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Abstract

The article deals with the determining value of the steady heating of the air line under load.
The authors proposed to determine the value of the steady-heating based on real experimental
data. To obtain the equation of the heating process were built and analyzed according to steady
heating of each environment parameter. Besides that, an algorithm which described steps to
creation characteristic curve the steady heating by external factors. The reliability analyze of
obtained results, which made by the Fisher test, showed that the proposed model is adequate
(F less Fkr more than 4 times). The introduced approach can be used to develop steady state heat
conductors models with a sufficiently high accuracy by a low cost of time to collect the necessary
data.

Keywords: compelled convection, stationary thermal conditions, the equation of thermal
balance.

BBeaenue

YcraHoBUBIIIEecs 3HAaUYeHNe HarpeBa HaXOJUTCA HA OCHOBAaHUM YHCJIEHHOTO pelleHus
ypaBHEHUsI TeIuIoBoro OasyaHca [1-3] WM, cuuTas MOCTOSHHBIM KO3(pPUIHMEHT Terwionepenayu
MIPOBOJHUKA W €ro CONPOTUBJIEHWE, IPUHUMAETCA PAaBHBIM NPOU3BEAEHUI0 JIOIYCTUMOTO
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IIPEBBIIIEHNs HarpeBa Ha KBaJ[paT OTHOILIEHHUS TOKA HArpy3KH K JOIyCTUMOMY TOKy [4-6].
VpaBHeHue TerioBoro OajlaHca HEJIMHEHHO U TpeOyeT /Ui pelleHdUs YHCJIEHHbIE WIN
AHAJIUTUYECKHE METOZbl, KOTOpble B CBOIO O4Yepe/b HUMeEIT cBoM Hexoctatku [7]. Iloxxon,
ONMCAHHBIN B [4-6], BeZleT K MOTPENIHOCTSM 32 CUET TOTO, YTO OH HE YUUTBHIBAET HU OJUH U3
IIapaMeTpPOB OKpY’Kalolllel cpezbl, KpoMme TemmepaTypbl. Oba 3T moAXoAa HUMET 00Ul
HEeJIOCTATOK — JIOMYIIIeHNs IIPU MOCTPOEHUHU PACUETHBIX BhIpakeHUH. TakuMm 00pa3oM, akTyaaIbHOU
3a7jlauyell CTAaHOBUTCHA YTOUYHEHHE MOJeJiell CTAallMOHAPHOTO TEIUIOBOTO PeXKMMa ITPOBOJTHUKOB.
Jlns 5TOTO  aBTOPaMH  IIPEAJIAaraeTcsl ONpPENesATh YCTAHOBHUBIIWKICA HAarpeB INpH ITOMOIIU
YPaBHEHUs, BKJIIOYAIOIIETO Pe3yJIbTaThl H3MEPEHUI XapaKTEPUCTUK HATPeBa PeayIbHOTO OOBEKTA.
TOYHOCTH U CKOPOCTH pacyeTa mapaMeTpoOB CTAIIMOHAPHOTO TEIUIOBOTO PeKUMa Oy/eT SIBJIATHCA
KJIIOYEBOH COCTABJIAIOIIEH MDY MOHUTOPUHTE TEXHHYECKOTO COCTOSIHHUS BO3/AYIIHBIX JUHHUH, UTO
MOJKET ChITPaTh BAKHYIO POJIb IIPU MOUCKE ONTHMAJIBHOTO pekuMa paboTs! [8-11] u paspaboTke
MIPOTPAMMHBIX KOMILJIEKCOB I10 onTuMu3anuu [12-13].

3aBHCHMOCTH YCTAHOBUBIIETOCS HarpeBa OT IapaMeTpPOB OKPY:KaIoUIell cpeabl
Jl1s1 paccMOTpeHHA 3aBUCUMOCTH YCTAHOBUBIIIETOCA HArpeBa OT IapaMeTPOB OKPY»Karollen
Cpebl 3aIUIIEM YPaBHEHHE TEIUIOBOTO OaslaHca B CIyyae BBIHYKIEHHOW KOHBEKITUH [7]:

