENIHO YCTAHOBEHW MNPV MNPOBEAEHO eKCnepUMEeHTarnHo
BU3yanuavpaHe Ha TeYeHMEeTO Npu u3gullaHe, Ypes uurapeH aum. 3a yrnecHeHne Ha yy4acTHULMTe
W C Len npeumsvpaHe Ha pe3ynratute, MU3MepBaHusaTa ca orpaHnyeHy Ao 5 ToUkM B eHa paBHUHA
(Npe3 5 cm XOpM30HTarHO U BEPTUKANHO OTCTOSIHME OT Hoca), B NpeanosiaraeMmnsi OCeBM LIEHTbP Ha
cTpysiTa.

Kakto 6e cnomeHaTo, 3a oxapakTepuavpaHe Ha B3auMOOENCTBMETO HA Bb3OYLIHOTO TEYEHUE
npy M3AUWAaHe C rpaHUYHUSE KOHBEKTUBEH CIIOM OKOJSI0 YOBELLKOTO TSAMO, NapanenHo e uaMepeHa
NOBbPXHOCTHATa TemnepaTtypa Ha yyacTHUUWTE, Ype3 MHdpavepBeHa TEePMOBU3MOHHA kamepa.
N3mepBaHeTO e CbCpedoTOYeHO OT KpbCTa Ha rope, KbAeTO TOMMMHHUA KOHBEKTUBEH CroW ce
paswvpsiBa U B3aMMOAECTBa C AnxaTenHaTa 3oHa. OTHOBO C Lien yriecHeHVe 1 npeuusupaHe Ha
nonyyYeHnTe AaHHU, UHPaYEPBEHUTE CHUMKM Ca HAaNpaBEHU B HAYanoTo M B Kpasi Ha U3MepBaHeTo
Ha CKOpPOCTTa Ha TEeYEHMETO MNpU U3AULIAHE, KOETO € B MHTEPBAan OT 3 MUHYTU.

He Ha nocnegHo MACTO, camyTe yHaCTHULM ChLLO Ca OXapaKTepusnpaHu, Ypes KpaTko aHKETHO
npoyyBaHe, MPOBEAEHO HEMOCPEeACTBEHO Mpeau eKCcrnepuMeHTanHWTe u3MepBaHusl. AHKeTUTe
cbabpXaT Habop BbMNPOCK, kKacaelm PUNYECKUTE XapakTePUCTUKM Ha OTAENHM y4acTHULM, KaTo
Bb3pacT, Mos, pPbCT, TEIO U 30paBOCINOBHO CbCTOSIHUE.

ExkcnepumeHTanHa cpega u usmepBaTtesfniHu ypeau

EkcnepumeHTanHaTta cpefa e ycTtaHOBeHa B pearnHo cbliecTByBalara 3ana 2126, Hamumpallia
ce Ha NbpBUsA eTax B brnok 2 Ha TexHun4yeckn YHnBepcutet — Cocms. 3anarta e ¢ pasmepu: 7 m X
15 m x 4 m, koeto npeanonara HanuuneTo Ha 420 m® Bb3gyx. lNomelleHMETO e 4yacT oT
MaTepuanHata 6asa Ha kategpa ,XugpoaepoavHamuka M XuapasfvyHW MalMHK®, 1 1Mma Tpwu
BBbHLLUHM CTEHW C U3noxeHne cesep-n3tok-tor. CesepHaTa 1 toxxHaTa pacaga ca nsLano OCTbKIEHN.

OTunTanKkM KpaTknus MHTEpBan Ha M3MepBaHe Ce cuyuTa, Ye rofiemMmHaTa Ha MoMELLEHNETOo e
JoctatbyHa, 3a ga Obae agekBaTHO NpPoBedeHO MPeAnoXeHOTo u3cnenBaHe, 6e3 cpeparta
CbLLIECTBEHO Aa Bnuvsie BbPXy NOnyyYeHuTe pe3ynTtatu. Bbnpekn ToBa, Nogo6HN ekcnepuMeHTarnHm
nacrnenBaHust Tpsbea ga 6baaTt npoBexaaHu B crneunanuanpadi KnmmaTuyHn Kamepu (C KakBUTO
YH/MBEPCUTETbT He pasnonara KbM [HelWHa JaTta), NpuM  KOHTPOMMpaHu napameTpu Ha
MUKpOKnMMaTa. 1o BpemMe Ha uamepBaHuATa, BCMYKM NPO30pLUM M BpaTM ca 3aTBOPEHM, a B
nomeLLeHMeTO NMPMCHCTBA CamMO eAWH YYacTHUK M €A4MH onepaTtop, C Uenl MUHUMAIHO BRWsHUE
BbpXy cpedarta. XOMOreHHOCTTa Ha napameTpuTe B MOMELLEHMETO He € KOHTponuMpaHa, camo
TemnepaTypaTta Ha Bb3Zyxa Mo BpeMe Ha M3MepBaHuaTa € NpocrneaeHa U YacTUYHO aHanmanpaxa.
[aHHM 3a BbHLIHWTE aTMOCMEpHN YCroBus ca HanmuyHu oT uamepsaHuaTa Ha HVMX npu BAH.
ExkcnepumeHTanHoTo nacnegpaHe e nposeaeHo Ha 04.07.2018r. u cbrnacHoO ocpeaHEHUTE OaHHM,
TemnepaTtypaTta Ha BbHLUHMSA Bb34yX € B uHTepBana 28+29 °C, atmocdepHOTO HandraHe e 6nunsko
00 cpefHoTO 3a Mecela B rp. Codusl, BMaXHOCTTa Ha BBbHLWHUA Bb3ayX € 53% 1 uma cnab go
yMepeH BATbP CbC ckopocT 2,5 m/sec. TemnepaTtypaTa B NOMELLEHNETO € B MHTepBana 23+24 °C.

OnpocTteHa cxema (He B MaLlab) Ha ekcnepuMeHTanHaTa cpea, ¢ No3MUMOHUpaHeTo Ha obekTa
N n3mMepBaTenHuTe ypeau, e npegcraBeHa Ha durypa 1. M3nonsBaHeTo Ha pearneH 4oBek, 3a
reHepvpaHe Ha pecnupaTopHO Bb3AYLWHO TEYEHWE, CUITHO OrpaHnyaBa Bb3MOXHUTE TEXHUKM 3a
n3mepBaHe Ha Herosata CKOpoCT. CbBpeMEHHW npeumsHu meToan, GasupaHu Ha nasepHu
TexHonoruu, kato PIV (Particle Image Velocimetry) n LDA (Laser-Doppler Anemometry) ca onacHu
3a YOBELUKOTO 34paBe U Ca HEMPUIOXMMU B KOHKPETHMSA criydan. 3a ToBa, 3a U3MepBaHe Ha
CKOPOCTTa Ha Bb3OYLUHOTO TeYeHne Npu nsguiBaHe € u3non3saH TepMmoaHeMomeTsbp , Testo 435°
C BrpageH ,fnorop“ 1 coHga nossonssalla namepsaHus B oo6xsat 0+20 m/sec, cbe ctbnka 0.01 m/sec
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N TOYHOCT * 4%. TepmoaHeMOMeTbpa € MOHTUPaH Ha CTaTuB, NO3BOJIsIBALL, PbYHO NPEMECTBAHE B
XOpM3OHTanHa W BepTMKanHa Mnocoka, KaTo ca W3Mon3BaHM [OOMbIHUTENTHM MNPELU3HN
pasrpadsasaHus. CTtaTuBa e noctaBeH Ha 70 cm OT y4acTHMKA, U3BbH AnxaTenHaTta 30Ha, 3a e He
cMmyllaBa usnyecknte mMaMepBaHusi. 3anucuTe Ha CKOpPOCTTa Ca M3BbpLUEHM 3a BCAka efHa
CeKyHAa, npes uenus ekcnepumMmeHTaneH nepuog,.

15 m

A
\ 4

3ana 2126

Tepmo-kamepa

= FLIRC3
[ ood]

YyacmHuk

TepmoaHemMomembp
TESTO 435

7m

Onepamop

30Ha 3a Buco4uHa Ha
adanmayus nomeujeHuemo: 4 m

durypa 1. OnpocTeHa cxeMa Ha ekcriepMMeHTanHaTa cpeaa

M3nons3esaHaTa nHpayepseHa TepMo-Kamepa 3a n3aMepBaHe Ha NOBbPXHOCTHaTa TeMnepartypa
Ha ydacTtHuumte e FLIR C3. Ta no3sonsiea namepeaHe B 4800 To4kM, B TemnepaTypeH ananasoH -
10+150°C, c ToyHoCT + 2%. KamepaTta € MOHTMpaHa Ha COBCTBEH CTaTMB Ha 2 m OTCTOSAHWE OT
y4acTHMKa, OTHOBO M3BLH AuxaTenHaTa 30Ha, 3a e He cMmyllaBa (u3mMyeckuTe n3MepBaHus Ha
CKOPOCTTa Ha Bb3AYLWHOTO TeyeHne. POKYCHOTO pa3cTodHMEe e CbobpaseHo Taka, Ye TOYKUTE Ha
n3mepBaHe ga obxBalLaT TANOTO HA Y4aCTHUKA OT KpbCTa Ha rope. YcrnoBHO ca 06ocobeHun 5 30HM
Ha uamepBaHe — ,Hoc", lLUns“, ,Pamene”, ,[pbaeH kow“ n ,KopemHa obnact".

3a oxapakTtepuanpaHe Ha camuTe y4acTHULM Ca U3MNon3BaHW CoMeHaTUTE NO-Tope OMPOCTEHN
BbMPOCHNLN, CbAbpXKaliyM HAabop OT BLMPOCKU Kacaelwm TEXHUTE PUINOTTOTMYHN XapaKTEPUCTUKN U
MOMEHTHO CbCTOSIHME. Te3M BbAPOCHULMN Ce NONbJIBAT CAMOCTOSATENHO OT BCEKM €4VH YYACTHUIK,
HenocpeacTBEHO npeaun pusnyecknte namepsaHus. ToBa Bpeme ce M3nonssa 1 3a agantauus Ha
y4yacTHUKa KbM TOMfMHHATa cpeja B NoMeLleHneTo. BbnpocHMumuTE ca ChLLo BaXKEH MHCTPYMEHT B
npencTtaBeHOTo uacrnegBaHe U MHoOpMaumdaTa OT TSX nomara 3a npeumsmpaHe Ha nonyveHuTe
pesyntaTtu.

ExkcnepumeHTanHa npouegypa v y4yacTHULMU

Kakto 6e cnomeHaTo, agekBaTHOTO M3MEPBAHE Ha CKOpPOCTTa Ha Bb3QYyLWIHOTO TedeHwue,
reHepupaHo OT 4YOBeK Npu N3auLLIBaHe, e U3KITYUTENHO crnoXHa 3agada. OT egHa cTpaHa, ToBa ce
ObIDKM Ha HecTauMOHapHOCTTa Ha pPECnUMPATOPHUSA LMKBA MpM Xopata M Ha OM3MONOornyHUTE
pasnuuua mexay otaenHute uHgmesuaun. Ho, oT gpyra ctpaHa, 3a camuTe y4acTHUMUM € CEPUO3HO
npeav3BUKaTENCTBO Aa OCTaHaT ObJIT0O BPEME HEMOABWXHO, B €4Ha M Cblia MO3vuus, OULIANKK
paBHOMEPHO. 3a TOBa, EKCNEPUMEHTAITHOTO N3MEPBAHE € Pa3BMTO B TPU MUHYTEH MHTEPBan, uUnm
o6xBalua o6wwo 180 cekyHaun. To3n MHTepBan rapaHT1pa Han-manko 45 BAMLWBaHUA U N3ANLLBaAHKS,
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B 3aBMCUMOCT OT MOMEHTHOTO CbCTOSIHME Ha Y4YaCTHUKbLT, KaTto cpegHo To3u Gpoi moxe aa
gocturHe go 60.

OO6wo ca npoBefeHW U3MepBaHUA B 5 pasnuuHM OTCTOSIHUS OT HOCa, B efHa paBHMHA
(Xopn3oHTanNHoO 1 BepTUKanHoO oTcTosHMe Ha 5 cm, 10 cm, 15 cm, 20 cm 1 25 cm). ToBa npasu
MUHUMYM 9 (cpedHo 15) naMepeHn CTOMHOCTM Ha CKOPOCTTa B JafeHa Touyka OT npegnosiaraeMusi
OCEBW LIEHTBbP Ha cTpysiTa. B Ha4yanoTo u B Kpas Ha BCeKM 3 MUHYTEH WHTEpBasn, € HanpaBeHa
WH(ppayepBeHa CHMMKa Ha TOMMAMHHOTO U3NMbYBaHE Ha BCEKWN Y4aCTHUK.

O06o6LLeHo, ekcnepMMeHTanHOTO M3cneaBaHe cneaBa CTPUMKTHO cnegHaTa npoueaypa:

= HyneBa MMHyTa — y4aCTHMKBT BfM3a B MOMELLEHMNETO, CH4a Ha cneuunanHo opraHuM3npaHo
MSACTO W NOMbfiBa BbMNPOCHUKLT B MPOABLIDKEHME Ha 2 MUHYTW. TOBa BpeMe e OTpedeHo U 3a
HOopManuanpaHe Ha AWWLAHETO, KaKTo U 3a aganTupaHe KbM TONMMHHATAa cpeaa.

= BTopa MuHyTa — yyacTHWKBLT 3aemMa OnpedeneHoTO 3a uenta Ha M3MepBaHEeTO MHACTO.
OnepatopbT HacTpoviBa TepMoOaHEMOMETbpa MO MHOMBMAyanHaTa BMCOYMHA, OMNPeAEnsiiku
HayarnHa Touka Ha 5 cm oT Hoca.

= [leTa MMHYTa - cTapTUpaHe Ha M3MEPBAHETO Ha CKOPOCTTa Ha M3guliaHe, KakTo U Nbpea
WH(ppayepBeHa cHMMKa. Ha Bcekum 36 cekyHOM onepaTtopa MpeMecTBa pbYyHO coHAata Ha
TepMoaHeMoMeTbpa, MOCPEACTBOM CTaTMBa, Ha pa3CcTosiHMEe 5 Cm B XOPU3OHTAlHO U BEPTUKaNHO
HanpaBneHune, 40 AOCTUraHe Ha 25 cM OTCTOsIHUE.

= OcMa MVHyTa — Kpaln Ha N3MepBaHETO Ha CKOPOCTTa M BTOpa UH(ppayepBeHa CHUMKA.

= [leBeTa MMHYTa — YY4aACTHUKBLT Hamycka MOMELLEHNETO, KOETO Mopagun ronemusa cu obem ce
npegnonara, 4ye B pamkute Ha 10 MMHYTM JOCTUra paBHOBECHO CbCTOSHME Ha MapamMeTpuTe Ha
MUKpPOKIMMara.

B ekcnepuMmeHTanHoTo wu3cnegBaHe B3exa AOOpPOBOMHO y4vactve obwo 10 y4yacTHuKa,
cenekTUpaHu Ha CriydeH MPUHUMN Cped CRY>XUTENW U CTyAEHTU Ha TexHUYeCcKn yHUBEepCcUTeT —
Codhus. Cpep T9x MMa TpumMa MbXe 1 cegeM xeHu. CpeaHa Bb3pacT Ha yyacTHuumTe e 40 roguHu,
a cpegHata um BucoumnHa e 175 cm n cpegHo Terno 70 kr. Tpuma oT Tax ca nywayn. Crnopeq
JaHHUTEe OT BBMNPOCHUUMUTE, HUKOW OT Yy4yacTHUUUTE B W3cnedBaHeTO He e [Joknagsan 3a
pecnupatopHu Npobnemu unu Apyr TMn NpUTeCHEeHWe Npeaun n3mepBaHuATa.

Pe3ynTtaTtu u auckycums

Bcuukm pesyntatm OT MNpOBeAEHOTO eKCcrepuMMeHTanHo wu3cregBaHe ca obpaboteHu u
aHanuaupaHu. OcCHOBHUSA aHanus3, npeactaBeH Tyk, e 0asupaH Ha pasnpegerneHVeTo Ha
NOBbPXHOCTHaTa TeMnepartypa Bbpxy YOBELLKOTO TAMO, N0 BpEMe Ha eKCnepuMeHTanHo namepsaHe
Ha CKOpOCTTa Ha Bb34yLUHO TeYeHune, reHepupaHo npu nsgnwsaHe. CbnoctaBka c pesynrtaTture oT
n3MepBaHEeTO Ha CKOpPOCTTa We 6baat nybnvMkyBaHn Ha NO-kbCeH eTan. BbB Bpb3ka ¢ BbBEXAaHe
Ha HoBus pernameHT Ha EC (679/2016-GDPR), 3a HOBM NpakTUKX NpU agMUHUCTPUPaHe Ha NNYHK
AaHHU Ha eBPOMEencKn rpaxgaHu, C Luen yBenuyaBaHe OTrOBOPHOCTTa M OTYETHOCTTa, CypoBUTE
Tepmorpadcku nsobpaxeHus Hama ga 6baat npegcraBeHu. JlnuaTta Ha nokasaHUTe yvyacTHUUMTE
ca cunHo pascoKycupaHu, C LUen 3anasBaHe Ha TAxHaTta aHOHUMHOCT. Bbnpekn TOBa,
NoBbPXHOCTHaTa TemnepaTypa B obnacTra Ha HOCa U WnsTa ca aHanuampaHu ¢ TOYHOCT.

3a oHarnegsasaHe, Ha durypa 3 ca npeacTaBeHU pasnpedeneHudTa Ha NOBbPXHOCTHATa
TemnepaTypa Ha y4acTtHuum 1, 2 1 4, B HAa4anoTo U B Kpas Ha U3mMepBaHusa MHTepBarn, noabpaHn Ha
CrnyyYeH npuHUMN. BneyatneHwe npaBu M3KIOYUTENHO HEPABHOMEPHOTO pasnpedenieHve Ha
NMOBbPXHOCTHaTa TeMneparypa, 3a pasnuka oT nogobHu Tepmorpadckn U3crneaBaHus ¢ TOMMAMHHU
MaHekeHW. B Ha4yanoTo Ha n3mepBaHeTo, TemrepaTypaTa B 30HaTa Ha HOoca Ha npeacTaBeHuTe
y4acTHuum e okono 33 °C, Ho B obnacTTa Ha wusiTa U Ha pameHeTe HapacTtea o Hag 35 °C. Tosa
HapacTBaHe € 3aKOHOMEpHO, W MMEHHO Ta3u TemnepaTypHa pasfnuka oOkassa BIUSHUE BbPXY
CKOpOCTTa Ha Bb3AYLWHOTO TeYeHue npu usguliBaHe, B 30HaTa Ha CMeCBaHe C KOHBEKTMBHOTO
TeuYeHue Ha rpaHUYHMS CNoW OKOMo TANOTO. To3n edekT npegnonara NoHwkKaBaHe Ha CTOMHOCTUTE
Ha MakcumarnHaTa CKOPOCT Ha TeYeHMeTo MNpu U3AuBaHEe W CbOTBETHO HamarnsiBaHe Ha
anxatenHata 3oHa. Coblms edekT ce HabnwpaBa M npu aHanusa Ha u3obpaxeHuaTa Ha
ocTaHanuTe y4yacTHULUM.



250 HayuHa koHdepeHuna EM® 2018

Hayvarno Ha usmepsaHe Kpati Ha usmepeaHe

durypa 3. PasnpegeneHve Ha NOBbpXHOCTHATa TeMmnepatypa Ha ydacTHuum 1, 2 1 4, B Ha4anoTo
N B Kpasi Ha M3MepBaH1s MHTepBan

B Tabnuua 1 n Ha durypa 4 n ca npeactaBeHn ocpefHeHuTe Ha 6asa BCUYKU yYacTHULM
N3MEPEHN CTOMHOCTM Ha NOBbLPXHOCTHaTa TemnepaTypa, B HA4anoTo U B Kpas Ha U3MepBaHeTo.
Tepmorpadckute M3o6paxeHnsl NO3BONABAT [a ce OTYeTe NPeunsHo pasnukaTa B TemrnepaTtypute
MeXay BCUYKM 30HW. Bugumo e u HapacTBaHeTo Ha TemnepaTypaTa Mexady HadyanoTo 1 Kpas Ha
nepvoaa Ha n3amepBaHe, KOETO € HeoYaKBaH pe3ynTar, NpeaBua KpaTkus UHTepBarn Ha n3MepBaHe.
CpegHaTta pernctpupaHa noBbpxHOCTHa TemnepaTtypaTta B 30HaTa Ha LuMATa e Hail-BMCOoKa KaKTo B
HayanoTo, Taka W B Kpas Ha namepBaHeTo. EKcrnoHeHUmanHuTe nuHumn Ha durypa 4 neMoHcTpupat
obLlaTa TeHAeHUMs Ha yBennyaBaHe Ha MOBbPXHOCTHATa TeMnepaTtypa B Nocoka 30HMTe B 6rM3ocT
[10 AnXaTenHaTta 30Ha — OKOMo Hoca, LUMATa U paMeHeTe.
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Ta6nuua 1. MoBbpPXHOCTHA TeMnepaTypa, ocpeaHeHa Ha 6a3a BCUUYKKU y4aCTHULMN

Ha4ano Ha uscnedeaHemo Kpat Ha uszcnedeaHemo
Temnepamypa °C SD °C Temnepamypa °C SD °C
Hoc: 33.24 1.259805982 34.17 1.41818
Wus: 34.29 1.061916506 34.58 0.67462
PameHe: 32.6 0.843274043 33.25 0.97895
pbOeH Kow: 31.64 1.195547294 31.95 1.34268
Kopemna 30.75 1.687371394 31.05 1.92137
obsiacm:
KopemHa obaacm
b o
IpooeH Kow PR
Pamene °
Wusa ' : ° ®
Hoc ° ®
30.5 31 315 32 32.5 33 33.5 34 34,5
NosbpxHocTHa Temnepartypa[deg C]
L ] Hauano ® Kpal  seeeseees Expon. (Hawano) Expon. (Kpa#)

durypa 4. PasnpegeneHune Ha ocpegHeHaTa NOBLPXHOCTHA TeMnepaTypa, ocpeaHeHa Ha 6Gasa
BCUYKM Y4aCTHULIN

3akntoyeHue

HanpaseH e aHanua Ha Tepmorpadpckm wunsobpaxenus, Ha 10 peanHu y4dacTHULM B
€KCrMepMMEHTarnHoO n3MepBaHe Ha CKOPOCTTa Ha Bb34yLIHO TeYeHWNe, reHepmpaHo Npu n3gulBaHe.
Pesyntatnte geMoHCTpupaT U3KNIYNTENHO HEPABHOMEPHOTO pa3npenerieHne Ha NOBbPXHOCTHaTa
Temnepartypa Ha YOBELLKOTO TAO.

M3amepeHaTa TemnepaTtypaTa B 30HaTa Ha HOCa € Mo-HUCKa, B CpaBHEHME ¢ obnacTTa Ha wusaTa
N Ha pamMeHeTe Ha y4vacTHuuuTe. To3M edeKT e 3aKOHOMEPEH, N UMEHHO Tasn TemnepaTypHa
pasnuka okasea BMsiHME BbPXY CKOPOCTTa Ha Bb3AYLUHOTO TEYEHME NPU U3ANLLBAHE, B 30HaTa Ha
CMecBaHe C KOHBEKTUBHOTO TEYEHME Ha rPaHMYHUSA CroW OKOMo TANoTo. To3n edekT npeanonara
MOHMXaBaHe Ha CTOMHOCTUTE Ha MaKkCMMariHata CKOPOCT Ha TEYeHWeTO MNpu usgulliBaHe u
CbOTBETHO HamMarsiBaHe Ha guxaTtefniHaTa 30Ha.

[okyMeHTMpaHO e HapacTBaHe Ha NOBBbPXHOCTHaTa TemnepaTtypata Mexay HayanoTo 1 Kpas
Ha nepuoga Ha WU3MEpBaHe BbB BCUYKM 30HW. TOBa € HeodakBaH pesynTaT, NpenBu KpaTkus
WHTEpBanN Ha U3MepBaHe N NpeacTom aa 6bae AOMbIHUTENHO aHanuaupaH. MpuunHu Wwe 6baat
TbPCEHW U B OpraHM3auusaTa Ha caMmsi EKCNEPUMEHT.