AP,(1+a6)=d,, [mm (60-90,,)+me,Co(T* -T2 )~ Aq,,, ] 0

OKp

rae o K02 (PUIMEHT TeIUIOOTAAYH BBIHYKJEHHOM KoHBekiued, Br/(M>K?), & —

GblH_
kK03 (PUIIMEHT YEPHOTHI  IMOBEPXHOCTH MPOBOZA JUId  WHQPPAKPACHOTO  HBJIyYEHHUS;

-8
C, =5,67-107"Br/(m*K*) — nocrosnnas wusinydenus abcomorHo wepHoro tena; O u 0, —
TEMITEPaTyPhl COOTBETCTBEHHO MPOBOZA M OKpyxkamomedt cpesr, °C; T u T — 10 xe B K

(abcosroTHBIE TEMITEPATYPHI); AS— MOTJIONIATEIbHASL CIIOCOOHOCTh IMOBEPXHOCTU IMPOBOAA JJIA

— IUTOTHOCTD IIOTOKA COJTHEUHOU pajualiiy Ha IIpoBoj, BT/M?; d —

COJIHEYHOTO u3aydeHus; ( np

COJIH
2 .

JiuaMeTp MPOBOJIA, M; APO = I,— [MoTepu aKTUBHOW MOIIHOCTH B IPOBOZIE HA €IUHUILY JIJTMHbI

npu 0=0°C; | — Tox B mpoBoze, A; I,— MOTOHHOE aKTUBHOE CONPOTHBJIEHWE NPOBOJA IIPU

0 =0 °C, Om/Mm; O — TemnepaTypHbIi K03 PHUIKEHT CONPOTUBIICHHUS.
KoapUIMEeHT TeII00TAa4N BEIHYXI€HHOH KOHBEKI[HeH MOMHO PACIIECaTh COIJIACHO [7]:

0,6
k. (P, V)
a’gbm :0’044 V( o 24 ! (2)
T()Kpdnp)
rae kv— K03 ULIMEHT yIya aTaku BeTpa; Pam— armocdepHoe nasnenue, Ila; V — ckopocts

BeTpa, M/c.

YcTaHOBHUBIIUKICS HArpeB MPOBOAHUKA, COTJIACHO (1) U (2) m3MeHseTcs B 3aBUCHUMOCTU OT
TaKUX IIapaMeTPOB OKPY>Kalolllel cpeJibl, KaK: TeMIlepaTypa OKpy»Kalolel cpe/ibl, CKOPOCTh BETPA,
atMocdepHoe /1aBieHne, KoapduirenTa yria aTaku BeTpa 1 MHTEHCUBHOCTD IIOTOKA COJTHEUHOTO
us3naydeHus. OcTajbHBIE COCTABJIAIINE ypaBHEHUs TeIUIOBOro OajaHca, TO €CTh JuaMeTp
IIPOBOZIA, IIOTOHHOE AaKTHBHOE COIPOTUBJIEHHE, CTEIeHb YEPHOTHI ITOBEPXHOCTH IIPOBOJA U
IIOTJIONIATesIbHAS CHOCOOHOCTh MOBEPXHOCTU IIPOBOJIA JUJIS COJTHEYHOTO H3JIyYeHHS 3aBHUCAT OT
kabesis, ero InBeTa W MaTepHajia U3 KOTOporo czenaH. lloatomy ymoOHee IIPOU3BOAUTH
BBIYUCJIEHUSA 10 YPAaBHEHUIO, B KOTOPOM 3HaUeHUe YCTAaHOBUBIIETOCA HarpeBa 3aBUCUT TOJIBKO OT
IIapaMeTpOB OKpY:Kalolllel cpesibl. [laHHOe ypaBHEHHE UMeeT CJIeIyIOIINN BU/I:
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0=a-0,,6+b-q,, +c-k, +d-V+e-P_ +f, (3)

COJIH amm

rae a, b, ¢, d, e, f - koadunmeHTH YpaBHEHN S, KOTOPHIE 3aBUCAT OT TOKA HATPY3KU.

3aBHCHUMOCTH YCTAHOBHUBIIIETOCA HATrPeBa OT MapaMeTPOB OKPYKAIOIIEeH CpeIbl

XapakTep 3aBUCHMOCTH YCTAaHOBUBIIIETOCS HarpeBa OT Ka’kKJIOTO IapameTrpa ObLI HaHeH C
IIOMOIIBIO YPaBHEHUS TETJIOBOTO Has1aHca CIIeIyIoIuM 00pa3oMm:

1) Tlo ypaBHeHwUIO (1) Hali/leHbI 3HAUEHUS YCTAHOBUBIIIETOCS HAarpeBa, IIPU YCJIOBUH, YTO BCE
COCTaBJIAIONINE YPaBHEHUsI HEU3MEHHBI, a HI3MEHSIETCS TOJIbKO HaOJTI0/IJaeMbIH TapaMeTp.

2) ITocTpoeHbl 3aBUCUMOCTH YCTAaHOBHBIIIETOCS HarpeBa OT HCCJIEAYEMOTO IlapaMeTrpa H
moZ100paHbl TOJTMHOMBI, KOTOPBIE TOUHEE BCETO OIHCHIBAIOT HAOJII0AaeMbIil TapaMeTp (puc. 1).

Hcxoas u3 puc. 1, MOXKHO CJieJIaTh BBIBOJ], YTO YCTAHOBUBIIEECsS 3HAUYEHHE HarpeBa MMeeT
JIMHEHHYI0 3aBUCHUMOCTh OT TEMIIEPATYPHI OKPYKAIOIIEH CPeabl, IJIOTHOCTH ITOTOKA COJTHEYHOM
paguanuu W aTMochepHOTO /aBJIEHHWSA, a YroJl aTaku BeTpa U CKOPOCTh BETpa HMEIT
Jiorapu(pMHUYECKyI0 3aBUCUMOCTh. [103TOMY B ypaBHEeHHH (3) YroJl aTakv BeTpa U CKOPOCTh BETpa
cJIe/lyeT BBECTH Yepe3 HaTypaJIbHbIH Jiorapudm:

0=a-0,, +b-q,,+C-Ink,+d-InV +e-P_ +f. (4)
8 0 k

pd i T T~

" \
e
/l’
O Geom Pamae
a) 0) B)
7] a

‘ N
\R“'--..__‘ \"“\
| v ‘\h\“--.

"""--\ky

r) )
Puc. 1. 3aBHCHUMOCTH yCTaHOBUBIIETOCS HATPEBA OT IAPAMeTPOB OKPY?KAIOIIEN CPEbI U MX
MIOJIMHOMBI: a — OT TEMIIEPATYPHI OKPYIKAIOIIEN CPebl; O — OT IJIOTHOCTH ITOTOKA COJTHEUHOM
paZuanuy; B — OT YIJIa aTaKH BeTPa; T — OT aTMOCHEPHOTO JIaBJIEHUS; 1l — OT CKOPOCTH BeTpa

AJITOPUTM oOIpeJieieHuA IapaMeTpPpoOB MOJeJH CTallHOHAPHOIO TeNJIOBOIO
pe:xuma

1) smepsiem  ycTaHOBHBIIWiCS  HarpeB. Tpebyerca  mpoBecTH 6  U3MepeHUU
YCTAaHOBUBIIIETOCS HAarpeBa /IS 4 HArpy304YHBIX TOKOB. PeKoMeHiyeTcsi TpPOBOAUTH JIaHHBIE
3aMepbl B TeUueHHe 6 Pa3JINYHbBIX JHEU, U3MEHss HArpy30YHBIA TOK UYeThIpe pa3a U 3allUChIBas
CpeJlHUE TTapaMeTPhl OKPY?KAIOIIEH CPebI B 3TOT J€HbD.

2) OnpenenseM koadduiueHTsl ypaBHeHusA (4). JJanHuple kK03¢GGUITUEHTH BRIYUCISIOTC C
IIOMOIIBIO HAXOXK/IEHU OIIPEIETUTENS MATPHUIBI (5):
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eoxp B eo;<po e(mpl o eoxpO GOKpS B 60Kp0
0 -0, 0, -0, 0, — 0,
qc0ﬂ'H - quuo qcoxlf—ll - q(‘:o,mo B qcoleHS - q?o,mo 0, 5)
kv _kvo kv1_kvo kv5_kv
V' -V, VARRVA V. -V,
PamM - PamMO Pam,rwl - Pam,wO Pam,uS — Vammo

me k, =Ink,;V'=InV; 0, ., 6, 0. ki V', P

ami pPEe3yJabTaTbl USMEPEHUU.