35
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I'IonyquMTe pe3yntatn Mmorat fa nocrnyxat 3a CbMNnocCTaBka, BanunanpaHe u BepVId)I/ILI,MpaHe Ha
OaHHW OT npoBeneHn YncrneHn mnicneaBaHna Ha npouecobT Ha gullaHe B rnpeacrtaBeHaTta obnacr,
4ypel BUpTyarnHu moaenun nnn peandHu guwawim TonfimuHHM MaHeKeHN.
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UccnepoBaHue Tennomaccoo6meHa B KanunsApHO-MOPUCTbIX CUCTEMAX
oxmaxaeHus

A. A. TeHbau, H.O. [>xamaHkynoBa, AHren Tep3nes

AHHOmauus. PaspabomaHa u uccriedogaHa KanusiisspHO-opucmasi cucmema OXnaxoeHust
rnpumeHumersibHO K pa3/fiu4HbIM meriyioebiM 3Hep2oyCcmaHO8KaM. OHa noseonsiem ynpaesiamb
mennonepedayell nymem pa3defieHUs1 3HEP2eMUYECKUX POUecco8 U, makxe, 3a c4em u3bbimka
JXudkocmu  co30aeamb  Hedoepe8 U CKOPOCMb  MOMOKa,  U3MEHSI  8HYMpeHHuUe
(mepmoaudpasnuyeckue) xapakmepucmuku npouecca kuneHusi. [lonyyeH Ha OCHose
2u0poduHaMu4yeckoeo Kpusuca Kpumudeckul mernioeol [[MOmMoOK 8 3asucuMocmu  om
mennogu3uYecKux ceolicme XUdOKocmu, paccmosiHUsi Mex0y rnaposebiMuU KOHa/ioMepamamu, euda
rmopucmot cmpyKmypbl U ee opueHmauyuu.

Knroyeeble cnoea: KanunnspHo-riopucmasi cucmema, rpouyeccesl meriniomaccoobmeHa;
KpumuquKuCl meriioeol NMomok; mernyogbie SHepeoycmaHO8KU.

Study of Heat and Mass Transfer in Capillary — Porous Cooling Systems
A. A. Genbach, N. O. Jamankulova, A. Terziev

Resume. A capillary-porous cooling system has been developed and investigated. If allows to
control the heat transfer by separating energy processes, and also due to excess of fluid, creating
the underheating and flow rate by changing the internal (thermal-hydraulic) characteristics of the
boiling process. A list of applying porous systems to various power installations is presented in order
to increase their reliability, efficiency and the maneuverability considering ecology and, the scheme
of location to capillary porous structure and performance of the clamping perforated plates was
designed. A critical heat flux, depending on the thermophysical properties of the fluid, the distance
between the steam konglomerates, the type of porous structure and its orientation was obtained on
the basis of hydrodynamic crisis

BBeneHue

B npednoxeHHblx W uccnegyemblX —KanuNNsSpHO-NMOpUCTbIX CUCTEMax OpraHu3yeTcs
ynpaBneHne Tennonepedadyen. [Ang ynpaBneHus sHepreTMyeckMu npoueccamu npeanaraetcs
pasgenuTb ObLLYI 3HEpruio Ha ABe COCTaBNAKOLIME: IHEPIN0 TEMNfOBOW BOMHbI B3pbiBOOOPa3HO
BO3HMKLLErO NapoBOro 3apodblilla M SHEePru CKaTtoro NapoBOro MOTOKAa, YTO TakkKe BaXHO AN
MOAENMpPOBaHMA U aHanorMm NPoLeccoB KUNEeHNs B nopax CTPYKTYpbl (MOkpbITKA) [1]. MNoBbilweHuo
hOPCMPOBKN CUCTEMbI OXNaXAEHUSA U MHTEHCUMKaLMKM NPOLEeCCOB CNOCOBCTBYET UCMONb30BaHNe
COBMECTHOrO eNCTBMS MacCOBbIX Y KanunnspHbIX CUM, CO3aatLwmux 36bITOK XMAKOCTM B CTPYKTYpe
C HeOorpeBOM BbIHY>XOEHHOW CKOPOCTbO noToka [2-4]. lpu 3aToM npoucxoauT ynpasneHune
WHTerpanbHbIMK, a Takke BHYTPEHHUMW XapakTepucTukamm npouecca kuneHus [3,4]. B cnyvae
Kpusunca KuneHns uccnegyetca npegensHoe v 3anpefenbHoe COCTOsHME NOBEePXHOCTU Harpesa u
NoKpbiBaloLLEN ee NOPUCToOn CTPYKTypsbl [3,5-7].

WccnegosaHms  npoueccoB  Tennonepegadud  UCNONb3ylTCA B PasfMyHbIX  TennoBbIX
3HEeproycTaHoBKax: Kamepax CropaHusi U CBepx3BYKOBbIX connax [3], annuMnTuyeckux nbine-
rasoynosutenax [5], B nopucTblx reoskpaHax [8], napooxnagutensix napoBbix KOTMoB [9],
TennoobMeHHMKax aHeproyctaHoBok [10], B napoBbIX 1 ra3oBbix TypOuHax [11-14].
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OnucaHue npoueccoB Tennoo6meHa

3acnyxmBaeT BHMMaHue uccnegoBaHMe AMHAMUMKUM  HEOOHOPOAHbIX  (FeTepOoreHHbIX)
MHorodasHblx cped. OHM cogepxaT MakpoCKonMyeckMe HeO4HOPOOHOCTH (BKNIOYEHUS), TOraa Kak
B TOMOreHHbIX cpefax CoCTaBnslOWMe MNepeMellaHbl Ha MOrekynsipHom yposHe. Cpeawm
reTeporeHHbIX CUCTEM MPeacTaBNAlT MHTEPEC ANCNEPCHbIE CMeCH, COCTosILWLME U3 ABYX (has, ogHa
N3 KOTOpPbIX — My3blpW, kannu, TBepable yactuubl [2,3,5]. denatoT gBa OCHOBHbIX OOMYLLEHUS:
pa3mepbl HEOOHOPOAHOCTEN (BKITHOYEHMIN) B CMECU, HanpuMep, pasmep Mny3blpsa U AfIMHA BOSHBbI,
BO MHOro pa3 06onblue MONEKyNAPHO-KUHETUYECKNX pa3MepoB, B TO e BpeMsi pasMepsbl
HEOOHOPOAHOCTEM BO MHOMO pa3 MeHblle PpacCTOSHWW, Ha KOTOPbIX OCPeOHEHHble
(makpockonuyeckne) napameTpbl CMecu unm a3 MEHSATCA CYLEeCTBEHHO. 3TW [onyLieHus
MO3BOSIAIOT MCMOMb30BaTb YPABHEHUSA MeXaHWKW CrOWHbIX OAHOMAa3HbIX cpef Anis onucaHus
NnpoLeccoB BHYTPU WM OKOMO OTAEfbHbIX BKMAKYEHUA (MUKPOMPOLIECChl) M OMUCbIBaTb
MaKpomnpoLecchl B Cpede, Takne kak Te4eHue cpefbl B MOPUCTON CTPYKTYpE, pacnpeneneHne B HUX
BOSH, XapaKTepuays npoueccbl MHTerpanbHbIMU (OCPEOHEHHBIMU WAN  MaKpOCKOMUYECKMMM)
napametpamu. OpfHaKko aHaNUTUYECKUX PELLUEHUA ONa  KANSWMX MNOTOKOB HeT. [loaTtomy
npoBefeHHOe U3y4yeHne NpoLeccoB ONTUYECKMMU METOAaMU B OKONOMUTUIIBHOM MPOCTPaHCTBE U
B KanunnspHO-NOpUCTON CTPYKType, a Takke B obractu napoBbix My3blpenn Heobxoammo Ans
3aMblKaHUS OCPeAHEHHbIX YPaBHEHUN OBWMXEHUA AUCMNEPCHBbIX cpea. MoaToMy Hamu onpeaeneHsbl
3Ha4YeHUs TenmoBbIX MOTOKOB, KOA(PMUMEHTOB TennooTaayM WM MNPOHMLAEMOCTM MOPUCTbIX
CTPYKTYP, BbIOPOC XMAKOCTU U3 CTPYKTYphI [3,6,10,14].

Pan adpdekToB, npoTekatomx ¢ Manon KoHUeHTpauuen gucnepcHon dasbl, KOSIMYECTBEHHO
MOryT ObITb onucaHbl chopmynamu anst AByxdasHbix NoTokoB. K Takum adpdektam oTHOCATCH
npoLecchbl naporeHepauum u nNeHoreHepauun, nbifeynaBnMBaHns, paspylleHuMs maTepuanos
3aKpy4eHHbIMW MOTOKaMu ra3oBbiX B3Becen [5].

B cpepax ¢ casoBbiMM nepexogamm BO3MOXHO pacCyMTbiBaTb MOPUCTbIE SNNUMATUYECKME
CUCTEMbI NPY NPOXOXAEHUN CUMbHBIX BONH ¢ AasnerHuamu (1-100) Ma B meTannax, MMHepanax,
nonumepax, cocpeoToOYeHHbIX BO BTOPOM (hOKyce annunTudeckoro topovaa (B muileHu). MNpu
aTOM o06pasyloTca HOBble BewecTBa, UX Mogudmkaumm un dasbl, YNPOYHSITCA MeTannbl,
peanu3yloTca npoueccbl cuHTe3a. B ogHoOM ycTponcTBe OOHOBPEMEHHO MOXHO Mony4atb
OaBreHuns, pe3ko oTnnyarLmMecs gpyr ot gpyra: B razoson cmecu — go 10 Mla, a B XXuakoctn u
TBepaom Bellectee — 10° MIMa n 6onee [1].

MHoroa3HOCTb MOTOKOB, OCOOEHHO MPU HANMYUN KaNUNNSPHO-MOPUCTBIX MOKPLITUIA, B MOSTHON
Mepe HaxXo4MWT OTpaXKeHMe B MOMSAX MAaCCOBbIX U BUOPALIMOHHBIX CUM, N NPOSIBNAIOTCS C HanbonbLuewn
NONHOTOM Npu pacrnpocTpaHeHMN BOMH pPacTSHXKEHUA W CXaTusl, KOTopble MOryT ObiTb
ynpaBnsaeMbiMM B pa3paboTaHHbIX HaMW MOPUCTbIX JMMMNTUYECKUX CUCTEMAx. AHanuTudeckoe
peLleHne pacnpocTpaHeHUs BOMH B ABYXdasHblX MNapOXMAKOCTHbIX CMECHX, rge pacCMOTPEHbI
0CODEHHOCTU ABWKEHMSA BOJTH B CMECSIX ra3a C KanmsiMu Unm Yyactuuamm, BaXKHO AN NpeanoXeHHbIX
HaMW 3NAMNTUYECKUX NOPUCTBIX MHOrOga3HbIX Nbife-ra3oynosuTenen n TennoobMeHHuKoB [1,5].

B BONHOBbLIX TEYEHMAX NAPOXKNOKOCTHBLIX MOTOKOB KPOME pa3MasaHHbIX BOSH, XapaKTepHbIX A5
rasoe3Becey (ras, 4actuubl, Kanam) MMEKT MECTO BOJSIHbl C OCUMSSILMOHHOW CTPYKTYPOW CO
CXNOMbIBALWMMUCA W OpOBAWMMNUCA NY3bIPSMU, KOTOPble BO3HWKAOT M3-3a pagmanbHbIX
nynbcaunn Ny3bIpen N CUNbHO 3aBUCST OT XapakTepa NpoLeccoB TennomacconepeHoca. K Tomy xe
npy unbTpaLmm MHOroasHbIX XNOKOCTEN NOABASIOTCA KMHEMaTU4eCKMe BOSHbI.

3a cyeT BMOpaUMOHHOrO BO3OENCTBMA Ha MHOrodasHble XMOKOCTM  MHOTOKPaTHO
WHTEHCNMLMPYIOTCA NpoLecChl TennomacconepeHoca, 0CoO6eHHO B Pe30HAHCHbIX PEXMMaX.

O6nactn nNpakTU4eckoro MNPUMEHEHUS KanuMMAspHO-NOPUCTbIX CUCTEM HaMW  3aluuMLLeHbl
naTeHTamu 1 aBTOPCKMMU CBUAETENbLCTBAMM Ha U3obpeTeHus [3,5,8,9,11,13,15].

BHegpeHve ob6opyooBaHus M TEXHOMOMMYECKMX MpPOLECCOB B 3HepreTuke [OIDKHO
NpoM3BOANTLCS, NPEXAe BCEro, C 3KOSOro-aKOHOMMYECKNX nosvumi. MNpeanaraemble paspaboTku
KanunnsipHO-NopucTbIX cuctem OyayT cnocobCTBOBaTb MPOBEAEHMIO MPOLIECCOB, CYLLECTBEHHO
ynydiias n coxpaHss npupoaHyto cpeay.

KannnnapHo-nopucTbie cUcTeMbl MO3BOMSOT JOCTUIHYTb SKOHOMUW TOMMMBA, Chipbs, BO34yXa,
BOAbl, Tenna; MNOBbICUTb HAAEXHOCTb OxNaxaeHws un B3pbiBONoXapobesonacHoCTb paboThbl
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obopyaoBaHus; cnocobcTBoBaTb BbICOKOI(MEKTUBHOMY pa3spyLUEHUO FOpHbIX Mopod, 6eToHOoB,
MEeTanmnoB; YMEHbLNUTbL HU3KOTeMNepaTypHYI0 KOPPO3MI0O NOBEPXHOCTEN; COKpaTUTL 3arpsi3HeHUs
Burocdepbl SA0BUTLIMY Fra3amu, MbINbHO, TEMMOM; YCKOPUTL peLleHne Nnpobnem npoaoBONbCTBEHHOMN
nporpaMmel; NoNy4mMTb 6OMbLLION SKOHOMUYECKUA U coLnanbHbIi adpdekTbl B 06nactu akonorum u
oxpaHbl Tpyaa [13].

OCHOBHbIMM  MpenMyLLIeCTBaMU  KanunnsapHO-MOPUCTLIX  CUCTEM  SIBNSKOTCA  BblCOKas
WHTEHCMBHOCTb, 6onbluas TennonepegawLwlass CnoCcOOHOCTb, HaAEXHOCTb, KOMMNAKTHOCTb,
NpoCcToTa B W3rOTOBNEHUM W 3KCMNyaTauuu; OHM YNy4dlalT PeXMMHbIE U TeXHOMornyeckue
rnokasaTenu 1 UMeIT HEBLICOKNE KanuTarbHble 1 3KCnyaTauMOHHbIE pacxoapb!.

OKcnepuMeHTanbHas 4YacTb

PaccMoTpuM KOHCTPYKTUBHOE MCMOSTHEHWE NOPUCTOM cuctemsl (puc. 1) ona TennoobmMeHHuKa
KopobuyaTton opMbl. TenrnooBMEeHHUK COCTOMT U3 Koprnyca U CbeMHOW KPblLKKW, KOTOpble
repMeTUYHO CKpenneHbl no nepumeTtpy GonTamu. BHYTPEHHSS MOBEPXHOCTb CTEHKW MOKpbITa
KanunnsipHoO-NOPUCTON CTPYKTYpon 1, npuxaTon nepdopupoBaHHbIMKU NnactuHamn 3. Aptepuun 2
coeAMHEHbI C BEPXHUMW KOHLL@MU CTPYKTYPbI, Yepes TopeL, KOTOPON K oxnaXaaeMon noBepXHOCTH
noJaeTcs XXMAKOCTb MacCOBbIMU M KanUMASPHbIMW cunamun. HukHMe KOHLbI CTPYKTYpPbl OBbIYHO
cB06OAHbI U NOrpy>KeHbl B KOpbITUA 4, rAe ckannMBaeTCs XXUAKOCTb 3a CHET yTeuek, kanneyHoca unm
n3bbiTka. Ha noBepxHOCTW NNacTWH BbiWTaMnoBaHbl YrnybneHus c OTBEpCTUSMU, KOTopble
obecneynBaloT BbIXOA Napa U3 CTPYKTYpPbl B KaHarm, a Takke cryxaT ynoBuTensamu BoibpacbiBaembix
N3 CTPYKTYpPbI Kanernb 1 ctekarowen n3bbITOYHON XUAKOCTU NO BHELLUHEW NOBEPXHOCTU NMacTUHbI.
ApTepus coeauHeHa ¢ naTpybkom, C pasBogsawmMy TpyGamm M KONNekTopom. W3bbiTok
oxnaxgarLen XUOKOCTU CKannuMBaeTCa B HWKHEW 4YacTu M CUOHOM yaansieTcs B HWKHUIA
KOMNNeKTop, 1 Janee B HakonuTernb AN Bo3BpaTta B cuctemMy. C Lenbio obneryeHns KOHCTPYKUUnN n
COXpaHEeHUs OCTaTOYHOM XUAKOCTU KECCOHbI CHabXaroTCcA pacnopkamu, BbINONHEHHbIMY B BUAE Z-
0bpasHbiX NepopMpPOBaHHbIX MAACTUH MM pebpamu xectkocTu. Pebpa moryT pacnonaratbcs
CHapYXu U1 BHYTPU KOpryca U KpbILWKK. Ha KpbILLKe, B BEPXHEN ee YacTu, NpuBapeHsl naTpyoku ¢
dhnaHuamu Ans coeguHeHns ¢ naponpoeodoM. CTpyKTypa MOXeT BbITb BLITAHYTON B BEPTUKANBEHOM
(@) wnn ropusoHTanbHOM HamnpaBfeHUW, BEPXHUN WMAU HWKHUI KOHLbI KOTopon (nmbo oba)
coeauHeHbl ¢ apTepuen (a,6). MNepdopupoBaHHble NNacTUHb (8,2) U3roTaBnMealT No opme U
pasmepam B COOTBETCTBMM CO CTPYKTYpoW. BbiluTamnoBaHHble nepdopupoBaHHbie yriybneHns B
HUX MOryT MMeTb (POpPMY YCEYEHHOro KoHyca (8), NMnbo MNpoJoNbHbIX NAa3oB C OTBEPCTUAMM,
obpalLeHHbIX KBepxy (2).

RS =

drdrdrdrdrdrdr-+

i) 2

PucyHok 1 - PacnonoxeHue KanunnsapHO-MOpUCTON CTPYKTYpbl (a,6) M KOHCTPYKTUBHOE
BbINOMTHEHME NPUXKMMHBIX NepdOPUPOBaHHbIX NIACTUH (8,2). 1 — KanuUNNsSPHO-NOPUCTas CTPYKTYpa;
2 — nuTarLLasa apTepus; 3 - NPWKUMHbIE NepdOopUPOBaHHbIE MNACTUHbI; 4 — KOpPbITLE.
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B KkanunnsipHO-NOpPUCTON CUCTEME OXNaXOEHWst HanuMyine MacCOBbIX CUM  MO3BONSET
obecneunTb NOABOA OXMaxAawwen XMAKOCTU K oborpeBaemMon MOBEPXHOCTU MpU  BbICOKUX
TennosbiX Harpyskax (~1x10° Bt/M?) u cosgaeT BOMM3M CTEHKM YCTOMUUBLIN ABYX(DA3HBbIA
NnorpaHuYHbIN Cnon. B nopncTom CTpyKType COAEPKUTCA BECbMa Marnoe KOnmM4YecTBO XXUAKOCTH, YTO
o 80 pa3 9SKOHOMUT pacxod BOAbl, WMMEEeT 3KOMormdeckoe 3HaveHue u obecnednBaeT
B3pblBOOE30NaCHOCTb.

Kputnuyeckuin TennoBon NOTOK Gy ANA ONTUMU3NPOBAHHBIX CeTyaTbiX CTPYKTYp, paboTaroLmnx
Ha BoAe, NoNnyyYeH Ha OCHOBE MMAPOAMHAMUYECKOro Kpusuca, a NocTosiHHasa onpegeneHa nytem
ronorpagu4yeckmx nccnegosadmn gna P = 0,1 MlMa n 8 CU umeet Bug (1):

0,3 0,5
- ' " " s b Fo)
q,, =347x107r[g(p’ - p")p 0]”(—} (—J (1+cos B)°°, )
b, o
Fne: r — Tennota napoobpasoBaHus;

g — yCKopeHue cBOOOHOrO NageHus;

P, P — MNMOTHOCTb Napa v KMAKOCTY,

b, & — WnpnHa g4enkn n ToNWMHaA CTPYKTYpbI;

Lo — paccTosiHne BOONb MOBEPXHOCTM TennoobmeHa Mexay NapoBbIMU KOHFioMepaTamu;
[3 — yron HakrnoHa cuctembl K BepTukanu;

b, =0.28%x103M; 8,=0.18%103Mm; 0.28%103M < b < 0.55%x103 m.

B cnyuae, korga 0.08x103m < b <0.28x103 M, nocTosiHHasa Bo3pacTaeT A0 BenuumHbl 4.54x10°
2, a nokasaTtenu cTeneHe CUMNMIEKCOB b 1 & MMeoT 3HaK MUHYC.

3akno4eHune

KannnnsapHo-nopuctasi cuctema OXfaXAeHUst 3aMeHsieT BOASIHYI0 CUCTEMY, NULeHa ee
CYLLIECTBEHHbIX HeJoCTaTKoB (B3pblIBOONACHOCTb, Nepepacxos BoAbl, 3aboneBaHusi paboTaroLmx
pPEBMATM3MOM, BO3HWKHOBEHME LMKIIMYECKUX HaMPSHPKEHUN B CTEHKE) M obnajaeT crneayrommin
NOMNOXWUTENBbHBLIMA  Ka4yecTBaMKn: camornpucnocabnmBaemMocTb, CMOCOOHOCTbL CTabmnmMampoBaTb
TemnepaTtypy TENIOHAMNPsPKEHHbIX MOBEPXHOCTEN, KOMMAKTHOCTb, MPOCTOTa, HAOEXHOCTb,
obecrneyeHne SKOMOIMYECKOM YMCTOTbl OKpyXKalollen cpenbl npu  ganbHEnWen 3SKOHOMUU
NPUPOAHbIX PECYPCOB (BOAbI).
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Development of an experimental plant of a non-nozzle porous foam generator
for producing of air (steam) and mechanical foam

A.A. Genbach, K.K. Shokolakov

Abstract. On the basis of studies of heat-mass exchange processes by boiling of pure liquids
and with the addition of surface-active agents, a new class of non-nozzle porous foam generator for
producing of air (steam) and mechanical foam was developed. The results of the experiment are
generalized by the criteria equations of heat-mass exchange with an accuracy of £ 20% with respect
to the processes of bubbling, foam generation, pseudo-fluidization and boiling. The combined action
of capillary and mass forces for capillary-porous structures of the 3x0,4 type made it possible to
boost the operating mode of the foam generator by 1,5-2 times and reduce the consumption of the
foam generating agent and reduce the hydraulic resistance tenfold.

Key words: porous foam generator, foam generation, heat-mass exchange, capillary-porous
structures.

Introduction

Study of the heat and mass exchange of boiling pure liquids in capillary porous structures,
development of control methods for these processes [I] allowed to summarize trials with pure foam
and dust-foam flows and study a single equation for calculation of the heat and mass exchange with
an accuracy up to £ 20 % [ll], whereby boiling processes, bubbling, pseudofluizidation and foam
generation were summarized as well.

A new class of nozzle-free foam generators and foam-dust catchers along with bubbling capillary
porous grids were invented [lll], as well as foam generating and defoaming structures located
vertically. Due to the controlling internal characteristics of two-phase flows [IV] different types of
foam-dust catchers were designed [V-XIII]. It is possible to increase effectiveness of dust-gas
catching because of controlling geometry of micro channels of porous material [VI], separation of
flow into wave energy and gas (steam) energy [VII,XI], forming generator with the help of power
(without incoming flotation) [VIII], design of turbulizers as foam generating and defoaming structures
using a joint action of gravitation and capillary forces, pressure and vibration forces.

Theoretical / Experimental Part

In accordance with the article N0.358012, 1972 a method of electrostatic gas cleanup was
described where electrization of settling elements was produced using a tribo effect. This effect was
used earlier, though during electrization of filter elements they had a conductive layer on their
surface, which reduced the electrostatic filtration component. The reviewed method describes that
an effectiveness of electrostatic filters will be increased because it is recommended to implement
electrization with the help of circulation of weight fine grained electrified agent in hollow settling
elements.

Method of electrostatic gas cleanup as per the article No.358012, 1972 in terms of dust settling
effectiveness exceeds the known methods. However, in comparison with the known methods it has
a low dust settling productivity.

Therefore, it is possible to increase effectiveness of dust electrization in air flow by using a tribo
effect. Though it requires to solve a problem of dust cleanup productivity.

In addition to methods of gas cleanup from dust there is a method /article No. 247241, 1969/,
where it is suggested to catch thin aerosol sprays with the help of charging aerosol spray particles
when the electrostatic sprayed easily evaporating liquids are settled on them, hence a liquid vapor
in a form of condensate will be re-used. Such method has an advantage over method of dust catching
by charging electrostatic sprayed water, because a mutual attraction of dust particles and drops of
sprayed water leads to their adhesion, and growth of particles along with charge neutralization.
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A common disadvantage of electric methods is a minor size and porous structure of formed
aggregation of dust particles. Under impaction they can be easily destroyed. Low effectiveness of
dust suppression process could be expected from settling of fine dust. Thus, it is required to develop
a dust suppression method, which would allow significantly increase resistance to destruction of
formed dust aggregation whilst processing an air dust flow by electric field with retention of high
productivity of dust cleanup.