3) Ctpoum 3aBHCHMOCTH KO3(hGUIIMEHTOB YpaBHEHUA (4), HAWJEHHBIX B IYHKTE 2, OT TOKA
HarpysKH U ofibupaeM MOJMHOMBI, KOTOPBIE TOUHEE BCErO OIMCHIBAIOT JAHHbIE 3aBUCUMOCTH.

AHaN3 pe3yIbTaToOB

B xauecTBe mpuMepa IpeicTaBUM BbIUHC/IeHNE K03hPUINEHTOB ypaBHeHUS (4) A1 Kabess
AC-240/32 u cpaBHHUM C pe3yJIbTaTOM BBIUUCIIeHHA 110 ypaBHeHUIO (1). CocTaBsoniye ypaBHEHUA
(1), xoTOpble TNpPUHUMAaeM CUHUTATh HEU3MEHHBIMH (JUaMeTp IPOBOJA, IOTOHHOE aKTUBHOE
CONIPOTHUBJIEHUE, CTElleHb YEepHOTHl IOBEPXHOCTH IIPOBOJA M IIOIJIOLIATEJbHAA CIIOCOOHOCTD
MIOBEPXHOCTHU MPOBOJA JJI COJTHEYHOTO U3JIydeHUs), ObLIu B3ATHI coTylacHO Tabs. 1. B xauecre
JIAHHBIX UCIIOJIB3YIOTCS pellleHus ypaBHeHUd (1). Pe3yspTaT pacuera yCTaHOBHUBIIErOCs HarpeBa u
IapaMeTphl OKPY:KAIoIIeN Cpe/ibl, IPU KOTOPHIX OHU OBLIIU MTOJIyYEHBI, IPE/ICTABJIEHBI B Ta0JI. 2.

Ta6JII/IIIa 1. ,Z[aHHI)Ie JJIA pelIeHuA YpaBHEHHUA TEIIJIOBOTO 6aJIcha, IIPUHATbIC HEU3MEHHBIMUA

HaunmeHoBaHue 1 0603HaUeHUE TADAMETPA YncsieHHOe 3HaUeHne
Jlnamerp nposoza d,, 0,0216 M
CreneHp 4epHOTBI IIOBEPXHOCTH IIPOBOJIA &, 0,9
[TorsiomaresibHasAs CIOCOOHOCTh IMOBEPXHOCTH IIPOBOJIA JIJIA

COJTHEYHOTO U3JIydeHus A 0.6
IToronHO€E aKTUBHOE CONIPOTUBJIEHUE [ 0,0001114 OM/M
TemnepatypHbIil K09 UINEHT CONPOTUBIEHUA O 0,00431/°C

Jlna Harpy3ouHoro Toka 600 A, IO/ACTaBUB COOTBeTCTByWOINNe Ko3dduuueHTs B (5),
MOJIyJyaeM:

0=1,0928-0,  +0,00803-q,,, —31,0762-k —17,632-V +0,000126-P,  +11,527.

Tabsmna 2. Pe3ysibraTsl pereHus ypaBHeHUs (1), IPUHATHIE 32 PEATbHBIA SKCIIEDUMEHT

. 3HayeHHe MapaMeTpa OKPYKaIOIIeN CPEJIbI B OMIBITE

[TapameTpsl OKpy»Karoleil cpeJibl NO 1 Noo | Neg | Nea | Nos N° 6
[Ty10THOCTD ITOTOKA COJTHEUHOU pajiuaIiui
q.,.., Br/m? 380 750 670 800 730 661
Koaddurment yria ataku Betpa K, 0,5 0,6 0,75 0,75 0,65 0,65
k, =Ink, -069 | -0,51 | -0,28 | -0,28 | -0,43 | -0,43
Armocdepnoe naBnenune P, Ila 98645 | 98978 | 99685 | 99325 | 98965 | 98778
Ckopoctb Betpa V , M/C 1,1 1,5 1,1 1,2 1 2,2
V- =Inv 0,095 | 0,405 | 0095 | 018 | 0 | 078

101




European Journal of Technology and Design, 2015, Vol.(9), Is. 3

Temneparypa ok arolen cpeabl
0 og P Py P 11,6 13,3 14,7 19,6 22,9 30
oKp !