It is interesting to see the air dedusting method using porous blankets /article No. Ne368413,
1973/. In order to increase an effectiveness of dust catching a dust flow goes through the parallel
blankets that moist liquid. A moving air flow helps to vibrate blankets due to the irregular speeds.
Dust particles located in air turbulent flow are being moisturized and coagulated. Fiber is moisturized
by water supply to pipe frame where the blankets are fixed.

To achieve a required effectiveness of dust catching it is necessary to conduct multiple test
researches in various mode parameters, as well as perform new design studies for forming an
aerodynamic structure of air dust flow.

There is a dust suppression method based on enriched water steam. With a steam condensate
the area of low pressure is formed where all particles move and could be caught. The disadvantage
of such method is its low effectiveness that is caused by unreasonable use of generated steam for
the purposes of dust suppression. Besides, to achieve a required norm of dust content large steam
resources are required, and that result in unreasonable costs for steam generation.

Similar method to the above-mentioned method is a method (article No.130461), where air dust
flow is mixed with steam spray with further settling of steam-dust flow by the sprayed water.

Under such process it is expected to obtain a low degree of dust catching. Condensate effect
will be shown in unstable way, takes probabilistic nature depending on random contact of water
sprayed drops with water steam molecules and will be determined by turbulence degree of air dust
flow. Dust coagulation effectiveness is expected as minor in conditions of enriching air dust flow by
steam. That is why water steam and sprayed water are used unreasonably, and there is increased
consumption of steam and water.

When studying a movement of aerosol particles in the steam diffusion field it was evident that
the aerosol particles are intensively remote from a cold surface. Aerosols with speed 1 m/s were put
though the condenser of 0,5 m long and 5x10-3 m wide. Metal wall is washed by water with
temperature at condenser inlet 20°C and outlet about minus 70°C. Particle concentration was 1012
particles/m3. Catching degree varied in large limits 75-95%. Mechanism of the dust suppression
process is based on two principles: |) condensate enlargement of aerosol particles like condensation
nucleus; 2) directed movement of steam particles mainly towards a cold surface.

Mechanism of the dust suppression process is very complicated, though the main acting factors
could be indicated such as Stefan flow of condensed steam as a driving force of aerosol particles.
Also it is enforced by the available diffusion, thermophoretic forces and convective flows, large
particles are removed from flow due to the gravitation and centrifugal forces; some particles in air
steam flow are minimized because of coagulation process.

Study of the mechanism of dust suppression in the steam diffusion field requires further
development, in particular it is related to enhancement of the steam condensation process,
steadiness of liquid film distribution, development of new devices for feeding air dust flow by the
enriched steam.

Some enhancement of the dust suppression processes could be achieved by additional power
sources /article No.1032197, 1983/. It is suggested to charge water steam and dispersed water
oppositely, whereas water should be previously magnetized. Steam is injected to a tank with hot
mass, which goes through the electric field formed at the steam nozzle outlet. Steam-air-dust flow
leaving a tank is condensed at sprayed drops of electrically charged and magnetized water.

Under the weight steam consumption equal to 7x10-3 kg/f and over, a relative air dust content
reaches up to 3-6% and becomes self-simulated in relation to steam consumption. The increase of
process effectiveness in the described condensate system of dust suppression occurs 1,5-2 times
(probably in relation to condensate system without electric charge of steam, water and magnetization
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of water). Also it is unclear how it impacts upon the process of water magnetization, and what
contribution of electric charge separately for steam and water is.

The reached effect is explained by the fact that when oppositely electrically charged sprays of
water and steam are injected to the dust source due to electric gravity forces between steam
molecules and water drops it leads to more enhanced and ordered steam condensation at water
drops. At condensate surface a larger hydrodynamic flotation occurs rather than at non-charged
aerosols, which directs to drops that collects dust particles and tends to their catch by drops. Due to
that a massive dust particles are settled. Capture rate of dust particles by water drops also is
increased due to minimizing forces of surface tension of electrically charged drops.

The described method of dust suppression has an additional effect on settling dust particles.
However, it is achieved by huge efforts as it requires the electric charge of steam, water, water
magnetization that significantly complicates a condensate system of dust suppression, and extra
costs for establishing electric fields and ensuring electrical safety of manpower.

Fig. 1 demonstrates a new class of nozzle-free foam generator with foam generating capillary
porous structure

Fig. 2 demonstrates a test facility for research of air (steam) generation processes - mechanical
foam.

Combined use of mass and capillary forces ensures formation of uniform and stable film for
distribution of the foam generation solution throughout all capillary porous structure 3x0,4 (three
layers of grid where cell width in light is 0,4x10-3 m). This allows to increase operational mode of
foam generator up to 1,5-2 times, reduce consumption of foam forming agent whilst retaining foam
stability, dispersion and high expansion rate.

Value of hydraulic resistance will be a few times less because of nozzle unavailability rather
than in foam generators GVPV-400 or PGG-4.

Air

Foam

Fig. 1. Nozzle-free capillary porous foam generator of air (steam) mechanical foam:
1 — cylindrical case; 2 — capillary porous structure; 3 — spray device (feeding artery); 4 — foam
generating solution; 5 — air (steam) — mechanical foam; ma, ml, ms — consumption of air (steam),
liquid (foam generating solution), foam; q — incoming (foam generating) flow energy density.
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Fig. 2. Test facility for research of foam generation process:
1) Foam generator; 2) spray device; 3) connection of capillary porous structure; 4)
bubble dynamics in structure

Conclusions

Therefore, further theoretical and experimental studies of the dust suppression processes
should be aimed at new design solutions that are based on the reviewed methods using evaporator-
condensing multiphase systems of dust collection and surface-active agents.

Basically, in terms of the existing types of foam generating agents we could hope for the new
aerodynamic diagrams and structures, which will determine a behavior of dust suppression process,
significantly increasing a cleanup degree of dust flow, and become reliable and easy to fabricate and
operate and meet safety requirements whilst operating the equipment [VIII-XII1].
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CToMaHeHM BepTUKaIlHM pe3epBoapu U CEM3MUYHO Bb3AeNCcTBUe.
EdekTn ot pasnnuckeaHe.

Mapus MNMaHTywesa

CmomaHeHuUme eepmukarnHu UYUMuHOPUYHU pe3epeoapu ca HepasdenHa 4Yacm om
MamepuasiHama 6asa, Heobxoduma 3a CbUECmBYy8aHEMO Ha CbBPEMEHHOMO 0blwWecmeo.
CeusmMu4yHOMO UM OcuaypsisaHe € Om CbUECMBEHO 3HaYeHUE 3a NPE8eHYUs cpeuly MamepuarnHu
wiemu, 3a2yba Ha 4oBeWKU XU8om U 3aMbpcsieaHe Ha okosiHama cpeda. Cmamusima npedcmassi
Kpambk 00630p Ha npednucaHusima Ha HopMamugeHume OOKyMeHmu U u3scredeaHusima 6
obnacmma Ha Ceu3MUYHOMO peazsupaHe Ha pe3epsoapume, C aKueHmM 8bpXy egekmume om
pasnuckeaHemo Ha cbObpPXKaHUemo 8 criedcmeue Ha ceuaMuyHo 8b3delicmesue.

KniouoBu AYyMU. CTOMaHeH BepTukaneH unnnHagpnyeH pesepsoap, CeM3aMn4HO ocurypsBaHe,
pa3nyimckBaHe Ha Te4HOCTTa

Vertical Steel Storage Tanks under Seismic Action.
Sloshing Effects.

Mariya Pantusheva

Vertical steel storage tanks are an integral part of the facilities, necessary for the existence of
the modern society. Seismic design of these structures is essential for prevention against material
loss, human casualties and environmental pollution. This article presents a short overview of the
research and design code provisions in the domain of seismic design of steel storage tanks with a
focus on the liquid sloshing effects.

Keywords: vertical cylindrical steel storage tank, seismic design, sloshing effect

BbBeaeHue

CTtomaHeHuTe BepTuKanHu LMNUHAPUYHU pe3epBoapu ca TbHKOCTEHHU NINCTOBM KOHCTPYKLUNN,
NleCHM 3a NPOU3BOACTBO, MOHTAX M MOAAPBXKKA U U3KIIOYUTEITHO NOAXOASALM 3@ CbXpaHEHWe Ha
ronemMu KommyectBa TeYHOCTM. Te3n TeyHocTu morat ga Obaat HanbnHO Ge3BpegHu, gopwu
HeoOXoOUMK 3a XMBOTa Ha xopaTa M OKOmnHaTta cpefa, a moratT ga 6baaT M TOKCMYHM, NEeCHO
3ananvmn 1 B3puBoonacHu. BeptukanHnute cToMaHeHn LUNUHOPUYHU pe3epBoapu npeacrasngasaT
Han-ronemus Oan OT CbOOBETE, W3MOM3BaHW B MeTponHata u HedTonpepaboTBaTenHaTa
nHayctpus. MNpeactaBUTeny Ha Te3uM CbOPBXEHMS CTOAT B OCHOBaTa Ha Bb3CTAHOBABAHETO Ha
06LecTBOTO cneq TEXKO 3eMeTpeceHue unm gpyro katactpodganHo cbbutne. PesepBoapute 3a
aBapuveH 3anac oT NnuTenHa Boga, pe3epBoapu 3a cHabasBaHe C BoAaA 3a MOXapHW HyXxau, 3a
CbXpaHeHWe Ha onpefeneH 3anac OT ropyMBO, Macfno M Ap. ca HepasfernHa 4act OT 3alWuTHUTE
CbopbXeHus Ha [paxaaHckaTa oTbpaHa. EBeHTyanHo paspylleHme unu nospena B Tax 61 mMorno
[a noBefde He camMoO 4O MaTepuanHu LWeTW, HO U A0 3aryba Ha YOBELLKWU XUBOT, AbMAroTpamHu 1
KaTacTpodanHu nocrneguum 3a okonHata cpega. [logobHu aBapum Omuxa mornm ga ce nosnydart B
CneacTBME Ha CEU3MUYHO Bb3AencTBMe. 3a TOBa CBUAETENCTBAT MHOXECTBO PErncTpupaHu
WHUMOEHTM B CBETOBEH Mawab MpUYMHEHU OT 3eMeTpeceHus. HsKon OoT Han-TexkuTe
OOKYMeHTMpaHu cnydau ca: Kobe (Anonunsa) 1955, Valdivia (Munun) 1960, Alaska (CALL) 1964,
Parkfield 1966, Imperial County 1979, Coalinga 1983 n Northridge 1994 (Kanudophusa, CALL),
Kocaeli (Typums) 1999 (¢wr.1) Niigata n Tokachi (AnoHus) 2003, Darfield (Hosa 3enangus) 2010
(cowr. 2), u Mmoxxe O Ha-n3BeCTHUAT cpes Tsx - Fukushima (Anonuna) 2011r.
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dur.4 CbcTOsiHWE Ha pe3epeoap
cnep noxap, cneq 3emetp. B TUPRAS, 3emeTpeceHueTo B Darfield (2010), (Timbertanks,[40])
Izmit, 1999 (PEERC - UC Berkeley)

LisnaTta Teputopusi Ha Penybnuka bbnrapus nonaga B 30HM CbC CEM3MUYHA aKTUBHOCT, KbAETO
BCSKa €dHa KOHCTpPyKuMsi cnegBa fda Obae ocurypeHa 3a pedepeHTHOTO CeuM3MUYHOTO
Bb3aencTeme. [onsiMa yacT oT pesepBoapuTe B CTpaHaTa HW, BKITIOYUTENHO U TakMBa, KOUTO ca nog,
lopucauKumsTa Ha areHums “bpxaBeH pe3epsB 1 BOEHHOBPEMEHHU 3anacu”, ca cTpoeHu npes 60,
707, 80™ rognHn Ha MuHanusa Bek. T.e. Nnpeau BnunsaHeTo B gerncreme Ha HAPEBA Ne P[1-02-20-2
OT 27 aHyapu 2012 r. 3a NpoeKkTUpaHe Ha crpagu N CbOPbHXKEHUS B 3eMETPbCHU panoHu, npeau
cuctemata EBpokogoBe, a HAKOM OOpU M Npean NpuemMaHeTo Ha KakbBTO M ga 6uno cemsamudeH
npaBuNHUK. Bbnpeku, 4ye npes nocrnegHuUTe LECETUINETUA HE € MMario 3eMeTpeceHue C BUCOK
MarHMTya, KOeTo Aa M3nuTa Te3n KOHCTPYKUuW, cnegsa ga ce OObpHe CepuMO3HO BHUMMAaHWE Ha
CbOTBETCTBMETO UM C JEeNCTBaLLUTE CTaHAAPTH 3a NpoeKTUpaHe.

CblUMHCKa YacT

KpaTbk npernea Ha npeanuMcaHusaTa Ha HopMmaTuBHa 6asa

JenctBawuTe cTtaHgapTV 3a CEUM3MUYHO MPOEKTMpaHe Ha pe3epBoapu Ha TepuTopusaTa Ha
Esponernickusa cbro3 n CALL ca Bogelum B obnactra B cBeTOBEH MaLab. Bbnpeku ToBa, Te BCe oLle
CbAbpXaT MHOXECTBO HESICHOTM, 3acdAralin edekTuTe OT pasniMcKBaHETO M ApPYyrn acnekTu Ha
pearmpaHeTo MO BpemMe Ha 3emeTpeceHue [42]. MeTogonorusara npeasioxxeHa B HOpMUTE €
noaxoasia eguHCTBEHO 3a MNPUOMU3UTENHW PbYHM M3YUCNEHUsT (MOony4YyaBalku HansiraHnsa u
pes3ynTaHTHM CUNM U MOMEHTU OMPEKTHO NoA M Hag OocHoBaTa Ha pesepBoapa). AHanu3 upes
nadncnuteneH codpTyep He e pasrnegaH. C pa3BUTUETO Ha TEXHOMOMMUTE B HaLUW OHW, YUCHIEHO
n3crnefBaHe 4pe3 noaxosill NPoCTpaHCTBEH Moden He Ow cnegsano ga npeacraensiBa
CblUecTBeHa TPYOHOCT M CbLUEeBPeEMEHHO 61 NpeaoCcTaBuno No-TOYHU pe3ynTaTu.

[pyr nponyck e, 4e OCBEH U34MCMsiIBAHETO Ha BUCOYMHATA Ha KOHBEKTMBHATa BbJIHA, HOPMUTE
He 3acsaraT HUKaKBU Bb3MOXHU eDeKTU, KOUTO TS OM NMpMYMHUIIA BbPXY KOHCTPYKUUSAITA Ha NOKpMBa
Ha pe3epBoapa, ropHUTE MOSICKM Ha Koprnyca W Bpb3kaTa Mexay TaxX. Te He npeanarat M HauvH 3a
N34mcrieHne Ha HansaraHeTo NPUYUHEHO OT Hes (B Cryvan, Ye oCTaBeHOTO cBOOOAHO NPOCTPaHCTBO
Had TEeYHOCTTa Ce OKaxe HeAOoCTaTb4HO), HUTO npeanuceaT opasMepuTenHW MpOoBeEpKU 3a
MOKpUBHATa KOHCTPyKUMsi. Te3an HesdAcHOTM Omxa MOrnM Ja ce okaxaT dartanHu, Tbi KaTo
nonyyeHnTe CTOMHOCTU 3a onpedesieHn napameTpu, U3UNCIIEHM MO pasNUYHNTE cTaHaapTu, morat
Aa ce pasnuyaBarT cbliecTBeHo [57]. B ToBa uscnensaHe Ha gsa pesepsoapa B CnuBeH e nonyveHa
pasnvMka BbB BUCOYMHATaA Ha BbfHata Ha pasnnuckeaHe Hag 400%, uaduncneHa cbrnacHo
npeanucaHuaTta Ha BOC EN 1998-4, EN 14015 n APl 650. C orneg Ha mawaba Ha nogobHu
HecbOTBETCTBUA, OM cnegBano ga ce obbpHe CEpUMO3HO BHMMaHME Ha MPOEKTMpPaHeTo Ha
MOKPMBHATa KOHCTPYKLWSI Ha pe3epBoapu Npu cemamuyHa cutyaumsi. Tosa Baxu ¢ ocobeHa cvna 3a
Cb[OBE, KOUTO CbObpXKAT TOKCUYHW MMM 3ananvMMy TEeYHOCTM W €BEHTyanHO Wu3TU4YaHe Ha
CbAbpXaHMeTo 61 umMarno cepnmosHu NocreacTBus.



XuapoaeposmHaMmKa, Xuapo- 1 MHEBMOTEXHMKA 265

UcTopuyecku nperneg

C pa3BuTMETO Ha MHAYCTPUATa U NPEBPbLLAHETO Ha pe3epBoapuTe B 3a4biHKUTENHA 4acT oT
MaTepuanHata 6a3a Ha CbBpPeMEHHOTO 06LLECTBO, Bb3HMKBA U HEOOXOAMMOCTTA OT OCUrypsiBaHe
Ha ©Ge3onacHOCTTa M ObNroBpeMEHHaTa ekcrnnoaTauusa Ha Te3n CbOopbXeHus. M3cnegsaHuaTa B
obnactta Ha AMHAMWYHOTO pearMpaHe Ha CbAOBETE 3a CbXPaHEHME Ha TEYHOCTU U THAXHOTO
CbAbpXaHue 3anoysat npes NbpBaTa TPeTMHA Ha XX Bex.

Mpe3 1933r. H. M. Westergaard [11] n3Bexaa M3pasm 3a U34nCreHMe Ha HansiraHeTo, KOeTo
npegu3BuKBa BodaTa BbpXy A30BMpPHA CTEHa C KBagpaTHO odepTaHuWe B MNfiaH, B CreAcTBME Ha
XOPU3OHTaNHO yckopeHue. FogmHa no-kbCeHo e nybnukyBaH u TpyabT Ha Hoskins n Jacobsen [16].
[Bamata y4eHu pelwaBaT npobrnema 3a NpaBObIbMEH pe3epBoap, Cb3daBaviku cnefHarta
CpaBHUTENHO NPOCTa ekcnepumeHTanHa noctaHoska B CtaHgopackust yHuepcutet,CALL (dour.3).

El
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®ur. 6 Cxema Ha pesepBoap BbpXy cem3muyHa nnaTgopma 3a onpeaensiHe Ha ANHAMUYHUTE
edeKTn OT ABMXKEHNETO Ha TEYHOCTTAa, [16]

Ypes cpaBHEHME MexXay 3anMcnTe Ha AMHaMOMETbPA, NOJTyYEeHW NocregoBaTenHoO Npy NpaseHx
pesepBoap, pesepBoap NbJIEH C TEYHOCT U C TBLPAM Tena ¢ nsBectHa maca, Hoskins n Jacobsen
ce onuTanu ga yCTaHOBAT KakBa 4acT OT OTYeTeHaTa cuna ce ObJPKU Ha AMHAMUYHOTO pearnpaHe
Ha TeyHocTTa. WMacnepBaHudATa npogbibkaBaT. YYeHuTe 3ano4yBaT C NPOCTM  MOCTaAHOBKM,
OCHOBaBaLLM Ce Ha Kopaes pe3epeoap, CTbNBaLy, BbpXy Kopago ¢hyHOUpaHe 1 yCTaHOBABAT, Ye YacT
OT TEeYHOCTTa Ce ABMXM NogoOHO Ha TBBLPOO THAMNO, 3ae4HO CbC CTEHWUTE Ha cbpa (UMmyriceH
KOMIMOHEeHM Ha peaaupaHemo), a 0OcTaHanaTa 4YacT ce pa3njiMckea Ha NOBbPXHOCTTA (KOHBEKMUBEH
KomrioHeHm). Hakon aBTopu pasrnexgart pas/iudyHa 2eoMempusi U oTduTaTt ceusaemocmma Ha
¢priyuda [55].

Graham u Rodriguez [10] npeactaBat nogpo6HO uacnensaHe BbpXy AMHAMUYHOTO pearmpaHe
Ha ropMBOTO B pe3epBOapun Ha netaTenHun cpeactea. ABTopute onvceaT popmarta Ha cBoboaHaTa
NOBBPXHOCT, M3BeXAaT (POPMYnM 3a MNOSIyYEHUTE CUNM M MOMEHTU W npegnarat Mogen Ha
pesepBoapa, Npy KONTO rOPUBOTO € MOLENMPAHO YPE3 EKBMBANIEHTHM Macu U CUCTEMA OT NPYXMHU
3a CMMynMpaHe Ha XOPU3OHTANHOTO M HAA TbXKHO TPENTEHE.

Housner [17] paboTu npu npegnocTaBkaTa 3a Masku rnpemMecmeaHusi U Hecgueaema me4yHocm.
MMNyncHUTe M KOHBEKTUBHWUTE HansiraHusi, COOCTBEHWTE 4eCcTOTM W nepuoam Ha TPenTeHe
n3umcnsiea no OTAENHO, U3XOXOAaMKM OT FpaHMYHUTE YCIOBWS, YPaBHEHWsITA 3a ABWXEHWE W
NPUHUUNUTE 3a 3ana3BaHe Ha eHeprusita. Cneg M34YMCnsIBaHETO Ha Te3u napamMeTpu Hamupa u
pesynTaHTHUTE yCcunus, AencTBalLm BbpXy Kopryca U AbHOTO Ha pe3epBoapa.

Mpe3 1969 r. Edwards 3a nbT nanonasa gurntaneH KOMOOTLP 3a U3crnegBaHe NoOBegEHMETO Ha
pesepBoapu Npy CeM3MMYHO Bb3aencTaue [6].

o 60™ roguHn Ha XX B. n3cneaBaHusaTa ca 6unu pokycrpaHu NpeamMmHo BbpXy AMHAMUYHOTO
pearmpaHe Ha TEYHOCTTa, a pe3epBoapbT € b6un cuMTaH 3a kopaB. BHMMaHMETO nocTeneHHo ce
HacouBa KbM BUOpPALMOHHUTE XapaKTEPUCTMKM Ha CbAOBETE 3a CbxpaHeHue. V3cneaBaHu ca
BJIMSIHWMETO Ha:
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- OeghopmamueHocmma Ha kopnyca [15], [18], [49], [54]. ABTOpUTE 3aKmnoyBaT, Ye OTYMTAHETO Ha
nogatnmeocTtTa 6 Morno fa goseae 40 YCKOPEHME Ha TEYHOCTTA HAKOSKO NbTW NO-BUCOKO OT TOBa
Ha 3eMHaTa OCHOBa;

- HeCcb8bpUWIEHCMBama, KoeTo 3a TbHKOCTEHHU Yepyrku € OoT ocobeHo 3HadeHue. VIMeHHo Te ca
npuyMHaTa 3a nonyvyaBaHeTo Ha Heo4vakBaHW cos nH chopmu Ha gecdopmauus cnep NnpoBeaeHuTe
ekcnepmmeHTn npe3 70™ roguHu B yHuBepcuteTa Berkeley, California [5], [37]. Veletsos n Turner
JoKasBaT MaTeMaTUYECKN, Y€ MUMEHHO Ha4yarH1UTe reoMeTpUYHM HECHBBPLUEHCTBA NPU U3FOTBSHETO
Ha Moerna OT onuMTHaTa NoCTaHOBKa ca NpUYMHa 3a NoNyYEeHUTE Pasfukn Mexay ekcrnepumMeHTanHm
W aHanUTUYHW AaHHWY;

- cmpotiHocmma Ha pesepBoapa [4], [12], [34], [36]. YueHuTe gocTturat 4o nsBoga, Ye npu HUCKM
pesepBoapu (H/R < 2), koHBekTuBHUTE ¢popmu OMxa MOrnM ga vMmaTt 3HauyuMTeNHO y4vactve B
CEeM3MUYHOTO pearmpaHeTo Ha cuctemaTta pe3epBoap-TEYHOCT, 4OKATO Npu CTPOVHUTE pesepBoapu
(H/R > 2) - onpepgensLio € noBe4eHMETO Ha uMnyncHarta maca. llocnegHoTo TBbpAeHWe obave, He
e obwoBannaHo, Thi KaTo CEM3MUYHOTO Bb3aencTame 61 Morno ga aktmeupa v no-BUCLLM oopMU
Ha pearnpaHe rnpu CTponHn pesepsoapu [12].

Mpes 80™ un 90™ rogmHn Ha XX B. MHOXXECTBO aBTOpU M3cnenBaT BUSAHMETO Ha hakTopu KaTo
— 8uUd Ha 3eMHama OcHosa, omrierigaHe om ¢byHOameHma, eud Ha aHKepupaHemo, pomauyus u
nnacmuguyupaHe Ha ObHOMO BbPXY pearnpaHeTo Ha pe3epBoapuTe Npy CEM3MUYHO Bb3aeNCTBME
[2], [12], [13; 14], [20], [26; 27], [30-33], [44; 48; 49]. Haroun n Veletsos ca egHu oT BogewmTe B
obnacTTa, YMMTO n3cnenBaHusa ca B OCHOBaTa Ha npoueaypute 3anerHany B EBpokog 8, yact 4. Te
3akntoyBar, Ye UMnyrncHaTta 4act OT pearpaHeTo ce BNusae B Mo-rofisiMa cteneH oT M3bpoeHnTe
edeKTn, JoKaToO KOHBEKTMBHATa, nMopagu BUCOKUTE MEepUMoAM Ha TpenTeHe, Ha MpakTuka He e
YyBCTBUTENHA KbM TsX. BogewmTte ctaHgaptn B obnacTtta npuemar Te3un ussoaun. Nscneasanunsta
BbpXy BNUAHMETO Ha 3eMHaTa OCHOBa BbPXy MOBEAEHMETO Ha pe3epBoapuTe MpuU CEU3MUYHO
Bb3gencTane npoabrpkasat u npe3 XXI B. [9], [21], [22], [24], [25], [39], [41]. [poBeaeHun ca KakTo
HaTYpPHMU EKCMEPUMEHTU, Taka N aHaNUTUYHU M3cnenBaHus. NoTBbpPAEHO €, Ye 3a KOHBEKTUBHUS
KOMMOHEHT BIMSAHMETO Ha NOYBEHUTE ycrnoBusi e npeHebpexumo [9],[23], [40].

Budbm Ha cbxpaHsgaHUs Mamepuas N He208ume XxapakmepucmuKku CbLUO BIUSAT BbpPXY
CeMsMMYHOTO pearvpaHe Ha pesepBoapute. PaspaboTteHn ca npouegypu 3a wuscnegsaHe
NnoBeLEeHNETO Ha pe3epBoapy, CbXxpaHsBalLlM HexomoaeHHU meyHocmu (layered liquids) [43], [45],
[46], [47], [51; 52], [53]. ABTOpPUTE Npegnarat HEXOMOreHHaTa cuctema ga 6bae pasrnexgaHa, kato
cbecTaBeHa oT N Ha Opol XOMOreHHV NoACUCTEMM.

Veletsos, Shivakumar, Bandyopadhyay un konektus [1], [50; 53] wu3cnemsaT nod3emHu
pe3epeoapu 3a cbxpaHeHue Ha paduoakmueHU ommnadbyu.

PasnnucksaHe

OnucaHute o Tyk cTatun ce OoKycupaT BbpXy pe3ynTaHTHUTE CUM U MOMEHTW, KOUTO
AencTBaT BbpXy Kopnyca n AbHOTO Ha pe3epBoapa Mnpu CensMuMyHO Bb3dencTBue. Te nponyckat
BNNSHMETO Ha eQHO OT OCHOBHUTE SABIIEHUSA, KOMTO Bb3HUKBAT NpU pe3epBoap, NbieH C TeYHOCT No
BpeMe Ha 3eMeTpbC, a MMEHHO - pasnnuckBaHeTo. Hanuuueto Ha ceoboOHa nosbpxHOCM €
Heo6xoauMO ycrnoBue 3a peanuanpaHeTo Ha To3u heHoMmeH. [loBeye nHdopmauus 3a pasnuyHmTe
BMOOBE ABWXeHMe Ha cBobogHaTa NoBbPXHOCT Ha cryma Moxe ga ce Hamepw B nogpobHus Tpya
Ha lbrahim [19] n [38]. XapakTepuCcTukuTe Ha ABMXEHWETO ce onpenenaT Han-Beve OT BMAA Ha
CbXpaHsiBaHaTa TeYHOCT, mpupogaTa Ha BBLHLUHOTO Bb3genctsue, dopmarta Ha pesepsoapa U
cTeneHTa Ha 3anbrBaHe.

EouvH oT BogelwwmTe nscnegosatenu B cpepata Ha CEM3MUYHOTO NPOEKTUPaHe Ha CbaoBe 3a
CcbXpaHeHune Ha TeyHocTu e Praveen Malhotra. MHanewbT npegctaBs onpocTeH MeTod 3a oueHka
Ha HandraHeTo oT obpasyBanarta ce BbJiHa Npy pe3epBoapu C MAOCHK NOKpUB [28], kakTo 1 npwm
TakmBa C KOHYCOBUOHM N CrepudHn ctaumoHapHu nokpusm [29]. NocTaHoBKaTa € U3KNIYUTENHO
onpocteHa u ce 6asmpa Ha reomeTpusata Ha pesepBoapa. Malhotra o6pblia BHMMaHWE M Ha
cnegHusi (PeHOMEH - KOMKOTO € MO-Marnko OTHOLUEHMETO MEXAy pearnHoTo M HeobxoanmoTo
cB06OAHO NPOCTPaHCTBO Haj TEYHOCTTA, TONKOBA Ce HamMansBa KOHBEKTUBHATa Maca 3a CMeTKa Ha
umnyncHata. ETo 3awo 3a pesepBoapu ¢ HegocTaTb4HO CBOOOAHO NPOCTPAHCTBO Had TEeYHOCTTa,
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MHOVEeUBLT NpenopbYBa M3MNoN3BaHETO HAa KOPUrMPaHM CTOMHOCTM Ha eDEKTUBHUTE Macu 1 Nepuoam
npu onpeaensHe epekTUTe OT pearmpaHeTo.

®dakTopu BNmsewn BbLPXY pas3nsiIMcKBaHEToO

MapameTpuTe Ha pasnIMCKBAHETO HaW-0OWO 3aBUCAT OT MNapaMeTpuTe Ha ABMXKXEHUETO
(npupoga, amnnuTyda, CKOPOCT, YCKOPEHWEe M 4ecToTa) Ha pe3epBoapa, HeroBaTa reoMeTpus,
ObnboynHaTa Ha 3anbrfiBaHe M CBOMCTBATa Ha TEYHOCTTA, NpPeacTaBeHn Han-obLwo Ha dur. 4.

dakTopK, BNUSEWN BbPXY Pa3niMCKBaHETO

&

FeomeTpun
np“poﬂa Ha ,EIBM}KEHMGTO BucodunHa n paguyc Ha pesepBoapa
KaKeo ro Npenu3BuKBa, N0 HWBO Ha 3anblnBaHe, cpoplvla,
reOMETPUYHWU HECHBBLPLUEHCTBA
KaKbB 33aKOH Ce U3BbpLUBa

Pa3MNCKBAHE Fs| BsaumopeicTeue mexay
Avnnutypa |~ chnyua u KOHCTpyKUMA

B cneactere Ha
Mo-BuCOKa amnnuTyga => o
TYA CEU3MUYHO EdbekTn oT B3auMogeicTBUETO

TYpOONEHTHO ABMKEHWE Bb3OeiCcTBNE Mexay hnyuaa v KOHCTpyKUuuaTa
CKODOCT M VCKODEHMe CBOWMCTBa Ha TeMHOCTTA
P y P & TeyHoCTUTE ¢ NO-BUCOK
OT 3HayeHuWe ca NapameTpuTe v a
1%g BUCKO3WUTET Ce pasnnucKsar
Ha BWKEHWETO Ha 3emHaTa
f no-TpygHo
OCHOBA W NPOU3BOOHUTE UM
BbB BPEMETO YecToTa

HuckouecToTHWTE OBMKEHWA
Ha 3eMHaTa OCHOBa BOOAT 40
No-ronAmMo pas3nfncKkesaHe

dur. 7 daktopu, BfmMsieLLm BbpXy pasniMCcKBaHETO

BnusaHueTo Ha eeomempuyHUMeE xapakmepucmuKu BbPXy BUCOYMHaTa Ha obpasyBanaTa ce B
pesepBoapa BbiHa € npoy4deHo ot Manser, Touati u Barros [35]. acnegBaHu ca 45 pesepBoapa ¢
pasnuyHn oTHoleHust H/R, yncneHo mogenupanu B cpegata Ha ANSYS. CbaoBeTe ca pasgeneHm
B TPM rpynu nNpy camo eauH Bapupaly napameTbp, CbOTBETHO — BUCOYMHA, paguyc Ha pe3epeoapa
N HMBO Ha 3anbnBaHe. [Mony4yeHUTe CTOMHOCTU 3a BUCOYMHATA Ha obpasyBanaTta ce BbJiHA ca
CpaBHeHM ¢ npeanuncaHusTa Ha EC8-4. ABTopuTe gocTturat 4o criegHuTe U3Boau:

- HabnogaBaHu ca cnegHuTe cTaguu Ha MOBeAEHME C YBeNn4YaBaHe Ha CbOTBETHUS Bapupall
napameTbp Npu paBHW ApYrK ycnosus, Bk Tabnuua 1:
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Tabnuua 1
BnnsiHne Ha reoMeTpnyHUTE Xapaktepuctuku. CTagum Ha noBegeHne
dasun YBenuyaBaHe YBenuuyaBaHe YBenuuyaBaHe
Ha BUCO4YMHATA Ha paguyca Ha pe3epBoapa| HMBOTO Ha 3anbJiBaHe
noBegeHue pes3epBoapa Bogu Ao BOAM Jo0 BOAMU OO
1 YBennyasaHe Ha YBenn4yasaHe Ha
aMnnuTygaTa Ha BbNiHaTa MakcumanHaTta aMnnuTyaaTta Ha BbfiHaTa
2 HocTuraHe Ha KpuTu4dHa BUCOYMHA Ha [ocTturaHe Ha
BMCOYMHA Ha BbIiHaTa pasnnuckBaHe HamarnsiBa (KpUTUYHA BMCOYMHA Ha
C yBenuyaBaHe Ha BbnHaTa
3 BucounHaTta Ha BbfHaTa paguyca BucounHaTta Ha
HamansiBa BbliHaTa Hamanssa

BbB BCuukn pasrnexagaHu cnyvaum EC8-4 npeaswxkga Hag ABa MbTU MO-rofieMn CTOMHOCTU 3a
pasrnexgaHuTe napaMeTpu B CpaBHEHUE C Te3n, NOMNyYeHN OT U3YNCIIUTENHUAT aHanus.

Bwnrapua He e eauHCcTBeHaTa CTpaHa, B KOATO ChbLyecTByBa NpobrnemMbT € Bb3pacTTa Ha
maTepuanHata 6asa. Yazici u Cili [56] pasrnexgat nocneguunTte oT 3emeTpeceHmeTo B Kocaeli npes
1999 r. BbpXY pesepBoapuTe B paduHepusaTa Tupras v rasosata nnaHtauus Habas, Hammpawum ce
B lzmit, Typums. HedbteHoTo cTOnaHcTBO oTroBapsi 3a 6nmn3o 1/3 ot gobmnea Ha NeTpon B cTpaHaTa.
KbMm gaTtarta Ha nHuuaeHTa B Tupras ce HamupaT Hag 100 HeaHkepuypaHu Hag3eMHU pesepBoapa C
pasnuyHu pasmepu u cbabpxaHue, ctpoeHun npes 60™, 70™ n 80™ roanHu Ha MuHanus sek. Cneq
3eMeTpeceHNeTo No-rofisiMaTta YacT OT CbOpbXeHuUsTa cTaBaT HEero4HW 3a ekcnroaTauus, nopagu
3aryba Ha yCTOM4YMBOCT Ha Kopnyca, noBpeau B nnasalimTe NMOKPMBWU M Bb3HMKBAHE Ha Noxapw.
Yazici u Cili 06pbLUaT BHUMaHWNE, Ye MaKCcUMasiHOMO yCKOPEHUE Ha 3eMHama 0cHoea, pasrnexaaHo
CaMOCTOSITENHO He e A0CTaTbyHO, 3a Aa ce NPeaABnasaT epekTUTe OT pa3niMCKBaHETO Ha TeYHOCTTa.
CnegBa ga 6bae OTYETEHO BIUSHMETO W Ha MakcumarHume pegepeHmHuU cKkopocmu u
rnpemecmeaHusi Ha 3eMHaTa ocHoBa. OCBeH TOBa 3a M3cnefBaHUsA pe3epBoap npuv pasrnexgaHvre
Bb3eNCTBUS ce Habrodasa 3HauMTeNHa aMnnMTyga Ha pasnnucksaHe. ABTOpUTe 3aknioyBar, ye
e Heobxoauma OLeHKa Ha CbCTOSHMETO Ha CbLUEeCTBYBALLN pe3epBOapHU CTONaHCTBa, 0COGEHOo Ha
TakmBa noctpoeHu npeau 70™ roguHn Ha XX BeK, B CbOTBETCTBME C OHELIHWUTE CTaHdapTu 3a
CEN3MUYHO MpoeKTMpaHe.

BrnnsHneto Ha yecmomHusi cnekmbp Ha 6b3delicmeuemo, amnnumydama u HUBOMO Ha
3anb/ieaHe Ha pe3epeoapa BbpXy Pa3niIMCKBAHETO ca u3cnegBaHu ot Eswaran n Saha [8].
MpoBeneHu ca HaTypHU eKCnepMMeEHTH, a NoBeAEHMETO Ha CBOOOAHATa NOBBLPXHOCT € 3anncaHo ¢
BMAEO kKamepa. YCTaHOBEHW ca cregHuTe pesynTtaTu:

- NpM1 NO-BMCOKa YeCTOoTa HUBOTO Ha TypOONMEHTHOCT ce 3acunBea;

- MpW YeCcToTa Ha OBWKEHNETO Ha pesepBoapa, bnm3ka go cobcTBeHaTa YecToTa Ha Te4YHOCTTa ce
Habniogasat ronemMu amnanTyau Ha pasniMckeaHe;

- NPY HUCKO YEeCTOTHO Bb3AencTBme ¢ Marnka amnnutyga (EA=30mm), MakcumanHaTa BUCOUYMHA Ha
TeYyHoCTTa ce goctura 6bp30, amnnuTygata Ha pasnnvckBaHe criedBa CMHycouaaneH 3akoH, Tbi
KaTo NO TakbB 3aKOH Ce U3MEHS 1 NopaxaalloTo pasniMCKBaHETO BbHLUHO Bb3AeNCTBUE;

- Npv Bb3aencTBue ¢ ronama amnnutyga (EA=100mm), TeyHocTTa pearnpa OypHO B crieqcTeBue Ha
Bb3HUKBAHETO Ha TypboneHuus, xuapasnuyeH ckok , npmbon n 3D edektn. Habnogasa ce sicHO
nspaseHo dsygasHo nogedeHue. B nbpBaTa dasa amnnutygaTa 6aBHO HapacTBa A0 onpegeneH
MOMEHT, crieq KoeTo BbB BTopaTa ¢hasa ce Habntogasa paBHOMEPHO TpenTeHe, BMX dur. 5.
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Phlase | Phas‘ie Il

0 20 40 60 80 100 120
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dur. 8 AMnnutyga Ha TpenTeHe Ha cBoboaHaTa NnoBbpxHOCT 3a CASE-28
(FR=29%,hs/L=0.35,EA=100 mm); (a) MbpBa da3za u (b) BTopa dasa, [8]

XapakTepucTMKUTE Ha CbxpaHsBaHMs Gnyna CblWO BAUASAT BbpXy MNapaMmeTpuTe Ha
obpasyBanarta ce BbMHa NMpu ceusMnyHo Bb3gencTeue. Onpegensiy napameTbp 3a BCsSKa efHa
TEYHOCT € HEMHMAT sucko3umem. KonkoTo € No-BUCOK BUCKO3UTETBLT Ha TEYHOCTTA, TONKOBA NOBeYe
ce yBenuyaBa MMMyJficHaTa Maca 3a CMeTKa Ha KOHBEKTMBHAaTa, T.e. MO-BMCKO3HW TEYHOCTU ce
pasnnuckeaT no-TpygHo [1], [53].

N3cnegBaHeTo Ha NoOBEAEHMETO Ha pe3epBOapu Npu CEU3MUYHO Bb3LENCTBME € Mpobrem,
KOWTO 060xBalla HAKOMKO crneumanuanpaHn HaydHum obnactu. OcBeH wu3bpoeHuTe [0 TyK
reoOMEeTPUYHN U MEXAHWUYHWN XapaKTEPUCTUKM Ha cucTeMaTta 3eMHa OCHOBa-pe3epBOap-TEYHOCT U
napameTpuTe Ha Bb3OEWCTBMETO, BbPXY MOMy4YeHUTe pesyntatu BNusSe OO0 ronsiMa CTeneH u
YOBELWKMAT pakTop. WHXEeHep-NpoekTaHTbLT € TO3WM, KOMTO M3bupa mMaTemaTUdeckus mogen,
MeToOUTE Ha pelleHne, Ha AUCKpeTU3auuMsi U HauMHbT Ha MofernvpaHe Ha Bpb3kaTta W
B3aMmMmogencTaueTo (coupling) mexay dpnyuaa un KoHcTpykumaTa [3]. Jopu n ¢ gHewWwHoTo pasBuTue
Ha codpTyepHMUTe NPoayKTW, 3a Aa ObAaT NonmyvyeHn OOCTOBEPHM AaHHW, e HeobxoomMMo Jda ce
nosHaBaT MexaHM3MuTe Ha OeNCTBME Ha n3cneaBaHuTe seneHus. CpaBHeHNe Mexay pesynratuTte,
KOWTO ce nony4dasaT Npu U3MNos3BaHe Ha pa3NnyHU METOAMKN Ha MoaenvpaHe npeactassaTt Eswaran
n Reddy [7]. Te pasrnexgaTt CbOpbXeHUE 3a CbXpaHEeHWe Ha ropvBo B CbBpeMeHeH WHOMIACKU
peakTop, CbCTosL, ce OT 5 BacelriHa cBbp3aHu C npexoaun. Pesyntatute nokaseat Hag 10 nbTu
pasnuka B M34ncneHata BUCOYMHA Ha pasniMCcKBaHe, U3vMcrieHa Ype3 eKBUBaneHTeH MexaHnyeH
meTon u npu CFD' cumynauums.

O606LeHne n HacCOKM 3a 6baewa padbora

M3cnegBaHusTa — eKCNepuMEHTaNHM WM aHanUTUYHU BbPXY CEUM3MUYHOTO pearvpaHe Ha
pesepBoapute 3anodeart npe3 30™ roguHn Ha XX Bek M npogbimkaBaT u 0o gHec. C orneg Ha
CNOXHUA XapakTep Ha pasrnexgaHus npobnem, MNoCTeneHHO CbBCEM MNPOCTUTE MOAENN ce
YCNOXHABAT M oboratsiBaT, BKIIYBANKN BAWSIHUETO HA BCE MO-LUMPOK CMNEKTbP OT napameTpu,
BNUSIELLN BbPXY MOBELEHMETO Ha cUcTeMarta pesepBoap-TeYHOCT. BHuMMaHMeTo Ha aBTOpuTE,
obaue, e hoKycnpaHo NpeaMMHO BbPXY HanpeXXeHnsiTa, KOMTo Ce Cb3aaBaT B Kopryca, Xibaralimre
cunn n npeobpblualLM MOMEHTU, aHkepupaHeTo. CbLUOTO BaXu WM 3a NpeanucaHusita Ha
HOpPMaTMBHUTE [OOKYMEHTU M3non3eBaHM no ceBeTa. OCBEH MHOXECTBOTO HESCHOTW, 3acdralim
edeKkTuTe Ha pasniMCKBAHETO M APYrM acrnekTn OT CEM3MUYHOTO pearupaHe, npu cpaBHeHWEe Ha
pesynratuTte, Nosly4eHn NocpeaCcTBOM PasfnnyHMTE HOPMATUBHN METOOMKN (KaKTO U Npu CpaBHEHME
C aHanMUTUYHM U eKCEPUMEHTAaNHN n3cneaBaHus), ca Ha Nnue CbLLECTBEHN HECHOTBETCTBUS.

I Computational Fluid Dynamics — meTog 3a u3crnegBaHe OMHAMWYHOTO MoBedeHWe Ha dnyuauTe,
NOCPEeACTBOM CbBPEMEHHA U3UMCIIMTENHA TEXHUKA
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Jiunceat nogpoOHM npoydBaHUsA BbLPXY MapamMeTpuTe Ha BbfiHATa, KOATO ce obpasyBa B
CbXpaHsiBaHaTa B pe3epBoapa TEeYHOCT M HEWHOTO €BEeHTyasniHO BIUSHWE BbPXY MOKpMBHaTa
KOHCTPYKLMS. Bb3HUKBAT criegHMTE BbNPOCHU:

- KakBo e noBedeHNETO Ha MOKPMBUTE HA CTOMAHEHW Pe3epBoapu Npu cCEM3MNYHO Bb3gencTemne?

- [lpu KakBK yCrioBus U 0O KakBa CTEMEH Ce BNuMsAe TO OT CbXpaHsiBaHaTa B pe3epBoapa TEYHOCT?

- Kou chaktopu BNNSST Han-MHOIO 1 Kak Han-edpeKTUBHO MOXE Aa ce MOBusie Ha pearnpaHeTo B
NoNoXUTENHa Nocoka?

- KakeBu metoam n npeanocTaBky ca Han-noaxogsLWmM Npyu YACNEHO MoaenupaHe?

- Heobxoanmo n nkoHomu4eckmn LenecbobpasHo M € CEUM3MUYHOTO OCUrypsiBaHe Ha NOKpMBHaTa
KOHCTPYKLMS Ha pe3epBoapn 3a CbXpaHEeHUe Ha TeYHOCTN?

ABTOpPbLT e Ce onuTa Aa OTroBOpM Ha Te3n BbMNpock B 6baewiata cu padota. B Hes we 6bae
n3criegBaHo BMWSIHAETO Ha pPasn/IMCKBAHETO Ha TEYHOCTTa, MNpPeau3BMKaHO OT CEU3MUYHO
Bb34eNCTBME, BBPXY MNOKPMBHATA KOHCTPYKUMSA HA CTOMaHEHW BepTUKaNHW UWIMHAPUYHA
pe3epBoapu CbC CTaUMOHAPEH MOKPMB.

BnaropapHocTu
ABTOPBT U3kas3Ba cBoute bnarogapHoCcTu kbm LleHTbpa 3a Hay4HO M3cneaBaHe U NpoekTupaHe
kbM YACI 3a ocurypeHoTo cmHaHcupaHe no npoekt [1-107/18.
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CFD simulation of the interaction between water turbine with oscillating blades
runner and sea water under non-regular conditions

Iskra Simova, Detelin Markov, Rositsa Velichkova, Guanyi Chen, Zheng Wandong

Abstract

The paper deals with numerical simulation of a water turbine runner with oscillating blades. Due
to the complexity of the turbine details simplifications are used in the process of the modeling. The
problems and limitations met during the modelling and meshing the turbine runner are discussed.
Preliminary simulation results are presented as well.

Keywords: water turbine with oscillating blades, numerical simulation, CFD

YucneHa cumMmynauuma Ha B3aMMOAeMNCTBMETO Ha pasoTHOTO Kosnesno Ha BOAHa
TypﬁMHa C Konebaewm nonaTku m MOpCKaTa Boaa npu CﬂeLqu)Vl‘-IHVI ycnoBus

Uckpa Cumosa , fetenuH Mapkos, Pocuua Benunukosa, Guanyi Chen, Zheng Wandong

Pesome

Hacmosiwiama paboma npedcmass YucrieHU cuMmynayuu Ha mypbuHa ¢ konebaewu ce
nonamku. Nopadu cnoxHocmma Ha demadlnume Ha mypbuHama 8 ripoyeca Ha modesiupaHe ca
npednoxeHu peduua ornpocmseaHus. [JuckymupaHu ca u npobsemu u o2paHU4YeHus, Koumo ca
8b3HUKHa/U 10 epeMe Ha MoOenupaHemo U OMpexeaHemo Ha mypbUHHOMO Koseso.
lNpedcmaseHu u ca ob6¢cbOeHu pesynmamu om ripedeapumersiHu cuMmynayuu.

Knroyoeu dymu: soOHa mypbuHa ¢ konebaewu fionamku, yucrneHa cumynauusi, Mo

Introduction

Water turbine with oscillating blades is an example of the power takeoff subsystem of a Wave
Energy Convertor (WEC) and is developed to withdraw wave energy onshore, and both in the
nearshore and offshore water [1].The concept of the turbine is new.

The principal of operation of the turbine of interest is well described in [1], [2] and [3].

Several investigations are performed on the WTOB already aiming for better understanding and
studying the behavior and the optimal angles of attack of the oscillating blades. The analytical and
experimental studies (in laboratory conditions on a test rig built in the Department of
»Hydroaerodynamics and Hydraulic machines® are presented in [2] and [3]. According to the results

obtained the angle of the blade should be within the interval a =55+70"[3] but due to the
experiments performed the runner construction needs improvement in order to reach better
performance of the turbine [2]. CFD offers good possibilities for further investigation of the WTOB
for faster results while testing more cases with very high precision.