3HayeHUe YCTaHOBHBILETrOCA HAarpesa,

Toxk Harpysku, A
PY3IH, paccuuTaHHOrO 10 ypaBHeHuto (1) 0,°C

600 59,61 53,35 | 52,86 | 57,68 | 68,34 | 61,62
500 45,68 42,69 | 42,52 | 47,65 | 56,17 | 53,02
400 34,7 34,3 | 34,37 | 39,73 | 46,56 | 46,22
300 26,44 27,98 | 28,24 | 33,76 | 39,3 | 41,08

PeBy.T[bTaTbI BBIYUCJIEHUA OJ1d OCTAJIbHBIX TOKOB HAI'PY3KHU IIPEJACTABJICHBI B TabJ1. 3.

Tabsmna 3. KoaddurueHTs! ypaBHeHU (4) /18 pa3JIMYHBIX TOKOB HATPY3KU

Tok narpysku, A _ b3HaquI/I;1 ico:a(b I/IIlI/IeH’I(;IOB ypaBHEHHS (54) f
600 1,0928 0,00803 | -31,076 -17,632 0,000126 11,527
500 1,0859 0,009 -24.,369 -12,825 0,000695 -54,546
400 1,0795 0,00989 | -19,234 -9,00168 0,001203 -112,785
300 1,0722 0,0104 -15,256 -6,111 0,001563 -154,225
3aBucuMocTy K03(pPUIMEHTOB ypaBHeHus (4) OT TOKa Harpy3KH IIPeICTaBIeHbl Ha PHC. 2.
[} b [ I.A—
g . 0.012 — 0 130 3do 450 600
' oo P~ 5

Rl
1.09 : \
/ 0.008 \\“\ e
1.08 { A5
/ 0.006 {

1.07 : 0.004 -20
1.06 { 0,002 -25
LA LA -30

0 150 300 450 600 o 150 300 450 600

a) 0) B)

0 5 E
0.002 :
S \ 0 150 300 450 0
6 0.0015 \
-50

9 0.001 /
12 AN -100

\ 0.0005 /
15

\ LA -150 ”

-18 o 1% a0 450 6(]13\\- //

r) ) e)

Puc. 2. 3aBucumocty K03 GUIMIEHTOB OT TOKA HATPY3KU U UX IIOJTMHOMBI:
a—a=f(l); 6 — b=f(l); B — c=f(l); r — d=f(1); x — e=f(l)

KoaddunueHnt a onuceiBaeTcs MOJIMHOMOM IlepBod cremeHu; b,e u f — BTOpoil crenenuy;
K03 duireHTsI C ¥ d — TPEThEN CTETIEHH.

AJIEKBaTHOCTh JIAHHOW MO/IeJIM MIPOBEPUM IO KpuTepuio ®@uinepa. BeIOOpKH, MO KOTOPHIM
OyzmeMm cynuTh 00 afeKBAaTHOCTH, IIPEJCTaBJeHbl B Taba. 4. B mepBoil BHIOOpKE HAXOAUTCA
pe3yJIbTaT pacueTa YCTAaHOBUBIIETOCSA HarpeBa, BBIYMCIEHHOTO IO YpaBHEHHUIO (1), a BO BTOPOH,
BBIUMCJIEHHOTO 110 YPaBHEHUIO (3).
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Ta6aumna 4. CpaBHUTEIbHAA Ta0OJIHIIA

3HayeHHe MapaMeTpa OKPYKAIoIel CpeJIbl B OIIbITE

[TapaMeTpsI OKPYKAIOIIEN CPEIBI No1 [Noz |Neg | Neg | Nos |Ne6 | No7

[T/I0THOCTD TTOTOKA COJTHEUHOU pajiuaIiiu
765 93 30 450 717 540 380

Geom » BT/M?

Koaddurnuent yria araku Berpak, 05 | 0,75 | 0,75 0,4 0,5 0,6 0,75

Armocdepnoe naBnenune P, Ila 98498(99125|97245|100658 | 100111 {99271 100032

Ckopoctb Betpa V , M/C 1,1 2.8 2,3 0,1 0,6 0,6 0,1

"ge;l(\:llioeé)aTypa ORPYIRATOTIEN CPeAH! 202 | -3,2 | -121 | -24 18,9 | 17,2 11
Tok Harpysku, A 520 | 600 | 600 | 470 510 330 | 500

3HauyeHUs YCTaHOBUBIIIETOCsA Harpesa,

o 61,41 |16,05| 8,42 | 66,19 | 67,63 |38,46| 69,91
paccyuTaHHOTO 110 ypaBHeHUMO (1) 0 ,°C