WTOB turbine is intended to work with a vertical shaft, so relative water motion is along the shaft
axis. Under real conditions a precession of the shaft may occur. To study this effect various
simulations must be done taking into account different angles of inclination of the shaft. Here it is
simulated a case when water is moving perpendicularly to turbine shaft.
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Physical Model

Sketch of the prototype of the turbine wheel is shown on figure 1a). On this basis a full scale
model is built using SolidWorks software package. The model consists of 6 blades connected to a
center hub with connecting rods.

a) b)
Figure 1. Sketch of the WTOB: a) Prototype of the turbine; b) Full scale model.

Simplification of the model

The full scale model built is still hard for studying via numerical simulation. The cambered surface
and the acute angle of the blades will decrease drastically the quality of the computational grid and
will compromise the convergence of the solution. From other hand side the connecting rods between
the blades and the center hub are too thin and also hard for meshing with grid with acceptable quality.
Therefore a simplification of the WTOB runner full scale model is conducted. The center hub is
simplified to be a polyhedron and the connecting rods are simplified to be cuboids. The blade edge
is designed to be cambered surface and it is simplified to be cut surface. The steps of the model
rationalization are shown on Figure 2a), while the final simplified WTOB runner model is presented
on Figure 2b).

Q@Q

b)
Figure 2. Slmpllflcatlons introduced to the turbine wheel modeling:
a) Simplifications steps; b) The simplified model.
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The simplifications done will lead to improvement of the grid quality and will affect the simulation
results of the turbine movement.

Grid Generation

The model is divided into two parts: the flowing water field in the square area and the turbine
runner moving field in the circular area. This separation of the fields will reduce the total number of
grid elements and will improve the computational speed.

The computational grid is generated using Fluent pre-processor Gambit [4]. The total number of
control volumes is 1 312 984, all pave type hexahedral elements (Figure 3).

The square area is the flowing water field which is meshed with coarse grid with total number of
15134 cells. The circular area is the turbine runner moving field meshed with fine grid of 1 297 850
control volumes. A passive dynamic grid is introduced only to the turbine runner moving field.

a) b)
Figure 3. Generated grid: a) Axonometric view, b) Top view.

Boundary Conditions

As it have been introduced, the model is divided into two parts, the flowing water field and the
turbine runner moving field. As the motion of blades is of interest, the turbine runner moving field is
divided into three parts with one and the same thickness. The slice in the middle of the turbine moving
field and the blades is the region where passive dynamic grid is used — Interface E, Figure 4.

The surfaces between different parts are interfaces, the output of one surface is the input of
another adjacent surface at the interface.

Figure 4. Turbine model interfaces
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The other boundary conditions addressed to the whole computational domain are as follows: the
inlet is set to be velocity inlet and the outlet is set to be pressure outlet.

Inlet
Velocity inlet

blade

Figure 5. Boundary conditions

Results and Discussion

Preliminary simulations are performed aiming to study the built grid with respect to convergence
time. For the simulations an unsteady solver is used. The mathematical model selected for the
simulations is based on the Reynolds averaged Navier-Stokes equations, RANS, closed with k-
turbulent model. The working fluid is water. For the first stage of these preliminary simulations, the
weight of the turbine is fixed to be 2 kg. The water flow velocity is 0.3 m/s.

The turbine rotates about 22 degrees for 10 seconds and the simulation takes about 3 days. If
the turbine rotates a full round, 170 seconds need to be simulated. This will lead to serious extend
of the time (and costs) needed for such simulation, or 51 days for one case indeed.

18t sec 4t sec
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Figure 6. Velocity field represented by contour plot given for different time stages of the
simulation

The global objective of the work done on the WTOB via experiments, analytical methods and
CFD simulations is to study the behavior of the turbine and to identify some relations between the
wave parameters and WTOB runner angular velocity. It is aimed as well to study the effect of the
blades angle of attack on the extracted mechanical energy as well as to find the optimal angle of
attack or the interval within which the turbine converts maximum wave energy to electricity.

According to [3] the angle of the blade reluctant should be in the range of a =55+70°, based on
the analytical investigations preformed. This guidance will decrease significantly the planned
simulation cases, hence the time and costs of the CFD simulations. Since the turbine does in vertical
reciprocating movement the domain of the next step simulation will be larger than the presented in
the current preliminary simulations. Larger domain together with the combined problems of moving
grid, fluid structure interaction and mechanical dynamics makes the task even more challenging,
complex, tough and expensive with regard to the time needed for the cases simulation run. That's
why the focus is on improvement on the simulation efficiency. Possible solutions are:

¢ Building a new grid whit less control volumes (but still ensuring grid independent solution)
and better quality;

o Use of an self-programing approach for the simulations apart from the Fluent commercial
software package. Such open source programs are more flexible in tackling complex
combined problems like free surface flows, moving grids, fluid-solid interaction and
mechanical dynamics.

Conclusions

Numerical modeling of complex flows is still challenging. Simulating the true behavior of a WTOB
runner is a high cost and time consuming task due to the model construction, the fluid-solid
interaction and the mechanical dynamics.

The model of the turbine needs to be improved with respect to the grid and appropriate angels
of attack have to be selected for the next stage of the simulations. The rotation speed is related to
the turbine weight and the water flowing velocity. Choosing the correct boundary conditions will
reduce the simulation time and will increase the chances for convergence and valuable results at
the end.
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Oco6GeHOoCTH NpU NPOEKTUPaAHETO Ha OCOBU BEHTUNaTOpPU
Topop Yakbpos

B pabomama ce pa3sanexdam 8axHU ocobeHocmu, cebp3aHu C MpoeKmupaHemo Ha 0cosu
geHmusiamopu. Obcwx0a ce opa3mepsisaHemo UM C MPOMEeHIU8a UUpKynayus rno eucoyuHama Ha
nonamkume. 3a yenma, 8 cbcmaseHume Ha MATLAB npozpamHu rnpodykmu - AXFAN_MM_IM u
AXFAN_MM_GV, ce ebgex0da npecMsmaHe Ha KoeguyueHma Ha CbrpomusreHue rnpu HoMuHaneH
pexum. Toea rnoseorsnsisa da ce oyeHsisa echekmusHocmma Ha 8eHmursna-mopume u ce npassm
rpenopwbKU 3a MAXHOMO poeKmupaHe.

Knroyoeu Jdymu: ocos eeHmunamop, UUpKynauus, kKoecbuuueHm Ha CblpomusrieHue,
eghekmusHocm.

Special features in the design of axial fans
Todor Chakarov

The work deals with important features related to the design of axial fans. It is discussed their
sizing with variable circulation at the height of the blades. For this purpose, mathematical calculations
of the nominal impedance coefficient are introduced in MATLAB compiled programs -
AXFAN_MM_IM and AXFAN_MM_GV. This allows the efficiency of the fans to be evaluated and
recommendations for their design to be made.

Keywords: axial fan, circulation, resistance coefficient, efficiency.

BbBeneHue

Ha 6asarta Ha “memoda Ha ocobeHocmume” e cb3gageH copTyep 3a pelleHne Ha obpaTHa
XnapoouHaMmyHa 3ajaya 3a TOKOB CINOW C NocTosiHHA AebenuHa. MakeTbT oT nporpaMmm o6xBaLya
NpoekTUpaHe Ha nonaTtbYyHMTE CUCTEMW HA €OHOCTbManHM OCOBM BEHTUNATOpM CbC 3afeH
HanpasnsasaL, anapart [1]. [py ToBa e npeaBMAeHa Bb3MOXHOCT 3a opa3MepsiBaHe Ha fonartkaTa
NMOCTOsIHHA UNKW NPOMeHNMBa uMpkynauna I no HelHaTa AbimkuMHa. Te3n nporpaMHu NpogykTw,
HanucaHn Ha MATLAB ca:

AXFAN_IM - 3a paboTHO KOMEmno Ha 0COB BEHTUNATOP;

AXFAN_GV - 3a HanpaensiBall, anapaTt Ha 0COB BEHTMNATOP.

BbB BCsika nporpama ce pellaBa 3agadva 3a cuHTe3 (obpaTHaTa 3agjada) Ha nonarb4vHa
pelieTka B nopeauua OT m Ha Opoi UMMAMHAPUYHM CEYEHUs, Pa3nOSIOKEHN MEXAY BbHLUHUS
AvnameTtbp d, uBbTPeLWHus (rmMasuHHKS) - d,. PaboTHaTta nonatka ce ,Habupa” oT npecmMeTHaTUTE
nNpocunnm B Te€3M CEYEHMS.

B [1] ce wussAcHABaT HAKOMKO CbLUECTBEHM BbBMpPOCA NpU OpasMepsiBaHETO Ha OCOBUTE
BEHTUATOPU:

- KakBu ca gonyctumuTe rpaHuLM Ha 3aAaBaHUTE BXOAHW napametpu — aebut Q,, mbnHo
HansiraHe P, , nepudepHa ckopocT U, (Mnu YecToTa Ha BbpTeHe N U BbHLIEH anameTsp d,);
- M360p Ha ,rmaBuHHOTO oTHOWeHne” v =dq/do 1 6pos ZHa nonatkute;

- BwamoxHocCT 3a ,noapsA3BaHe xopaaTta Ha nonatkata’ npuy rmaB1UHHO OTHOLLEHUE v MO-Marko
OT ONTUMANHOTO Mo MapLWHOBCKN - Vopt = 0.5 [2]. TakbB Nnoaxod BOAU 4O NPOMEHNMBA

umpkynauua I' no BMCOYMHaTa Ha fonaTtkara.
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ChbLecTBeHM 0COOEHOCTU NpUu opa3mepsiBaHe Ha pabOTHMUTE U HanpaBnsiBaly NONaTKu
Ha OCOBW BEHTUNaTopu
Tasu paboTta e ectecTBeHO npoabikeHue Ha [1], kKaTo TyK aepogMHaMU4HUTE CXeMU ce oLe-
HABaAT M MO TAXHaTa eheKkTnBHOCT, T.e. 1 no Kri/.
3a uenTa ca CbCTaBeHM pasLLMpeHn NPorpamMHy NPOaYKTH:
AXFAN_MM_IM - 3a paboTHO KOMEeno Ha 0COB BEHTUNATOP;
AXFAN_MM_GV - 3a HanpaBensiBall anapaTt Ha OCOB BEHTMNATOP.
3a oueHABaHETO Ha eeKTUBHOCTTa Ha BEHTUNaTopa € Heobxoaumo da ce npecmata Krim.
ToBa e 0cobeHO BaXHO MpU OTKIOHSIBAHE OT ONTUMArnHOTO v U OT ycrioBueTo Ha CtpeneTuku [3]
3a T.Hap. BUXPOBO S4pO0

Om, 1 ()
Ym 2v

Mo [4] e cb3paneHa nogobpeHa MeToauKa 3a NpecMsTaHe Ha obLWKusa kKoedULMEHT Ha CbNpo-
TueneHne CXD Ha paboTHOTO Konerno W HanpasnsBalusa anapar - IpyM HOMUHAMNEH peXxum Ha pa-
6oT1a. C T03n koeduumeHT ce onpegens u KM Ha BeHTUNaTopa m - CbLLO 3@ HOMUHAMNEH PEXUM.

Koedpuumentbt CXD ce geduHupa ¢ nspasa

CXD = Cxp + Cxtr + Cxwh + Cxsl, (2)

kbaeTo: Cxp e koedumumMeHT Ha NPOUNHO CbNpoTuBneHne, Cxir - koedULMEHT Ha TpUeHe no
NOBBLPXHUHWUTE Ha rMasBuHaTa un kopnyca, Cxwh - kKoedUUMEHT Ha CbMNPOTUBMEHME OT BTOPUYHO
TeuveHne; Cxsl - koedUUMEHT Ha CbNPOTMBIEHNE OT pagmanHaTta xnabuHa.

KoemumeHTbT Ha NpoduiiHO CbNPOTUBIEHUE Ce MnpecMmdATa Mo ABa HauyuHa. [1bpBuUAT ce
pasrnexga B [5]. NMpu Hero no [6] n [7] ce npecmsaTa Cxp KaTo CpPeaHO apUTMETUYHO OT CTOW-
HocTMTe Ha Cxpj B oTAenHUTe ceveHusi 3a j=1+m. Oka3Ba ce, Ye TO3M HA4YMH He e NOAXOoAsL 3a

oueHka Ha paboTHu konemna c kopnyc. [lpwu BTOpMS HaynH Cxp ce m3ducnssa no nopobpeHa
emMnupuyecka 3asmcmumoct Ha LA [4]

Cxp =k3(0.012+0.048f +0.0023 1ig) . (3)

kbaeto Cxp e ocpeaHeH no AbmkuHata Ha nonatkata, f = f/b e otHocutenHata kpusuHa Ha
npoduna, a Tmig =bPmid /tmig © recToTaTa Ha pelueTkaTta 3a CPeAHOTO CeYeHue — Npu paguyc
Mmig = (r2 —11)/2. 3a koeduumenTa k3 = f(Re) B [4] e fafeHa rpacdnuHa 3aBUCMMOCT, KOSITO TyK
€ 3aMeHeHa ¢ nonmMHomuanHa anpokcumauus (dpyHkumm POLYFIT, POLYVAL).

Taka npecmeTHaT KoemumeHTbT Cxp gaBa No-4OCTOBEPHU CTOMHOCTU 3a paboTHO koneno B
cbyeTaHue C Kopnyc 1 3aieH HanpaBnsiBall anapar.

KoedmumeHT Ha TpueHe no NoBbPXHUHUTE Ha rMaBuHaTa un kopnyca Cxtr 3aBucK OT napameT-
puTe Ha rpaHMYHNTE CrIoeBe MO Te3n NOBbPXHMHU. OT CBOSI CTpaHa Te3n napaMeTpu ce onpeaenaT
OT pasnpeneneHneTo Ha ckopocTtTta. CbrnacHo [4] Cxtr ce pasrnexaa kaTo ekBUBaNEHTHO YBenu-
yeHune Ha Cxp n ce npecMsTa rno nspasa

Cxtr = Cxp MO (4)

Tmig h

kbaeto h =(do —dq)/2b e oTHocuTenHaTa AbmkMHaA Ha NonaTkaTa. brensbT O, e Mexay xop-
JaTa Ha npodmna n hpoHTa Ha peLueTkaTa u NpnbnmManMTenHoO ce NnpecmMsaTa no uapasa
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Or = (B1mid +B2mia )/2 (5)

KoeduumneHT Ha cbnpoTUBMNEHNe OT BTOPMYHO TedeHune Cxwh oTpassBa 0coBuSA BUXbP B
MexaynonaTtbyHUTE NPOCTPaHCTBa. Tow ce Npeau3BMKBa OT pasnunka Ha HanaraHeTo (UMpKynaum-
dTa) B pagunanHo HanpasrneHue. pecmsTa ce no 3aBucuMMocCTTa

2
Cxwh =~ 0.018 Tmid Cjuk , (6)

KbeTo KoeduumneHTbT Ha XKykosckn C juk ©

Ciuk = 28inBosmid (Ct9B1mid — CtIB2mid )/ Tmid (7)

KoeduumneHT Ha cbnpoTuBneHne OT paguanHarta xnabuHa Cxsl 3aBucKM OT OoTHOCUTEnHaTa
paauvanHa xnabuHa S =s/h.Mpu 0.01<s <0.03 e B cuna

Cxsl = (08§/Sln Bz mid )Tmid Cj2uk (8)

C obwusa koedumumeHT Ha cbnpoTtusnerHne CXD , B nporpamata AXFAN_MM_IM, ce gedu-
Hupa Kl Ha paboTHOTO KoMneno W ovakBaHaTa MOLLHOCT Ha BeHTUNaTopa 3a HOMUHAaseH Pexum
Ha paboTa

n=1-CXD; Nef=Q,py/n 9)

3a Hanpasngasawms anapaT, B nporpamata  AXFAN_MM_GV, ce npecmsita camo koedu-
uneHTa Ha NpodunHoO cbnpoTmeneHne Cxp.

AHanus3 Ha pas3nnyYHu BapuaHTU Ha OCOBU BEHTUNIATOPU

KaTo nnioctpaumst Ha Bb3MOXHOCTUTE 3a MPOEKTMPaHe U OLEeHKa Ha pasfMyHu aepoamHamMuy-
HKU cxemu ¢ nporpamHuTe npogayktn AXFAN_MM_IM n AXFAN_MM_GV ce nokassat npumepu
3a NpoeKTMpaHe Ha [ABa OCOBM BeHTuUnatopa. 3a MKOHOMMKS Ha MSCTO ca pasnedaTtaHu camo 4ac-
TMYHO bannioBeTe C OCHOBHUTE 3a4afeHN U NpecMeTHaTU AaHHK: 3a paboTHOTO KONeNo - resow.m
W 3a HanpaensiBawmsa anapaT - resowna.m. OHarneasiBaHe Ha pe3yntaTtuTe ce nokasea C rpa-
PUKM Ha KOHTYpuUTe Ha npodunute. CnecteHn ca Tabnmumte ¢ TPUMEPHUTE KOOPAMHATU 3a CKe-
neTHaTa NuHKs, Kopema 1 rspba Ha npocumna, KakTo u TeXHUTE rpacmuyHN N306paKeHus.

MbpBUAT npumep e noabpaH Taka, Ye Aa nonagHe B 30HaTa Ha BUCOKO €(PEKTUBHUTE BEHTU-
natopu — npecMeTHaTu ¢ onTMMarnHa CTbrKa, rMaBUHHO OTHoWeHWe v no MapuuHOBCKKM, 3a40BO-
nsiBaHe ycrnosmeTo Ha CtpeneTukn n 6 paboTHu nonaTku. [Npu Te3m ycnosusa paboTHOTO KOmeno
ce nonyyaea C IocCmosiHHa UupKyrnayusi No AbSbKMHaTa Ha nonatkarta. [paduyHOTO OHarneassa-
He e nokasaHo Ha dwur.1, cur. 2 u cwr. 3.

BTopuaT npumep ce OTKNOHsIBa OT CNOMeHaTuTe no-rope ycnosus — dur. 3 n ur.4.

OCOB BEHTUNATOP - AF_M_10_5 60_9
PABOTHO KOMNEJIO
BXOLHW OAHHM:
QV=60000.0 [kubm/h]; PV=900.0 [Pa]; DN=1.000 [m]; DS= 0.500;
NM=1450 [tr/min]; NZ=6; RO=1.20 [kg/kubm]; M=12
NPECMETHATU OAHHM:
UM2=75.9 [m/s]; FIM=0.2795; FIMS=0.3727; PSIM=0.2602; BRUS=0.54
FIM/PSIM=1.07407; 1/(2*DSR)=1
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YcnosueTto Ha CtpeneTuku e 3agoBoneHo - FIM/PSIM>(1/(2*DSR)
C nocTosiHHa UMpKynaums rno BucodmHara .

j=1; DJ=0.500 [m];
COTAB(j)= 0.9925; BETB(j)= 45.2 [gr]; HALB(j)=103.3 [mm]
j=2; DJ=0.542 [m];
COTAB(j)= 1.1312; BETB(j)= 41.5 [gr]; HALB(j)= 96.4 [mm]
j=12; DJ=0.958 [m];
COTAB(j)= 2.3893; BETB(j)= 22.7 [gr]; HALB(j)= 56.2 [mm]
j=13; DJ= 1.000 [m];
COTAB(j)= 2.5087; BETB(j)= 21.7 [gr]; HALB(j)= 53.9 [mm]

Cxp = 0.0492; Cxtr=0.0378; Cxwh =0.0109; Cxsl =0.0173; CXD =0.1152
Mpeanonaraem KI[ - Eta = 0.885 ; lNpegnonaraema mowHocT - Nef = 16.9530 [kKW].

PaboTHa nonaTtka - Cxema Ha KOHTYpuTe

200 .5
150
100

20

odur. 1

OCOB BEHTUINATOP - AF_GV_10_3_60_9
HAMPABJIABALL, AMTAPAT

BXOIHW OAHHU:

QV=60000.0 [kubm/h]; PV=900.0 [Pa]; DN=1.000 [m]; DS= 0.500:

NM=1450 [tr/min]; NZ=5; RO=1.20 [kg/kubm]; M=12

MPECMETHATU OAHHM:

UM2= 75.9 [m/s]; FIM=0.2795; FIMS=0.3727; PSIM=0.2602

FIM/PSIM=1.07407; 1/(2*DSR)=1
YcnosueTto Ha CTtpeneTuku e 3agoBoneHo - FIM/PSIM>(1/(2*DSR)
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C npomMeHnnBa UMpKynauma no BuCcoHnHaTa

j=1; DJ=0.500 [m];
COTAB(j)=-0.3491; BETB(j)=-70.8 [gr]; HALB(j)=132.3 [mm]
j=2; DJ=0.542 [m];
COTAB(j)=-0.3223; BETB(j)=-72.1 [gr]; HALB(j)=135.9 [mm]
COTAB(j)=-0.1904; BETB(j)=-79.2 [gr]; HALB(j)=168.4 [mm]
j=12; DJ=0.958 [m];
COTAB(j)=-0.1822; BETB(j)=-79.7 [gr]; HALB(j)=172.0 [mm]
j=13; DJ= 1.000 [m];
COTAB(j)=-0.1746; BETB(j)=-80.1 [gr]; HALB(j)=175.6 [mm]

Cxp = 0.0486

HanpaenAsala NonaTka - CXeMa Ha KOHTYpUTe

dur. 2

OCOB BEHTUMNATOP - AF_IM_10_3 70_12
PABOTHO KOMNEJIO
BXOIHW OAHHU:
QV=70000.0 [kubm/h]; PV=1200.0 [Pa]; DN= 1.000 [m]; DS= 0.300;
NM=1450 [tr/min]; NZ=6; RO=1.20 [kg/kubm]; M=12
NPECMETHATU OAHHM:
UM2=75.9 [m/s]; FIM=0.3261; FIMS=0.3583; PSIM=0.3470; BRUS=0.28

FIM/PSIM=0.939815; 1/(2*DSR)=1.66667
Ycnosueto Ha CTpeneTukn He e 3agoBoneHo - FIM/PSIM<(1/(2*DSR)

C npomeHnuBa uMpKynauums no BucoumHara
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j=1; DJ=0.300 [m];
COTAB(j)= 0.0303; BETB(j)= 88.3 [gr]; HALB(j)= 67.5 [mm]
j=2; DJ=0.358 [m];
COTAB(j)= 0.3244; BETB(j)= 72.0 [gr]; HALB(j)= 68.1 [mm]
j=12; DJ=0.942 [m];
COTAB(j)= 2.3708; BETB(j)= 22.9 [gr]; HALB(j)= 73.7 [mm]
j=13; DJ= 1.000 [m];
COTAB(j)= 2.5486; BETB(j)= 21.4 [gr]; HALB(j)= 74.2 [mm]

Cxp = 0.0497; Cxtr =0.0276; Cxwh = 0.0418; Cxsl =0.0483; CXD =0.1674

Mpennonaraem KA - Eta=0.833
Mpegnonaraema mowHocT - Nef = 28.0263 [kW]

PaboTHa nonaTtka - Cxema Ha KOHTypuTe

dur. 3

OCOB BEHTUMNATOP - AF_GV_10_3 70 12
HAMPABJIABALL, ATIAPAT
BXOIHW OAHHU:
QV=70000.0 [kubm/h]; PV=1200.0 [Pa]; DN= 1.000 [m]; DS= 0.300;
NM=1450 [tr/min]; NZ=5; RO=1.20 [kg/kubm]; M=12
NPECMETHATU OAHHM:
UM2=75.9 [m/s]; FIM=0.3261; FIMS=0.3583; PSIM=0.3470

FIM/PSIM=0.939815; 1/(2*DSR)=1.66667
Ycnosueto Ha CTpeneTukn He e 3agoBoneHo - FIM/PSIM<(1/(2*DSR)
C npomMeHnuBa uMpkynawums no BucovmHaTa
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j=1; DJ=0.300 [m];
COTAB(j)=-0.8069; BETB(j)=-51.1 [gr]; HALB(j)= 79.4 [mm]
j=2; DJ=0.358 [m];
COTAB(j)=-0.6755; BETB(j)=-56.0 [gr]; HALB(j)= 93.5 [mm]

j=12; DJ=0.942 [m];
COTAB(j)=-0.2571; BETB(j)=-75.6 [gr]; HALB(j)=235.3 [mm]
j=13; DJ=1.000 [m];
COTAB(j)=-0.2421; BETB(j)=-76.4 [gr]; HALB(j)=249.4 [mm]

Cxp = 0.0494

HanpaBnsBalya nonaTtka - Cxema Ha KOHTypuTe

3007

250.- 7=

200 =
150417 =
10041
04
50

-100
-100 -200

our. 4

BTopusT npumep e ¢ npomeHnvBa uMpkynauus I' no gbmkuHaTta Ha nonatkaTa. [Mopaawm no-
BMCOKUTE CTOMHOCTM HA Qv U py, MOCTOSIHHATa CTOMHOCT HAa I' € HEeBb3MOXHa , Thbif-KaTo C Ha-
MansiBaHe Ha paguyca xophaTta pacTe W NMpu rnaBuHaTta ce norfydaBa C KOHCTPYKTUBHO HEU3MbIl-
HMMa ObmKMHA. BCbLHOCT NpoBepka 3a AonyCcTMMa ObIKMHA Ha rmaBMHHAaTa XopAa ce U3BbpluBa
BMHaru. B To3n npvMep BbPXOBOTO ceyeHne e MpecMeTHaTO ¢ onmumasiHa cmbrika (no MNaHos-
Monos) [1]. OcTaHanuTe ceyeHUss ce NMpecMmsATaT Mo 3agajeHa xopaa — pasnpeaenieHa NMHeRHo
MeXxay BbpxoBaTa W rmaBuHHaTa.

Opyr Bb3MOXeH BapuaHT € CeYEHUsTa OT BbXOBOTO ,Hafony” Aa ce npecMmsTart ¢ onTuMmarnHa
CTbMKa 40 8b3MOXHO O0MyCmMuUMOmMo, a OT HEro A0 MaBMHHOTO — MO 3afajeHa xopaa.

TakbB Noaxo4 e No-noAxoasiy 3a npecMsiTaHe Ha paboTHM Konena ¢ MHOTO HUCKM CTOMHOCTH
Ha rMaBWHHOTO OTHOLUEHWE V - KAKTO € MPY OCOBUTE BATHPHU TYPOUHW.
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3aknueHue

MpecmsaTaHeTo Ha koedMUMEHTa Ha MNONEe3HO AeCTBME N MO U3NoXeHaTa MeToauka e npub-
nnanTenHo. Ho Moxe ycnewHo ga ce npunara 3a cpaBHsIBaHE Ha pasiMyHyu aepoaMHaMUYHN CXEMMU,
0COBEHO KOraTo OCOBUSIT BEHTMMATOP Ce NPOoeKTUpa C NPOMEHNMBA LMPKynauus no ob-kKuHaTa Ha
nonaTkaTa.

OT nokasaHuTe fBa npuMmepa ce BWXOa 3HAYMTENHOTO MpPeaMMCTBO Ha MbpBaTa cxema —
1n=0.885, npen BTopaTta - n=0.833. O4eBMAHO NPOEKTMPAHETO HAa OCOB BEHTUNATOP C TOCMOSIHHA
uupkynayuss No Ob/MKMHATA Ha fonaTkaTa M 3a40BONisiBaHE Ha ApyruTe YCnoBusi, COMEHaTh no-
rope MOXe fa ce TbilKyBa kaTo onmumasiHo. ToBa eKCnepuMMeHTanHo € NoTBbpPXKAaBaHo B KaTea-
pa ,XAOXM” kbM TY-Codmsi. OTKNOHEHNE OT onTumanHute ycrnosus TpsabBa ga ce gonycka no
N3KMYeHNe — Npy HEOOXOOUMOCT M OrpaHUYEeH BbHLUEH AMAMETbp Aa Ce MOCTUrHaT Mo-BUCOKM
CTOMHOCTU Ha aebuta Quvun pv.
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HoBa MoAesiHa BATbpPHa Typ6m-|a C BepTukKasnHa oc
BaneHtuH O6peTeHoB, PoceH Unues

B pabomama ca npedcmaseHu pe3ynmamu om uscnedeaHus, HaCO4eHU KbM Cb30agaHemo Ha
Hog8 mMmodeneH 6r5iok kbM cmeHd Ne7 e nabopamopuss XEXT Ha TY-Cogpus. OnucaHa e
aepoduHamu4yHama cxema Ha cmeHOa U MoOesiHUsi b6JI0K, KOHCMPYKmMuUeHUmMe ocobeHocmu Ha
molenHama mypbuHa C eepmukajiHa OC U u3MepeamesiHama arnapamypa. AHanu3upaHu ca
8b3MOXHOCMUMe 3a rposexoaHe Ha onumHu uscredsaHusi ¢ Hoeama mypbuHa. lNpedcmaseHu ca
u pesynmamu om riposedeHuU onumHu u3criedsaHusi ¢ Hogama mypbuHa.

Knro4yosu dyMu.' 8AMbpPHa myp6UHa, cmeHO, ornumHu uscredeaHus, Xapakmepucmuku.

A new model vertical axis wind turbine
Valentin Obretenov, Rossen lliev

Abstract: The work presents results of research aimed at the creation of a new model block to
a stand Ne7 in the HEHT laboratory of TU-Sofia. Described is the aerodynamic scheme of the stand
and model block, the design features of the model vertical axis wind turbine and the measuring
equipment. The possibilities for conducting experimental tests with the new turbine are analyzed.
Also presented are the results of the experimental tests conducted with the new turbine.

Keywords: wind turbine, test rig, experimental investigation, characteristics.

BbuBegeHue

Mpe3 2011 r. B nabopaTopusiTa N0 XMAPOEHEPreTUKa N XMAPaBIu4HM MawwmrHu (nabopatopus
XEXT) Ha TY-Codum4 [8] Belue nycHaT B AencTBUE NbpBUA MoaeneH 6ok 3a n3nutBaHe BATbPHU
TypbuHu ¢ BepTukanHa oc [3]. B npogbrkeHne Ha 7 roavHu Ha Hero Gsixa MpPOBEAEHW LUMPOK
CNeKTbp u3cneaBaHus, OCHOBHaTa Len Ha kouto Gelle pa3paboTBaHeTo Ha ePEKTUBHN NONaTbYHN
CUCTEMU 3a TO3W TN BATbPHMU TypbuHu [2,4,5,7]. HaTpynaHuat onut nossonu ga 6bae KoHCTpyupaH
HOB MogeneH 6rok c no-roneMum Bb3MOXHOCTW OT FMefHa To4ka Ha u3crneaBaHeTo Ha paboTHuS
npouec u BanuaupaHeTo Ha paspaboTeHWTe MeTOAM 3a MpecMdATaHe Ha BepTUKarHW BATbPHU
TYpOUHW. 3acuneHns MHTepeC KbM Bb30OHOBAEMUTE EHEPrUHN TEXHOMNOMMU 1 Pa3LLMPSIBAHETO Ha
nasapHus Asn Ha BeTpoABUraTenu ¢ Manka MOLLHOCT € BTopaTta NpuyuHa 3a Cb3gaBaHeTo Ha HOBUS
MozerneH Onok.

B Ta3n paboTta e npeacraBeHa cxemara, KOHCTPYKLUUSATA YU Bb3MOXHOCTUTE Ha HOBUSI MOAENeH
Bnok, MOHTUpaH KbM cTeHa Ne7 (BATbpHM TypOuHn) B nabopatopudara XEXT. MNpencraseHn ca u
pesynTtaTv OT MbpPBUTE ONUTHW U3CNeaBaHUs, HanpaBeHu Ha TO3n Bnok.

MoaenHa Typ6uHa

1. O6Lwa xapaKkrepucTuka, OCHOBHU NapameTpu

MoaenHmnaT 6rnok e NpoekTMpaH C UaesTa Ha Hero Aa ce NpoBexaaTt ONUTHU U3CneaBaHus Ha
BATbPHW ABUraTeny c BepTuKanHa oc C pasfnuyHu KOHCTPYKLMK Ha paboTHOTO Konerno (Savonius,
Darrieus). KoHCcTpykumaTa no3BonsiBa Aa ce NpomeHs 6pos Ha paboTHUTE nonaTku, TeXHUs npodumn
W Bbrbn Ha noctaBsaHe. [peaBuaeHa € BBb3MOXHOCT W 3a MpoBeXOaHe Ha W3NUTBaHMA Ha
BETpoABUraTenu ¢ pasnnyHn (Mo cxeMa 1 KOHCTPYKUMS) Hanpasnsealiy anapaTu.

OcHoBHUTE NapameTpu Ha TypbuHaTa u mogenHust brok ca onpefeneHn Ha OcCHoBaTa Ha onuTa
OT NpoBeAeHuTe gocera uscrneaBaHus, Bb3MOXHOCTUTE 3a U3MNOoN3BaHe Ha CblUeCTByBalLUUTE Ha
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cteHg No7 MalWuvHM M CbOPBLXKEHWS, MU3UCKBaHMATA Ha cTanHgapta [6], kakto u  onuta Ha
nabopaTopun ¢ Tpagmumm B Tasm obnact [9,10,11]. CTOMHOCTUTE HA OCHOBHUTE NapaMeTpu ca:

e MakcmmanHa ckopocT Ha BATbpa Cy= 10 m/s (Ta3n cTonHOCT Moxe ga 6bae yBenuyeHa, ako
Ce MHCcTanupa gpyr BeHTunaTop);

o MakcumaneH guameTbp Ha paboTHOTO koneno: Di= 1.0 m;

e MakcumanHa BMco4MHa Ha paboTHOTO koneno : H = 0.8m;

o MakcumanHa edpekTMBHa MOLLHOCT: P =120 W;

Ha ¢our.1 e nokasaH 3D mogen Ha TypbuHata n onopHus 6ok, a Ha cur.2 - potorpacmm Ha
MoJernHus 6nok.

R 2 KOHCTPYKTMBHN 0coBeHOCTM
“ MogenHata TypGuHa e
MOHTMpPaHa BbpXy NOABUXHATA
nnatcdopma 8 (dur.3), KosTo Moxe
[a ce NnpeMecTBa B XOPU3OHTasHO
HanpaBneHue.

PaboTHuTE nonarku ce
MOHTUpPAT Mexdy [nABa [gucka.
KoHCTpyKumMsiTa Ha AMCKOBETE AaBa
Bb3MOXHOCT [Oda ce wuscnegear
pabotHn konena (7 — cwur.3) c
pasnnMyHKM anameTpu B AManasoHa
(D1= 400 + 1000) mm, pa ce
odur.1. MogenHa Typ6uHa n3veHs Bpos Ha paboTHuTe
nonatkn (6e3 geMoOHTUpaHe Ha
AnckoBeTe), a CbLLO Taka brbna
Ha noctaBsiHe. BucouvHaTa Ha
paboTHuTe nonatkm e H=800 mm
(dwr.3).

BanbT Ha TypOuHaTa e
narepyBaH Ha TbpKanswu narepu
B ABe onopwu. B gonHata my vact
TOW e cBbp3aH c Nnpeobpasysaren
3a BbPTSLL MOMEHT.
HaToBapBaHeTo Ha Bana (3a
mMopenmpaHe Ha pasnuyHu
pexnmn Ha paboTta) ce n3BbpLUBa
C nomoLwiTa Ha opurMHanHa
MexaHu4yHa cnupadvka (guck ¢
hbeponosu Haknagkm).
3aaBuKBaHETO Ha
HaToBapBawata cucrema (HC-
dur.3) e pbyHO, KaTo NPeacTon TO
aa 6bae 3aMeHeHo c

€neKTPOMEXaHNYHO.
KoHCTpyKUuMsiTa MO3BOSIsIBA KbM
poTtopa Ha TypbuHata ga O6bae
NPUCbeAMHEH TFeHepaTop, KOEeTo
LLie MPOMEHM NMPUHUMUMHO CUCTEMaTa 3a HaToBapBaHe Ha TypbOuHaTa (eKCnepuMeHTUTE e nokaxar
npeguMmcTBaTa M HeJoCTaTbUMTE Ha OBETE CUCTEMM, Npean Aa 6bae B3eTO KPpaHOTO peLLeHune).

dur.2. MogeneH 6ok
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MpeaBunaeHa e Bb3MOXHOCT 3a NpUcbeauHsaBaHe Ha HenoaBWXeH UMNMHABLP BbB BbTPELLUHOTO
NMPOCTPaHCTBO Ha pabOTHOTO Konemno, KoeTo Lie no3Bonv Aa 6baaT uscneasBaHu HsKOU uaeu
OTHOCHO BBb3MOXHOCTUTE 3a NoBULLIAaBaHe eheKTMBHOCTTa Ha TypbuHarta [1,5].

OnutHa ypepnba

1. AepoanHaMn4yHa cxema Ha cTeHga

Tbl KaToO CTEHOBT € yHMBepcaneH (Ha Hero OCBeH BepTuKanHuW, morat ga 6baaTt M3nuTBaHu
BATbPHN TYpOMHW C XOPWU3OHTarHa OcC, KakTo M BeTponomneH arperat [3]), enemeHTuTe,
ocurypsiBalliM reHepMpaHeTo Ha Bb3QYLUHO TEYEHME C NPOMEHNNBM NapameTpu, ce 3anassaT. Ha
dur.3 e NnokasaHa cxemarta Ha CTeHAa C HOBMSt MofereH 6ok 1 HoBaTa n3MepBaTtesiHa anapartypa.

4 S
T >
T -/l
ﬁ
HC
D4 I 8

“ﬂ

—
090 |szs ,

I-—O—-!_][

/////////////////////;-'///////////////
odur.3. Cxema Ha cTeHaa

OcoBuAT BeHTMRaTop 3 Ce 3adBuMKBa OT aCUHXPOHEH enekTpoaguraten 2 u redHepvpa
Bb3AYLWHOTO TeyeHne. ToN e MOHTUpaH BbpXxy nnatgopmaTa 1, KOSTO MOXe Ada ce ukcmpa B
pasfnMYHN NONOXEHMSA C OTKNOHeHMe +10°, a ToBa faBa Bb3MOXHOCT Ja Ce NMPOMEHS nocokarta Ha
TeyeHMeTo. YecTtoTaTa Ha BbPTEHE Ha BeHTMNatopa Ce perynupa B LUMPOKMA rpaHuuM 4pes
4YeCTOTHUSA MHBEPTOP YW 1 NO TO3M HaUYMH MOXKe [a Ce MPOMEHS CKOPOCTTa Ha Bb34YLUHOTO Te4eHune.
KbMm n3xoga Ha BeHTuUnatopa e npucbeguHeHa aepoguHaMmmyHaTa Tpbba 4, kKoAaTo € ¢ guamMeTbp
Dp=1270mm. TAa e okayeHa Ha onopuTe 5, KOMTO NO3BONABAT HEMHOTO NOMOXEHWEe Aa ce cbrnacysa
C MONOXeHNeTo Ha BeHTMNaTtopa. B kpas Ha koHycHaTa JacT Ha TpbbaTa e MOHTMpaHa uanpassila
pelleTka, a B Kpas Ha UMnuHApuyHaTa — nNpexof, Ha KOWTO M3XOASALOTO cedeHne e C KBagpaTHa
dopma. MNMpegBuxaa ce ga ce MOHTMpa NPoAbIihKeHMe Ha TpbbaTa — TYHen ¢ KBaapaTHO HanpevyHo
ceyeHune, B KOMTO We Obae nosmumMoHnpaHa BATbpHaTa TypouHa.

2. W3mepBaTtenHa anapartypa

N36opbT Ha namepBaTenHarta anapaTtypa e cbobpaseH C U3nckBaHusaTa Ha y4ebHus npouec u
nporpamaTa 3a HayyHM wuscnegBaHuss B obnactta Ha BeTpoeHepretukata. OCHOBHUTE
XapakTepPUCTUKN HA HOBWUTE M3MepBaTesnHu ypean (Te ca gapeHu Ha nabopartopusta ot ,CnapTak”
Al - byprac) ca npeactaBeHu B Tabn.1.

1. CKOpOCT Ha Bb34yLLIHOTO TeYEHne
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CkopocTTa Ha Bb3aywHoTo TeyeHne (Cy) npen pabOTHOTO KOMeno Ha MW3NUTBaHWUTE
BeTpoABUratenu ce wusaMepBa C nomowta Ha TepmoaHemomeTbpa D1 (dwur.3). [Nopagu
HepaBHOMEPHOCTTa Ha CKOPOCTHOTO pasnpeenieHme ce Hanara ycpegHsiBaHe, KOeTo B KOHKPETHUS
cny4yan ce npasu no gedut [3]. YpeobT Moxe Aa ce mkcmpa B NPOM3BOSIHA TOYKA Ha Bb34YLUHOTO
TeYeHVEe B paBHMHA, pasnorfiokeHa HenocpeACcTBEHO npean paboTHOTO Korerno Ha TypbuHaTa u
nepneHaukynsipHa Ha octa Ha TpbbaTta. 3a uenTta e npeaBmaeH MexaHn3bM (6), KOWTO ocurypsiea
NPUOBWXBAHETO Ha TepMOaHEMOMETbpa MO [ABEe B3aUMHO NEepneHaukynspHu ocu. CTeHabT
Nno3BosisiBa CKOpPoCTTa Aa 6be namepBaHa M CbC CKOPOCTOMepHa Tpbba 1 npeobpasyBaTtens 3a
pasnuka B HansiraHe DT4 (cowur.3).

Tabnuua 1.
V3amepBaTtenHa anapartypa
Ne MapameTbp Twvin MpounssoguTen Obxsar TouvHoCT
1 CkopocTt FVAD35TH5K1 Ahlborn 02 + 20 +0.2
m/s m/s

BbpTaLw FKA650DR1B04 00 + 12 +

2 MOMEHT Anlborn Nm 0.1%
YecTtoTa Ha FUA 9192 1.0 + +

3. BbpTEHe Anlborn 12000 min"" 0.02%
YHuBepcaneH Almemo 2590-

4. n3mepBaTteneH 2A/-4AS Ahlborn - -

ypea

2. YecTtoTa Ha BbpTeEHE

YecToTaTa Ha BBPTEHE N Ha MW3NUTBaHUTE TypOWHM ce M3MepBa C MOMOLUTA OMNTUYEH
npeobpasyBaTten 3a Yectota D3 (dur.3).

3. MouwHocTt

MowHocTTa Ha Bana Ha TypbuHaTa (edeKTMBHATa MOLLHOCT) Ce onpeaens MnocpeacTBOM

BbpTAWNA MOMEHT Mb N 4YecTtoTaTa Ha BbpTEHE Nn:
T n
P=M,0=M,~— (1)
30

BbpTaWMAaT MOMEHT ce namepBa c npeobpasysatens D2 - cour.3.
MoLLHOCTTa Ha Bb3AYLWHOTO TeYeHue ce onpenensd no uspasa [3]:

3
% ), 8
PM,.=,OS—2’ , (2)

KbAETO p - NMBbTHOCT Ha Bb3ayxa; S =DH - ycnoBHa nnowy, Ha paboTHOTO Koneno (HanpeyHarta
MY MAOL,): Cw,s - CPEOHA CKOPOCT Ha TEYEHUNETO.
4. KoeduumneHT Ha NnonesHo gencrane Ha TypbuHaTta (KoedUUNeHT Ha MOLLHOCT)

c =— 3)
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dur.4. PaboTtHo koneno

CurHanuTte oT NbpBUYHWUTE NpeobpasyBaTenu
ce nopjaBaT KbM YyHMBeEpcanHus usaMmepBaTeneH
ypea DL (¢ur.3). Ton e 4-kaHaneH u nputexasa
BbTpeLUHa NaMeT, No3BonsBaLla CbxpaHsaBaHe Ha
pesyntatute oT wu3smepsaHuaTa (go 100 000),
rpaduyeH LCD ekpaH n cobctBeH codTyep. Ton
MoxXe fa paboTM CaMOCTOATENHO, KakTo M Aa
npegasa WHdopMauuaTa Ha KOMMoOTbpa OT
KoMaHaHus NyHKT (CS- cur.3).

OnuTHU n3cnenBaHuA

Crneg nyckaHeTo Ha MogenHuss Onok B
OeNcTBMe, C Uen npoBepka Ha Heroparta
PYHKLUMOHANHOCT, Ca HanpaBeHW NbpPBUTE OMUTHU
nscnensaHvs ¢ paboTHO Koneno Ha BepTuKarneH
BATbpPEH [fBuUraten C guameTbp Ha OcuTe Ha
nonatkmte D=800mm wun c 6 UUIMHAPWYHK
paboTtHn nonatkn. CkeneTHata UM JNUHWUS €
n3dyuncneHa no nporpamarta [5] n e anpokcMMmupaHa
C Obra OT OKPBXHOCT, T.e paboOTHOTO KoNeno e ¢

UMNMHApUYHKM nonatku (r=125 mm), KouTto Npu Te3n uscnenBaHus He ca NpodunupaHn u ca ¢
noctosiHHa aebenuHa (6 mm).

P*
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dur.5. 'ameHeHne Ha oTHocuTenHaTa MOLLHOCT
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dur.6. NameHeHne Ha koeduumeHTa Cr

M3cnegBaHusaTa ca HanpaBeHW 3a HAKOSMKO CTOMHOCTM Ha brbfa Ha noctassHe ¢ (dpwur.4). Ha
dur.5 n 6 ca nokasaHn 3asucumoctute P*=f(A) n Ct=f(1), kbaeTo:

e P*=P/Ppax - OTHOCUTENHA MOLLUHOCT (Pmax — MakcmarnHa CTOMHOCT Ha MOLLHOCTTA);

e A=TSR =Cl — CKOPOCTHO OTHOWeHue (U - nepudpepHa ckopocT). 1o CbLecTBO Tasu

w

BENUYMHA e CreAcTBMe Ha M3BeCTHUsI KpuTepuii Ha V. Strouhal [1,2], koWTO ce u3nonsea 3a
ocurypsiBaHe Ha AvHaMWMYHO nogobue npwu xuapaBnuyHuTe TypbomalumMHM (OTHOLUEHMEe Ha
KOHBEKTMBHUTE KbM FIOKarHUTE MHEPLUUOHHU CUMN);

o  Cr=My/(pc4?/2*S*D/2) — koePULMEHT Ha BbPTALLMUA MOMEHT.

Pesyntatute oT onuMTHUTE M3cneaBaHUA Mo3BonsBaT Aa 6baaT HanpaBeHW HAKOMKO BaXkHU
ussopa:

e MakcMmanHata MOLLHOCT MpuW pasnuyHUTE BIMKW Ha NocTaBsHe Ha paboTHUTE nonaTtkn ce
nony4asa 3a pasfiMyHu CTOMHOCTU Ha CKOPOCTHOTO OTHOLLEHUE;

e [lnanasoHbT Ha A, B KOWTO ce 3ana3BaT BUCOKW CTOMHOCTM Ha MOLLHOCTTa € Han-LUMpoK 3a
Brbn Ha noctaesHe ¢= 70°;

e C yBenuyaBaTe Ha brbfla Ha NOCTaBsiHe Ha nonaTkuTe 4o ¢= 92° HapacTBa MakcumanHarta
CTOMHOCT Ha BBbPTALMA MOMEHT Ha Bana Ha TypbuHaTta - ¢ur.7. Ta3n CTOMHOCT Ha brbna Ha
noctaBsiHe MOXe fa ce npveme 3a onTMMarnHa OT rnegHa Touka Ha MakcMMarnHata CTOMHOCT Ha
MOLLIHOCTTA.
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dur.7. 3aBUCUMOCT Ha epeKkTMBHaATa MOLLHOCT OT bIbfla Ha NOCTaBsIHE Ha NonaTkuTe

3aknioveHue

Pesyntatute oT HanpaBeHUTE U3cneaBaHNs gaBaT OCHOBaHWe Aa 6baaTt HanpaBeH cregHnTe
no-BaXkHW U3BOAN:

1. Cb3gageH e HoB MogeneH Onok Ha BsATbpHa TypbuHa c BepTuMkanHa oc. Ton pasBuBa
noeuTe, 3anoXeHn B MbpBaTa KOHCTPYKUMS, NycHaTa B ekcrinoaTtauua npes 2011r. 1 3Ha4YMTENHO
paswupsaBa Bb3MOXHOCTUTE Ha cTeHa Ne7 Ha nabopatopusa XEXT B cnegHuTe HanpaBneHus:

e B1b3MOXHOCT 3a NpoBeXaaHe Ha T.Hap. AUHAMWUYHU U3cnenBaHuns;

¢ [lpeunsHo HaToBapBaHe Ha Bana Ha TypbuHaTta B LUMPOK AManasoH;

e l3amepBaHe Ha MOLLHOCTTa Ha Bana Ha TypOuHaTa C BUCOKa TOYHOCT;

e CobLlyecTBeHO obnekyaBaHe Ha MOHTaXa M JeMOHTaxa Ha rfonaTkuTe Ha paboTHOTO Koneno,
pecn. CbKpalllaBaHe Ha BPEMETO 3a NpOBEeXAaHe Ha M3CreaBaHusATa;

e B1b3MOXHOCT 32 MOHTUPaHe Ha BbTPELLEH LUNNHABP C MPOU3BONEH AnamMeTbp.

MogenHusT 6nok we ce nanon3ea B ydebHaTa M B HayvyHO-u3criegoBaTenckara paboTta Ha
nabopaTopusTa.

2. N36opbT Ha meToauTe M cpeacTBa 3a M3MEepBaHe Ha BENUYUHUTE Ha CTeHAA € HanpaBeH
crnopen xapakTepa Ha OCHOBHMTE 3a[adu 3a pellaBaHe Ha TO3W eTan U € B CbOTBETCTBME C
n3nckeaHaTta OT CTaHOapTUTE TOYHOCT.

3. MNpeactaBeHn ca pesyntatM OT MbPBUTE M3CNeaBaHMS C HOBO paboOTHO Koneno Ha
BepTMKarnHa BATbpHa TypbuHa, KOMTO Noka3BaT Bb3MOXHOCTUTE Ha CTeHAa U HOBMS MoaerneH 6riok.
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The axial-flow circulation pump for liquid-metal heat transfer agent
Konstantin Lebedev, Vladimir Ribakov, Sergey Shumilin

Application of the melted eutectic alloy of lead and bismuth as a heat transfer agent allows to
reduce significantly dimensions of reactor installation for electric power production. It is used at
construction of the transportable Nuclear Power Plants. They are placed in regions of the remote
North where there is no integrated power system. The pump flow duct of the Main Circulation Pump
of axial type for Liquid heat transfer agent is one of basic elements of Reactor Installation. This article
demonstrates the results of hydrodynamic calculation of bladed system with use of two various
design methods, which show their good coincidence. The received results can be realized in projects
of future Nuclear Power Plants.

Keywords: reactor installation, heat transfer agent, axial type pump, bladed system,
hydrodynamic calculation.

OcoBa UuMpKynaumoHHa nomna 3a TOoNNoobMeHHa cuctema c TedeH metan

KoHcTaHTuH Jlebenes, Bnagumup Peibakos, Cepren WymnnnH

lNpurnoxeHuemo Ha pasmorieHama eemeKmu4Ha crijiag om 0s1080 U bucmMym, kamo cpedcmeo
3a rpeHoc Ha MornuHa, rno3eosnsea 0a ce Hamansm 3Ha4yumersiHoO pasMepume Ha UHcmanayusma
Ha peakmop 3a rpou3eo0cmeo Ha efiekmpudecka eHepausi. Ts ce u3rosdea rnpu uszpaxoaHe Ha
MOBUJSTHU amOMHU efiekmpoueHmparu. Te ca pasnosioxeHu 8 palioHU om dasieqHuUs cesep, Koumo
He ca cebp3aHu C eHepeauliHama cucmema. [lpomoyHama yacm Ha enasHama UUpKyrnayuoHHa
romra 3a me4yeH MornjoHocumers e e0UH Om OCHOBHUME e/IeMEeHMU 8 peaKkmopHama uHcmarnayusi.
B Hacmoswama paboma ca rnokasaHu pesynimamume om XuOpoOUHaMU4YHOMO fpecMsimaHe Ha
JlonambyYyHama cucmema ¢ u3rosizeaHemo Ha 0ea pas/iudHu Memoda, Koumo rokaszeam 0o06pomo
um cwenadeHue. lNonyyeHume pesynmamu moz2am Oa 6b0am u3ron3eaHu npu peasnu3upaHe Ha
npoekmu Ha 6b0ewu S0peHU yeHmparu.

Knio4yoBu AYMWU. peakTopHa WHCTanauud, TONJIOHOCUTEes, aKkcualiHa nomMna, nonaTb4Ha
cucrema, XxmgpoanHamMmmyHoO npecMdaTaHe.

Introduction
A circulating pump unit is a part of nuclear power plant. It is intended for circulation of heat
transfer agent (melted eutectic alloy of lead and bismuth) in the main contour of reactor. There are
two pump units in each nuclear reactor plant.
The main performance parameters of rated operational regime (technical specification) are as
follows:
. Flow rate — 2500 m3/hours (0.694 m3/s)
.Head-7m
. The allowed net positive suction head (NPSH) —4 m
. Density of heat transfer agent — 10.3x10° kg/m?®
. Viscosity of heat transfer agent — 0.18x10® m?/s
. Temperature of heat transfer agent — 345°C
. Pump efficiency (minimum) — 80%
. Input power — 625 kW

ONOO OB WN -
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The pump has a vertical axis of rotation. It is driven by the gas-tight electric motor. The pump
flow duct is placed into the cylindrical tube 630 mm dia. The pump consists of the following elements:
the inlet stay vanes (four radial plates 10 mm thick) with inner hub, containing lower journal bearing;
impeller with conoidal hub and outside cylindrical rim, embracing blade tips; outlet guide vanes.

Dimensions of the pump and its specific speed are defined by required values of flow rate, head

and rotating speed. The latter is limited by really achievable cavitation quantities at preset NPSH
value.

Pump flow ducts

This article presents the results of computational research of one of the four pump flow ducts at
different rotating speeds. The main results are shown in table 1.

Table 1
The main results of the choice of flow duct

No n D> Cu n's Q" Ns

B rom m rem rpm m3/s rpm

1 1000 0.30 2055 113.3 2.90 706
2 750 0.39 1540 110.6 1.72 530
3 600 0.47 1230 106.6 1.19 424
4 500 0.58 1027 103.9 0.87 350

ns — specific speed;

D, — external diameter of impeller;

Cu — ultimate value of cavitation specific speed*;
n'1— unit speed;

Q'1 — unit flow rate.

*Cavitation specific speed C, is defined as C,, = (Zii:‘)@}, n—rpm, Q—m3s, NPSH - m.

When we made a choice of ultimate value of cavitation specific speed C,, we accepted of the
ultimate value of NPSH Ah, = 3 m. It corresponds to safety factor ¢ = 1.3.

The first and second variants cannot be realized due to cavitation restrictions. The fourth variant
is rejected because of large dimensions. Therefore, from the considered variants the 3-th one
(ns = 424 rpm) is acceptable.

For design reasons, diameter of the impeller hub — 230 mm and external diameter of the impeller
D, = 500 mm, were accepted.

For this variant, the following calculated parameters in the specified values were received:

unit speed n'1=113.4 rpm
unit flow rate Q'1=1.05m%s
cavitation coefficient 0=043

Hydrodynamic calculation and design of bladed system were carried out on 9 stream surfaces
(ss) with application of the software of a CAD of HP [1].

This pump distinctive feature is covering rim providing the additional durability and rigidity of the
blade system.

The preliminary estimation of pump efficiency was made including volumetric, hydraulic and
internal mechanical efficiency. The volumetric efficiency was estimated as ﬁ, were q — leakage

discharge through the 1 mm clearance between the covering rim (external diameter 520 mm and
length 200 mm) and fixed wall of the housing. As a result, the volumetric efficiency was 99%.

Internal mechanical efficiency depends on disk sliding friction of the covering rim and it was
equal nearly 98.3%.

The approximate value of hydraulic efficiency was calculated using A. N. Papir formula [2]:
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0.616
(19D, — 0.172)?

where Dy — reference diameter
The expected total efficiency of this pump:

N =1Mh " Mmech *Mvor = 86.79% (2)

However taking into account external mechanical losses in bearings and seals the total pump
efficiency will be up to 83-84%.

Since the volumetric and internal mechanical efficiencies are independent on designer's will,
then in order to reach n, = 89% it is necessary to design pump flow duct with hydraulic losses lower
than 11%.

The meridional projection of the impeller is chosen with the variable hub to tip ratio: from
dn = 0.46 in the impeller inlet section to d, = 0.7 in its outlet section for achievement necessary
cavitation quality and to exclude flow separation in root section of impeller blades. In the outlet guide
vane unit hub to tip ratio is constant and equals 0.7.

The meridional projection of the pump flow duct with its main overall dimensions is presented in
fig. 1.

n, =1

B0 275
|
- 7 Z0= 72
195 &0 235

2350

#4500
£230

Fig. 1 The meridional projection of the pump flow duct

As a result of calculation the blade system with the number of blades Z = 7 and such key
geometrical parameters were obtained:

inlet angle of the blade (degrees) Bin=19—-245-37
outlet angle of the blade (degrees) Bout=44-56-78
blade envelop angle (degrees) Po=75-78-81
blade cascade solidity (I/t) 1.62-1.83-2.30

The blade thickness distribution was accepted similar to that used in pumps for water-jet
propulsion units.

In addition, the computational research of leading edge various thickness influence on cavitation
qualities was carried out at other geometric parameters of the blade being unchanged.

Variation of the leading edge thickness along blade span from tip to hub resulted in the following

quantities:
var.1 0=32-32-32mm 0=0.348-0.3-0.26 Cu=1441 rpm
var.2 0=64-64-6.4mm 0 =0.805-0.67-0.32 Cu =768 rpm

var.3 0=49-6.1-6.9mm 0=0455-041-0.34 Cu=1178 rpm
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0 — dynamic lowering of pressure;

C. — critical value of the cavitation specific speed.

For further designing and calculations variant Ne3 was accepted. The main results of flow
computational simulation inside the flow duct on the rated duty are presented in table 2 and average
results of the flow rate values Q = (0.9-1.1)-Q in table 3.

Table 2
Results of calculation of flow inside the impeller on the rated operational regime

Parameter | 1 streamline | 3 streamline | 5 streamline | 7 streamline | 9 streamline szlrjge
RVuin 0 0 0 0 0 0
RVu out 0.981 1.017 0.951 0.952 0.971 0.978
hsp 5.700 4.700 3.800 2.800 1.700 3.800
h'sp 0 0 0 0 0 0
o 0.455 0.432 0.411 0.382 0.338 0.404
a (degree) 55.900 52.700 49.100 45.200 41.200 -
Winin/Wmax 5.9/4.7 5.3/4.0 4.6/3.6 3.8/2.9 2.71.5 -

Proposing the hydraulic efficiency nn = 0.89 the value of flow velocity moment in the impeller
outlet section would be not less than

RVyout = g/w's nn = 9.81/11.81-0.89 = 0.928 m?/s

where w's = n'1/30 = 11.881 s™*

As it is seen from table 2 the desired value of RV, out €xceeds desired one at all streamlines of
interest. The average value of hydraulic friction losses in the blade cascade is 3.8%, shock losses
are absent.

The maximum value of dynamic pressure lowering Oqyn, as one would expect, is observed on
the peripheral flow surface and equal 0.455. Then the value of ultimate NPSH, = o4yn"H = 3.2 m and
at the accepted NPSH = 4.0 m the safety factor ¢ = NPSH/NPSH, =1.25.

The outlet angle of absolute velocity varies from 56° on the peripheral streamline to 41° on the
hub one. These angles define the shape three-dimensional guide vanes.

It should be noted that on all stream surfaces including the hub one the relative velocity W non-
uniformity is rather mode rate. Such flow pattern confirms indirectly lack of stalls.

The minimum of total hydraulic losses 2hn = hsp+h'sp+hsec in the impeller blade cascade appears
at rated flow rate Q.. Here hsec — the secondary hydraulic losses caused by back-streaming in inter
blade channels. These losses according to A. J. Stepanov are equated to the hydraulic friction losses
on the blades.

Table 3
Average results of calculation of flow inside the impeller on the regimes Q = (0.9-1.1)-Qr

Q/Qr | RVyout hsp h'sp Zhp o Q Hi H Nh NPSH,
- m?/s % % % - m3/h m m % m
0.9 1.077 3.7 1.0 8.4 0.467 | 2250 9.1 8.3 91.6 3.3
1.0 0.978 3.8 0 7.6 0.400 | 2500 8.3 7.6 92.4 2.8
1 0.863 4.0 0 8.0 0.495 | 2750 7.3 6.7 92.0 3.5

Outlet guide vanes have the double curvature because of non-uniformity of absolute velocities
behind the impeller. The number of vanes is accepted Zo = 12, thickness of leading edge of a
hydrofoil equals 4.5 mm, trailing edge — 4.0 mm, in the mid-range of a hydrofoil — 8.5 mm.

The main geometric parameters of the guide vanes are as follows:

inlet angle (degrees) Bin =57 — 5553

outlet angle (degrees) Bout =93.5-93.5-93.5

envelop angle of the vane (degrees) ¢=25-30-35
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deviation of the leading edge from the meridional plane (degrees)
cascade solidity (I/t)

Ap=0-5-10

22-25-28
Average results of flow calculation in the guide vane cascade at Q = (0.9-1.1)-Q; are presented

in table 4.
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Fig. 2 The main hydrodynamic properties of the axial pump flow duct are presented.

The results of the flow calculation showed that in the range of flow rates Q = (0.9-1.1) Q: hydraulic
losses in the guide vane cascades do not exceed 3.3%. The residual moment of velocity behind
these vanes remains nearly constant on the level 2-4% of such a moment behind the impeller.

Table 4
Average results calculation of flow in guide vane cascade
Q/Q: RVyin RV out hsp h'sp Zhn o Q
- m?/s m?/s % % % - m3/h
0.9 1.077 0.032 1.6 1.7 3.3 0.99 2250
1.0 0.978 0.031 1.6 0 1.6 0.90 2500
1.1 0.863 0.031 1.9 0 1.9 0.70 2750
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FTg. gThe pressure profiles on three impeller blade hydrofoils.

Thus, in the best efficiency point of the pump characteristic the total hydraulic losses in the
impeller are 7.6%, in the guide vanes cascade 1.6%, i. e. Zhn, = 9.2% and n = 90.8%. Hence the
power and cavitation quantities of the designed flow duct meet the required parameters. In fig. 2 the
main hydrodynamic properties of the axial pump flow duct are presented.

For justification of the obtained results the computational simulation of three-dimensional viscous
flow in the impeller and guide vanes cascades was fulfilled on the regimes Q = (0.9-1.1)-Q.. This
simulation included the solution of Reynolds-averaged Navier-Stokes equations with application of
k-g turbulence model (ANSYS CFX 12).

The pressure profiles on three impeller blade hydrofoils obtained by this simulation and similar
profiles obtained from solution of quasi-three-dimensional problem for real liquid metal flow at Q, are
shown in fig. 3. Pressure mark p = 0 corresponds to evaporation pressure at suction height —4 m.

Characteristics

The fig. 4 shows the theoretical characteristics of the axial pump flow duct, resulted from three-
dimensional viscous flow simulation and solution of quasi-three-dimensional problem for real liquid
metal flow at Q = (0.9-1.1)Q..
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Fig. 4 The main hydrodynamic indices of the impeller and guide vanes cascades
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The fig. 5 shows the computed performance characteristic of the circulation axial-flow pump. It
is seen that at rated duty (Q = 2500 m®/hour) head 7.3 m, power 625 kW and efficiency 83% are
reached. In the range of flow rate values between 2250 and 2500 m3/hour losses Ah do not exceed
4 m.

Thus, the hydraulic design of proposed axial-flow pump for heat transfer agent circulation meets
the technical specifications.

Conclusion
. The flow ducts of circulation axial-flow pumps with various specific speed are considered.

2. After comparison of four variants the one with specific speed ns = 424 rpm, rotation speed 600
rom and impeller diameter 0.5 m was chosen.

3. The computational research of the chosen flow duct was carried out using the solution of the
quasi-three-dimensional flow of real heat transfer agent and simulation of three-dimensional
viscous flow. The both approaches gave well agreed results and confirmed their validity for
designing of blade systems.

4. The results of computational research show that power and cavitation indices of the chosen
pump flow duct meet the target parameters.

Using of melted eutectic lead-bismuth alloy as heat transfer agent allows to diminish overall dimensions
of nuclear power plant. Such compact power plants may be applicable in some regions without general
electric network.

The main circulation pump with axial-flow impeller is one of basic elements of nuclear reactor
unit with liquid-metal heat flow agent. This article describes the hydraulic design and shows the
results of computational research of such axial-flow pump using two various approach (CFD and
quasi-three-dimensional problem solution) which show their good coincidence.

—_
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EKCI'IepVIMeHTa.HHO un3cnengBaHe Ha ocoBa nomMmna B Typ6VIH6H pexum
OrHsH bekpunes, KoHcTtaHTuH KoHcTaHTuHOB, AnekcaHabp CTaHunos

Pesrome

U3ebpwieHO € eKcriepuMeHmarnHo uscredgsaHe Ha 6b3MOXHocmume 3a paboma Ha
pabomHOMO Kosfieslo Ha ocoea MnoMmna C He peaynupyemu sfornamku 8 mypOUHeH pexum.
UscnedesaHa e ocosa rnomna ¢ debum om 25 I/s, Hanop 2,5 m, npu yecmomu Ha ebpmeHe 1000,
1500, 3000 min'. lNony4yeHume pe3ynmamu ca npesbpHamu 6 be3pasmepHU KoeguyueHmu u e
npedcmaseHoO e omHoweHuemo mMexoy debuma u Hariopa 8 rIoMreH U MypOUHEH PEXUM.

KntoyoBu gymu: ocoBa nomna B TYypOUHEH pexunm.
Experimental study of axial pump in turbine mode
Ognyan Bekriev, Konstantin Konstantinov, Aleksandar Stanilov

Summary

An experimental study has been carried out on the working potential of the impeller pump with
non-adjustable turbine blades. An axial pump with a volume of water flow of 251/ s, a head of 2.5
m, at 1000, 1500, 3000 rom, was studied. The results obtained are converted into dimensionless
coefficients and the relationship between flow and pressure in pump and turbine mode is presented.

Keywords: axial pump as turbine, PAT.

YBog

C HaBnmusaHeTo Ha HeobXoouMOCTTa OT NpedaBaHEHe Ha AaHHW W ynpaBreHue Ha obekTu oT
BOAOCHabaMTENHM cucTeMn ce nosiBABa HeoOXoaMmocTTa OT eneKTpUYEcKO 3axpaHBaHe.
OGBUKHOBEHHO MakcuMMarnHata Heobxoamma molwHocT e okono 300W. ToBa Hanara 3a Bceku
KOHKpeTeH ODOeKT fga ce MpeLeHn Kak MoXe [a Ce U3MOon3Ba 4acT OT EHEpPrunHUS NoTeHumnan Ha
npeMunHaBallata Boga npe3 obekta. Hai-yecto ce msnona3eart nomnu, pabotewm B TypOUHEH
pexum. B TexHnyeckata nutepartypa 3a Tax e npueTo cbkpawieHneto PAT (Pumps as Turbines).

B TexHnyeckaTa nutepaTtypa no 4ecTo ce cpewaT gaHHu 3a paboTa Ha LeHTPoBEXHM noMnn B
TypOuHeH pexum. Mo manko AaHHM MMa 3a paboTa Ha OCOBM MOMMU B TypOMHEH pexum. B
nocnegHuTe ABe roanHy Takmea uscrnefBaHusi ca nposeHu B Knutan n Ntanus.

B [3] ca papgeHu pesynTtatv OT NpoBedeH eKCNepuMeHT B YXaHckus yHuBepcuteT B Kutai.
M3cnegBaHa e ocoBa nomna Ha KOATO € M3BbpLleHa MoandurKauns Ha HanpaBnsBalwua anapar.
HanpaBeHO € cpaBHeHME MeXOy CuMMynaums CbC YMCIOBMS MOEN Ha noMmnata WM peaneH
ekcnepumeHT. OT eKkcnepMmeHTa ce nonyvyaBaT eMnepuvHn 3aBUCUMOCTKU, KOMTO nomarat 3a
KOpEeKUUATa Ha YMCNoBMTE MOGENU, KOETO € 1 TAXHaTa uen.

B [4] ca papeHu pesyntaTtu oT nsnonseaHeTo Ha PAT B cuctemara 3a BogocHabassaHe Ha rpag
MepaHo, NTanusa. Tam ekcnepMMeHTa e nokasar, Ye e Bb3MOXHO Aa ce gobueat no 19.2, kW/h B
rpag ¢ Hacenenme 39 000 gyww, kato 30% OT xopaTa ca B rpaga no BPEME Ha eKCNepPUMEHTA.

Korato ce paBaTr pesyntatu oT wu3cnefBanHuss Ha PAT, oOOMKHOBEHHO ce pJaBa camo
CbOTHOLLEHWS1 Ha NapamMmeTpuTe B ONTUManHuTe pexmnmm Ha pabota (BEP). Lienta Ha HacToswaTa
paboTta e oa 6bae NpoBeaeHo M3cneaBaHe 3a NPOMsiHA Ha XapakTepucTMkaTa Ha ocoBa nomna npwu
paboTta TypOMHEH pexnm.
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ExcnepumeHTaneH cteHg

ManutBaHaTa nomna npeactaBnsasa ocoBa nomna 6e3 Hanpasansw, anapaTt. BbHWHMAT
anameTbp Ha paboTHo koneno e 70mm. Ta 6e n3nuTaHa Ha CTeHA 3a U3NUTBAHE Ha OCOBW MOMMKU
c pasmep DN100, konto oTroBapsi m3usano Ha usmckBaHusTa Ha BOC EN ISO 5198:2000
,LIeHTpobexHn, pguaroHanHn u ocoBu nomnu. [paBuna 3a XxugpaBnMyYHU  OYHKLMOHAMHK
nanutBaHus. MNMpewumseH knac (/SO 5198:1987)". MNMpuHuuNHa cxema Ha cTeHaa e nokasaHa Ha dur.1.

Ha ctenga ce onpegensaT xapaTKepUCTMKUTE Ha nommnaTta KaTo B MOMMEH Taka n B TypOUHeEH
pexuM. N3amepBaHeTo Ha gebuTa ce u3BbpLUBa C enekTpomarHuTeH pasxogomep ABB, DN 100.
Hanopa ce namepBa 4pe3 gudepeHumnaneH maHomeTsbp Deltabar, E+H (c o6xeat: 0 - 3000 mbar).

3a ynpaBneHue Ha YyectoTata Ha BbpTeHe B MOMMEH PEXNM Ce U3MOoNn3Ba YeCTOTEH perynartop.
YecToTaTta Ha BbpTeHe ce n3MepBa 6e3koHTakTHO Ype3 undpos obopoTtomep DT-2234A, Mastech.

OdopoToMeD

‘ JdedepennnaieH MAHOMETEP ‘

Ocopa nommoa

IleHTDOOEKHA OMIIA

®ur. 1. CTeHa 3a n3nUTBaHe Ha OCOBa Nommna B TYPOUHEH 1 NOMMNEH PEXUM.

lMokasaHuAT Ha dwmr.1 cTeHg ocurypsiBa Bb3MOXHOCT [a Ce W3MNon3saT €4HM U Cblun
n3mepBaTenHu cpeacTsa 3a onpegensaHe napameTpuTe Ha ocoBaTa nomna B NMOMMEH U TypOuHeH
pPEXNM.

OnpenensHeTo Ha MOLLHOCTTA Ha Basfia B NMOMMEH PEXMM € U3BbPLUEHO Ype3 U3MepBaHe Ha
ernekTpynyeckaTa MOLHOCT, KOHCYMMUpaHa oT ekTpoasuratens. B TypOUHEH pexxum MoLHOCTTa Ha
Bana e onpegeneHa Ypes n3aMepBaHe Ha BbPTALMNA MOMEHT.

Mpn pabota B TypbuHEH pexum paboTHOTO KOMeno Ha nomnarta € obbpHaTo, KaTto Mo TO3u
Ha4YMH € OCUrypeHO OCOBO BTUYAHE.

EkcnepumeHTanHu pesynraTtu

Monyyennte pesyntatu ca AageHn B GeapasmepeH Bug. XapakTepuCTUKUTE B MOMMEH U
TYpOVHEH pexuMm ca JafeHn KaTo 3aBUCUMOCTU Mexay KoeduuuneHTa Ha gebut ¢ n koeduumneHTta
Ha Hanop Y.

3a Te3n koednLUMEHTN Ca U3NOM3BaHN CreHanTe 3aBUCUMOCTH:

Q
(P:

nD3’



XuapoaeposmHaMmKa, Xuapo- 1 MHEBMOTEXHMKA 305

p=-2

n2p2’

kbaeto: Q — nebut, m¥/s ;
H — Hanop, m;
D — BbHLUEH AMamMeTbp Ha paboTHOTO Koneno, m;
N - YecToTa Ha BbpTeHe, s™.
Ha ®ur. 2 e pageHa nonydeHaTa xapakrepucTtuka ¢ = f () Ha ocoBaTa nomna B MOMMEH PEXMM.
Ta e NnoCTpoeHa npu TpU YeCTOTU Ha BbpTeHe Ha paboTHoTo Koneno, 1000, 1500 n 3000, min™.

3,00
v & ¢, nompalso0
2,50 ® ¢ nompa 3000
B ¢, nompal oo
2,00 ¢ =f [ib] ycpearHend nomna
1,50 #F’F‘H —
o 2
m ™ \
1,00 e |
|
0,50 \:
]
0,00

0,00 0.10 0,20 0.30 0,40 0,50 0,60 0,70 0,80 0s0 ¢ 1,00
dur. 2. XapakTepucTrka B NOMMEH PEXNM

Ha cour. 3 e gageHa nonydveHata xapaktepuctuka ¢ = f () Ha ocoBaTa nomna B TypOUHeH
pexuM. Ta e nocTpoeHa npu ABe YeCTOTU Ha BbpTeHe Ha paboTHOTO Koneno, 1500 1 2000, min™'.

AHanuns Ha nony4yeHUTe eKCnepMMeHTarHU pe3ynTaTu

Mpn oueHka Ha napameTpuTe Ha nomna B TypOWHEH pexum, OOMKHOBEHO ce [fasar
KoeMLMEHTH, AaBaLLM OTHOLIEHNETO MeXay napaMmeTpuTe AeOUT 1 Hanop Npu onTUMarneH pexum
Ha paborTa, [1],[2]. Te nmaT cnegHuAT BUA:

koedULMEHT Ha [ebuT : K, = Z—T :
P
H
KoedMLIMEHT Ha Hanop: Ky = H—T .
P

Tyk ¢ Qp 1 Hp ca fageHn onTumanHuTe napaMmeTpuy Npu NOMNEH pexum Ha paboTa, a ¢ Qr u Hr
onTUManHUTEe NapameTpu nNpu TyYypOMHEH pexnm Ha pabota. OnTumanHuTe napameTpy Npu NOMMEH
pexum Ha pabota ca ne6ut 25 I/s , Hanop 2,5 m npu YectaTa Ha BbpTeHe 1500 min'.

MonyyeHuTe cToMHOCTK 3a kKoeduumeHTuTe Kq 1 Ky ca cbotBeTHO: Kq = 2,8 ; Kn = 17,8.

KoedbmumneHtute Kq n Ky He gaBaT Bb3MOXHOCT Aa Ce OUEHW usanata xapakTepucTuka Ha
nomnara B TypOuHeH pexum. Ypes nporpamaTta Table curve ca aHanusupaHn xapakTepucTUKUTe B
nomneH n TypOrHeH pexumM, ¢ Luen noryyaBaHe Ha aHanuTMYHa 3aBMCMMOCT, KOSITO Aa AaBa uanaTa
xapakrtepucTtuka. lony4eHoTO ypaBHeHME gaBa TOYHOCT OT 98% cnpsAMO eKcnepuMeEHTanHuTe
pesyntaTtu.
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®ur. 3. XapakTepnctmka B TYpOMHEH pexnm

YpaBHEHNETO 1Ma CneaHVs BUA:
@%5 = a+ by3.

3a nomneH pexum koeduumeHTa a = 1.38, a koeduumeHTa b = -0.89.
3a TypbuHeH pexnm koeduumneHTta a = 1.28, a koedumumenta b = 0.177.

3aknoueHue

MpoBenOeHO e ekcnepuMeHTarnHo nacrneaBaHe, Ha 6asaTta Ha KOeTO e onpefeneHa 3aBUCUMOCT,
AaBallla Bb3MOXXHOCT 3a onpeferisiHe Ha XxapaKkTepucTika Ha ocoBa nommna npu pabota B TypOUHeH
pexum. B npegBug mankata mowHoct ot 300W HeobGxoguma 3a 3axpaHBaHe Ha OOekTu oT
BOAOCHAOANTENHM CUCTEMW BNUSIHUETO HaA eEKTUMBHOCTTA HamansiBa 3HaAYUTEITHO ChpsSIMO
Heob6xoaMMOCTTa OT NosflyvYaBaHe Ha 3aJafeHnTe napameTpu.
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NMoneso n3mMmepBaHe Ha NnMe3oMeTbpa Ha TONNTIONMNPEHOCHa MpeXxa
OrHsaH bekpues, Pagocnas AceHoB

Hacmoswama nybnukayus uma 3a yesn, 0a 6b0e npedcmaseH ekcriepumeHmarieH nodxod 3a
usMepgaHe Ha CcmamuyHOmoO Harns2aHe U ornpedesisHemo Ha XuopaesluyHUsl PexXum Ha
monnonpeHocHa Mpexa (TIIM). CbbpaHume OaHHU oOm u3MepsaHemo ca Heobxodumu 3a
gepuchuyupaHe Ha mepmo-xudpassiudeH moders, Yypes cogpmyepeH npodykm TERMIS Ha Schneider
Electric.

Knio4yoBu AYMU: Nne3oMeTbp Ha TonsionpeHoCHa MpeXxa
Field measurements of the piezometer in district heating networks
Ognyan Bekriev, Radoslav Asenov

This publication aims to present a method for measuring, some parameters of the hydraulic
regime, of the district heating network. The collected measurement data is required to verified a
thermo-hydraulic model, using the Schneider Electric software product TERMIS.

Keywords: piezometer in district heating networks

MpunoxuMmMocT Ha MeToAa U MeTPOJIOrMYHO OCUTypPsiBaHe.

Llenta Ha u3mepBaHeTo e Aa 6baaT cbbpaHu JaHHM 3a CTaTMYHUTE HansraHus B TOYKWU OT
MarucTpanHuTe TonmonpoBoAM Ha BOAHA TOMNMO-NpeHOCHa Mpexa. Tean HansraHms ca Heobxoanmm
3a Cb3gaBaHe Ha TepMO-XMApaBfMBANYEH MOJEN Ha TOMMONpPeHocHaTa Mpexa, Ypes copTyepHus
npoaykt TERMIS Ha Schneider Electric.

3a ga ce cb3gage ToueH mogen, € HeobxoamMmo aa 6baaTt MamepeHn n BbBedeHn B codpTyepa
CTaTU4YHUTE HansiraHWUs Ha NogaBaHE WM BPbLlAHE B XapakTepHUM TOYKM OT MaructTpanHuite
Tonnonposoaun. Benukn namepeanuna tTpsibBa ga 6baaT HanpaBeHu ¢ rapaHTMpaHa TovHoCT. CbLyo
Taka, M3mepBaHuaTa TpAbBa Aa ce NpoBefaT B paMKUTE Ha nepuop oT Bpeme, Npe3 KOMTO He ce e
NPOMEHWN CbLLECTBEHO AebuTa Ha TOMMOHOCUTEN Npe3 MpexaTa U ToNnNnHHMA ToBap. OnucaHmaT
No-4oNy MEeTOA € HEMPUIOXMM, ako Ce NPOBEXAAT NPEBKIOYBAHNS HA FOfIEMU rpynu notTpedutenu
UNu TekaT NPexo4Hu NpoLecu oT ApYyro ecTecTBo.

1.1.1 W3mepBaHusiTa ca nNpPOBEOEHN MNOCPEACTBOM  EfIEKTPOHEH  TEH30pPE3NCTUBEH
npeobpasyBaTten 3a MaHOMEeTpUYHO HansaraHe mogen PMP 41-RC13SBJ11M1 npou3BoacTBO Ha
dvpma Endress+Hauser.

Que.1. peobpasysamen 3a HansieaHe PMP 41
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MeTponornyHn xapakTepucTmkmn Ha U3non3saHnsa npeobpasysaTen:

e OO6xBart Ha ceH3opa 3a HangraHe: 0...40 bar g;

o MakcumanHa rpewwka: +0.1% OT 3agageHnsa ananasoH;

e [lnHamunyeH guanasoH: 10:1;

e TemnepatypHa ctabunHoct: 0.08 %/10K.

Toaun npnbop otroBapst Ha ctaHgaptute DIN EN 60770 n IEC 60770. C Hero ce rapaHTupa
BMCOKa TOYHOCT M NOBTapSEMOCT Ha pesyntatuTe. TON NO3BONsBa OTYNTAHE Ha HansiraHusitTa oT
aucrnnes C¢ BUCOKa pasgenureniHa crnoCobHOCT M MO-TOMHM W3MEpPBaHUsi, B CpaBHEHME C
MOHTUpaHMTEe B aboOHaTHUTE CTaHUUW CTPENKOBM MaHOMeTpu. 3a 3axpaHBaHe Ha npubopa ce
n3nonasa akymynartop ¢ HanpexeHune 12V n kanauntet 9Ah. KoHcymauusaTa Ha enekTpnyeckn ToK
oT npubopa € 4...20 mA.

OpraHusaums Ha U3MepBaHeTO Ha CTaTUYHOTO HansiraHe Ha nogaBawus U BpbLualy
Tonnonposoa.

M3mepBaHusiTa ce u3BbPLIBAT B MpeaBapuTeniHo u3bpaHu aboHaTHu ctaHuum (AC),
NPUCbEAMHEHN OMPEKTHO KbM MarumctpaneH Tonnonposof. [MpucbeaMHUTENHUST TOMNONPOBOA
TpsibBa ga 3axpaHBa He noseve OT egHa AC. Llenta e ga uma Bb3MOXHOCT 3a CnupaHe Ha
UMpKyraumusita Ha TOMMOHOCUTEN nNpe3 3axpaHBalius TOMMOMNPOBOA, KAaTO MO TO3W HAYUH
N3MEepPEHNTE CTAaTUYHN HaNAraHUs He 3aBUCAT OT XuApaBrMyYHUTE 3aryou B TpbbonpoBoguTe.

B 3aBMCMMOCT OT HauMHa Ha 3axpaHBaHe Ha KOHCymaTopuTe, Ce pasnuyasaT criegHuTe OBa
cnyyas:

- 3axpaHBaHe Mnpe3 OBOPHa Mpexa C 06LWO OTKMOHEeHMEe OT MarucTpanHuisi TOMMonpoBon,
nokasaH Ha cxemarta no-gony (dwur. 2 — a)

Mpw TO3K BapraHT He e LienecbobpasHo CnnpaHe Ha UMpKynaumsTa Ha TONfIOHOCUTEN, Tbi KaTo
TOBa 3acsira MHOXXECTBO NOTPeOUTENN N AONBIHUTENHO YCIOXHABA 3adayara.

6)
Que.2. BapuaHmu Ha monnonoausima Ha Mpexama.

- 3axpaHBaHe Ha efHa aboHaTHa CTaHUWs C AUPEKTHO OTKIOHEHUe OT
MarucTpanHus Tonnonposog. (dur. 2 — 6)
B TO3K cny4yan, MeToabT € NPUMoXMM, 3al0TO CIIMPaHETO € Bb3MOXHO OT CTaHUMATA, B KOATO
ce npaBu usMepBaHeTo. MaMepeHuTe HansraHus moraT NecHO Ja ce CbOoTHecaT KbM Te3n B
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MarucTpanHusi TOMMoNpoBOA MpW ChsipHa LMpPKynauus, 3awoTo HaMa 3aryba Ha HansiraHe B
nogaealiata M BpblUawa nvHMA Mexay rnaBHOTo cTbbno u AC. T[lpu pasnuka B KOTUTE Ha
pasnonaraHe Ha rnmaBHUS Tonnonposog U nsdpaHata AC, e Heo6X04MMO fa ce HanpaBsT Kopekuun
OT AOMbLITHUTENHOTO XMOPOCTAaTUYHO HansraHe.

TouykuTe, B KOMTO Ce MpaBu M3MepBaHEeToO, ce noadupaT paBHOMEPHO pasnpegerieHn Mo
ObIDKMHA Ha u3cnegBaHus yyactbk ot TTM.

MaHunynaummTe B aboHaTHaTa CTaHUMUS ce NpoBeXadaT No CregHus pea:

1) 3aTtBapa ce cepuyHMAT chnvpaTeneH BeHTUN Ha nojasBawus TpbOONPOBOL KbM
aboHaTHaTa cTaHuus.

2) 3artBaps ce CHepUHHUAT cnMpaTeneH BEHTUN Ha BpbLUawmusa Tpbbonposog oT aboHaTHaTa
cTaHuus.

3) Ha MACTOTO Ha CTpenkoBMs MaHOMETbP 3a BpbLUaLLO HanaraHe kbM aboHaTHaTa ctaHums,
nocpeactsoM 6bp3a Bpb3ka C O-MPbCTEH, CE NPUCHbEeNHABA ENEKTPOHHUAT TPaHCMUTEP 3a
HansraHe PMP 41.

4) OTBaps ce NNaBHO BPbLUALLMAT cnvpaTeneH BEHTUN Ha aboHaTHaTa ctaHuus.

5) OTtuuTa ce CTaTUYHOTO HansraHe Ha BpbLLALLUS MarmcTpaneH TononpoBOA.

6) 3aTBaps ce BpbLUAWUAT cniMpaTeneH BeHTUN Ha aboHaTHaTa CTaHUumS.

7) TnaBHO ce oTBaps NoAaBalUMAT cnvpaTeneH BeHTWU Ha aboHaTHaTa CTaHUus.

8) OrtuuTa ce CTaTMYHOTO HanAraHe Ha nodaBallnsa MarucTpaneH TOnoNPOBOA.

9) 3artBaps ce nogaBalUMAT cnupaTeneH BeHTU Ha aboHaTHaTa cTaHuus.

10) OcBoboxaaBa ce HansiraHeTo OoT aboHaTHaTa CTaHUWsi Npe3 ApeHax.

11) MoHTupa ce 0b6paTHO CTPENKOBMAT MaHOMETHP.

12) BbacTaHoBsIBa ce uupKynaumsaTa Ha TonnoHocuTen u pabortata Ha aboHaTHaTa CTaHUMs.

M3mepeHnTe cTtaTU4HM HansraHus, crefBa ga ce Kopurmpart ¢ XugpocTaTUYHOTO HansraHe,

pesynTaTt OT pasfnukata B KOTUTE MeXay OCTa Ha MarncTparnHus TONMonpoBO4 M TpaHCMUTepa 3a
HanaraHe. Ha dwmr 3, e nokasaHo BbB BepTUKaneH paspes, B3aMMHOTO pPasnonoXeHwe Ha
TonnonpoBoauTe 1 aboHaTHaTa cTaHuus.

ABOHATHA CTAHLIMA Y

HAMEPA

Que.3. lNpuHyunHa cxema Ha OupeKmHo OMKIIOHeHUe om MacsucmparieH monnonpoeod
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HansraHeto Ha nogaBawums UnNu BpbLiaLLMA TONMONPOBOA, KOrato aboHaTHaTa cTaHuus ce

HaMunpa no-BMCOKO UJTN NMO-HUCKO OT KOTaTa Ha TornjionpoBoaunTe, ce onpeaend no 3aBMCUMOCTTa:

P12 kop= Prsusm + Az. p. g, [Pa] (1)

KboeTo:
Pris usm - I3MepeHo HansraHe B nogaeallarta / Bpbluawiata nuHnda npy AC [Pal.

Az = (Zb-Za) - Pasnuka mexay KoTuTe Ha npeobpasyBaTens 3a HansraHe M ocTa Ha
rnaBHOTO Tpace [m].

p - MbTHOCT Ha BoAaTa, oTYeTeHa Npu TeMnepaTypa Ha nogasallarta / BpbLiawiara NMH1s
[kg/m3].

g - 3eMHO ycKopeHue, onpeaerneHo no reorpadckarta WMpUHa 1 HagMopcKkaTa BUCOUYMHA Ha
obekra [m/s?].
Mpn onpegensiHe Ha NNBTHOCTTA Ha BogaTa (p), € Heobxoaumo npefBapuTenHo ga 6baar

3anncaHu nokasaHusiTa 3a TemrnepaTtypaTa Ha TONNOHOCUTENS KbM M OT aboHaTHaTa cTaHuus. Toea
MOXe Aa 6be HanpaBeHo OT Agucnnes Ha TonnomMepa. 3eMHOTO yckopeHme (g), MoXe da ce npueme
9.81 m/s?, UnNn No-TOYHO Ja ce onpeaenu HerosaTa CTOMHOCT KaTo (PYHKLMS OT reorpadckoTo
MECTOMNONOXEHNE N HagMopcKaTa BUCOYMHA.

[daHHKn oT namepsaHeto Ha 17.05.2018r. n 16.05.2018 Tabnuua 1
P1u3m | P2 uam dP Za Zb Zmm | P1kop | P2kop | P1Tv | P2 1K
Ne Apnpec
bar bar bar m m m | bar bar bar bar
1 yn. 20-tv Anpun 6 5.11 1.91 3.20 | 566.0 | 566.3 | 539 5.14 1.94 7.73 4.55
2 yn. Heocput Punckm 35 6.64 2.36 428 | 563.8 | 555.8 | 539 5.87 1.59 8.26 3.98
3 yn. Lap Camyun 8 5.10 1.91 3.19 | 564.0 | 566.0 | 539 5.29 210 7.70 4.52
4 yn. Yunawm naactoH 34 7.25 2.81 4.44 | 559.5 | 550.5 | 539 6.38 1.94 8.36 3.92
5 yn. JlionwH MnaxuvHa 35 3.84 2.20 1.64 | 567.7 | 571.2 | 539 4.18 2.54 6.94 5.31
6 yn. Cs. NBaH Puncku 33 3.82 2.35 1.47 | 568.8 | 570.4 | 539 3.97 2.50 6.84 5.39
7 yn. Mosutaxo 37 7.31 2.58 473 | 548.2 | 551.2 | 539 7.60 2.87 8.48 3.76
8 yn. MapTenuii Huwasckun 6n.10 7.05 2.29 476 | 554.7 | 554.2 | 539 7.00 2.24 8.51 3.76
9 xk. 3oHa Bb-5 6n.14 6.90 2.15 475 | 552.8 | 555.1 | 539 712 2.37 8.45 3.71
10 yn. Tpu Ywn 84 7.01 2.24 4.77 | 553.3 | 554.8 | 539 7.15 2.39 8.53 3.77
11 yn. Ctpangxa 156-160 7.97 2.45 552 | 549.4 | 548.6 | 539 7.89 2.37 8.89 3.38
12 XK. 3oHa b-19 6n.15-16 6.72 1.98 4.74 | 555.2 | 557.5 | 539 6.94 2.20 8.50 3.77
13 yn. Kuss bBopuc 60 6.24 1.81 443 | 560.7 | 561.0 | 539 6.27 1.84 8.36 3.94
14 yn. Ctpangxa 109 7.20 1.46 5.74 | 559.5 | 557.6 | 539 7.01 1.27 8.98 3.25

3a nocTposiBaHe Ha Ne3oMeTbpa No U3MEepPEHUTE CTOMHOCTM Ha HanaraHusaTa, € Heo6XoaMmo

OONBbAHMTENHO Aa Ce HanpasW KOpeKumns, nopagu pasnukata Mexagy KoTUTe Ha pasnonoXxeHue Ha
TpbbonpoBoaa Za v TONNOU3TOYHUKA Ztu. KopurmpaHuTe HansiraHusa Ha nojasalins M BpbLUMUS
TOMNMONPOBO/ CNPSIMO TOMNSIOU3TOYHMKA Ca 03Ha4YeHn cboTBeTHO P1 Tv n P2 tu.

Tasn kopekumss ce npasu no 3asucumocT (1), kato pasnukata AZ ce onpegens no

3aBUCMMOCTTA:

AZ =Za-Zw, [m] (2)
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KboeTo:

Za — koTa Ha TpbbonpoBoaa npu To4kaTa Ha namepBaHe,[m.

Zty — KOTa Ha Tpbbonposoga npu TONNMHHUA U3TOYHKK (OTMpaBHa koTa),[m].

B pamkuTe Ha CbWOTO MOMEeBO u3cfnedBaHe, ca W3MEpeHWM HandraHuaTa B ABe OT
n3MepBaTenHuTe TOYKW Ha ducredepckata cuctema 3a ynpaeneHue. Llenta e, ga ce ycraHoBu
Bb3MOXHOCTTa 3a kanubpupaHe Ha Tepmo-xugpasnuyHus mogen B TERMIS, no gaHHM oT TakmBa
TOYKMN.

Vi3amepeHn HansraHnsa 3a TO4KW OT gucneyepckaTta cucrema Tabnuua 2
P1usm | P2usm | dP Za Zb Ztn P1kop | P2kop | P1Tv | P21
Ne | Agpec
bar bar bar | m m m bar bar bar bar
13 | yn. Kusis Bopuc 60 6.24 1.81 443 | 560.7 | 561.0 | 539 6.27 1.84 8.36 3.94
14 | yn. Ctpangxa 109 7.20 1.46 5.74 | 559.5 | 557.6 539 7.01 1.27 8.98 3.25

Cnep aHanu3a Ha nonyyeHuTe pesyntaTty MOXe Aa ce 3aKmuu, Ye OnNUCaHuAT MeTod e
NpunoXxum 3a kanubpupaHe n BanuMaupaHe Ha TepMmo-xvuapasnuyHusa mogen B TERMIS camo B
cnyyawuTe, korato AC e npucbeguHeHa KbM rfaBHUS MarucTparneH TonnonpoBo Ha CaMOCTOATENHO
CrpagHO OTKMOHEHHUe.

MocTuraHeTo Ha No-B1COKa NPELM3HOCT Ha U3MepBaHMATa U3NCKBA Aa Ce HanpaBu KOPEKLUS C
pasnukaTa B KOTUTE, MeXay OCTa Ha ToMNnonpoBoda 1 TpaHCMUTPUTE Ha cucTemara.

3akno4veHue

[MonyyeHnTe MO onNuUcaHMss METOA [aHHW 3a HansaraHusaTa Morat ga ce uM3nonseaT 3a
KanubpupaHe Ha TepMo-xuapaBnuyHmus mogen B TERMIS. Ypes 1031 meToa ce cbbupart noseve
OaHHK 3a pexuma Ha paboTa n ce nocTura No-rofisiMa TOMHOCT NPU UTEPATUBHUTE NPECMATAHNS Ha
Mogena. 3a uenuTe Ha XMapaenuM4YHOTO MoZdennpaHe, MoraT Aa ce U3MepsAT HansraHuaTa B TOYKK
OT MpeXarta, 3a KOMTO HAMa AaHHM OT gucnevepckara cmctema. TakbB MHTEpPEC ca TOYKUTE, B KOUTO
MarmcTpanHusT TONONPOBO Ce PasKkIioHsABa U CbOMpa, hopMupariki napanenHyn KNnoHoBe, TOYKN
C BUCOKA WM HUCKA HagMOpCKa BUCOYMHA 1 OPYTW.
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O6w, noaxoAa Npu NpoeKkTupaHe Ha eHeprumHo edheKTMBHU CUCTEMM 3a
NHEeBMOTPaHCNOPT B CyCNeHAUPAHO CbCTOSAHUE

MBaH [lykos, [InaHa TaHeBa

Pesrome

lpednaza ce eduH obuy nodxod 3a nMpoekmupaHe Ha eHepauliHoO eghekmueHU cucmemu 3a
rHeseMompaHcropm 8 CycreHOuUpaHO CbCMOSHUE, Kamo ce pa3anexdam 6CUYKU 8b3MOXHU
KoMbuHayuu om 6x00HU eesnuYuHuU, ¢opmupawu 3adaHuemo 3a npoekmupaHe. Llenma e
onpedesisHEMO Ha OcmaHa/aume 2eoMempuYHU U PEeXUMHU rnapaMempu 8 3asucumocm om
npuemus Kpumepud 3a eHepauliHa echekmugHocm.

Knio4yoBu AYMWU: NHEBMOTPAHCNOPT, eHeprunHa epeKkTnBHoOCT

A common approach to the design of energy-efficient dilute-phase pneumatic
conveying systems

Ivan Dukov, Diana Taneva

Abstract

A common approach is proposed for designing energy-efficient dilute phase pneumatic
conveying systems by looking at all possible combinations of inputs that form the design assignment.
The objective is to determine the remaining geometric and performance parameters depending on
the accepted energy efficiency criterion.

Keywords: pneumatic conveying, energy efficiency

BbHbBEOEHUE U MOCTAHOBKA HA MPOBJIEMA

[MHeBMOTpaHCNOPTLT, KOWTO M3MON3Ba ra3 3a MPEeHOC Ha 4vacTvun npes TpbbonposBoan wu
KaHanu, ce npwunara ¢ ycnex OT MHOro roguHW B rofsiM Opori MpUITOXEHUs B XMMU4YeckaTa,
(hapmaueBTMYHaTa, XpaHUTENHO-BKycoBaTa, MeTanypruyHaTta, MMHHaTa U MHOTO ApYrM UHAYCTpUU.
CobluecTByBaT pasfnyHM PEXMMW Ha MHEBMOTPAHCMOPT B 3aBMCUMOCT OT KOHLUEHTpauusatTa Ha
TBbpAaTta hasa un ckopocTTa Ha rasa. B noseyeTo criyyam, 3a rpaHynuMpaHn matepuanu (Takuea c
XapaKTepeH pasmep Ha 4dactuuute >1 mm) ce u3non3ea MHEBMOTPAHCMNOPT B CyCneHAMpPaHo
cbeTosiHme (dilute-phase conveying). Cuunta ce, Yye ToBa He € eHeprnnHo ecbekTBeH MeToA, nopaau
3HaYMTENHUTE pa3xoaun 3a reHepupaHe Ha crbcTeH Bb3gyx. OT gpyra cTpaHa, MeToabT € JleceH,
yoobeH n rbBkaB 3a ajanTupaHe KbM pPasfvMyHM YCroBuS Ha paboTta M e HaW-CUrypHusi no
OTHOLLEHNE Ha pucka OT 3anywsBaHe Ha Tpb