3HayeHUs YCTAaHOBHUBILETrOCA HArpeBa,

o 60,89 12,12 | 5,13 | 62,12 | 66,88 | 38,42 | 66,88
paccuuTaHHOTO 110 ypaBHeHUO (4) 0 ,°C

3Hauenue F KpUTEPHA IOJIy4YUJIOCh PAaBHBIM 1,042. H.TIH YPOBHA 3HAYUMOCTHU q = 0,05 u

n-1=6 FKp =4, 28. Tak kax FKP > F |, To paspaboTanHas Moiesb afieKBaTHA.

BuiBOg

JIaHHBIA TO/XO/T TTO3BOJIsIET Ha OCHOBAHWU ITIECTH WU3MEPEHUH yCTAaHOBHBIIIETOCS HarpeBa
JUIST YeThIPEX HArpy304YHBIX TOKOB IMOCTPOUTDH JTUHEHHYIO 3aBUCUMOCTh YCTAHOBHUBIIIETOCS HarpeBa
OT MapaMeTPOB OKpY:KawIled cpeabl. BakHO y4ecTh, UTO JJIA TOYHOCTU ITOCTPOEHUS JAHHOU
3aBHCHUMOCTH CKOPOCTh BETPa M yTOJI aTaKu BeTpa JIOJI?KHbI MEHATHCSI MUHUMYM B TPEX U3 IECTU
OIBITOB. DTO CBA3aHO C T€M, UTO YCTAHOBUBIIIHUCS HAarpeB JIOTapU(MUUYECKH 3aBUCHUT OT JAHHBIX
mapaMeTpoB. OT OCTaJIbHBIX IMapaMeTPhl OKpPY’KAlOlled Ccpeabl OH 3aBHCUT JIMHEWHO, a,
CJIeI0BATEIbHO, OHU JIOJKHBI U3MEHUTHCSI MUHHUMYM B JIByX U3 IIIECTH OIBITOB.

JlocTOMHCTBAMY JJAHHOTO IOJIXOZ|a SIBJISIETCS, BO-IIEPBBIX, TO, YTO YKAa3aHHYI0 3aBHUCHUMOCTD
MOKHO BBIBECTH, HE 3HAs IMAaMETPa, IOTOHHOTO COIPOTUBJIEHUs, CTEIIEH! YePHOTHI IIOBEPXHOCTU
U TIOIJIOMIAIOIIEH CIIOCOOHOCTH TIIOBEPXHOCTH JIMHUM 3JIEKTPOIEPeNaYd /Il COJIHEUHOTO
W3JIy9EHHU .

Bo-BTOpBIX, BEIYUCIIEHUS II0 MOJYYEHHOMY JIMHEHHOMY BBIPQJKEHHIO JOCTATOYHO IPOCTHI,
YTO MT03BOJIsIET N30€KaTh UTEPAIMOHHOTO pacueTa, B OTJIMYHME OT PellleHUs] ypaBHEHUS TEILJIOBOTO
OasiaHca.

U, B-TpeThux, MPeAJI0KEHHBIN MTOX0/] OCHOBAaH Ha U3MEPEHUHN TeMIIepaTyphbl IPOBOAHUKA, a
He Ha pacuere, TEM CaMbIM IOTPEIIHOCTh B OIpe/leJIEHUH yCTAaHOBUBIIIETOCS 3HAYEHUS HarpeBa
CBOIUTCS K MUHUMYMY.
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AnHOoTamua. B cratbe paccmaTpuBaeTrcss — BOIPOC — OINpeZeeHHs  BeJIMYUHBI
YCTAaHOBUBIIIETOCS HarpeBa BO3JYIIHOM JIMHUU T1OJ Harpy3kKod. ABTOpaMu Ipejjaraercs
OIIpe/iesIATh BeJIMUNHY YCTAHOBUBIIIETOCS HarpeBa Ha OCHOBAHUM PeaJIbHBIX SKCIEPUMEHTATbHBIX
JlaHHBIX. J1711 1oJIydyeHus ypaBHeHUsA Ipollecca HarpeBa ObLIN ITOCTPOEHBI U IIPOAHATIU3UPOBAHbI
3aBUCHUMOCTH YCTAaHOBUBIIIETOCSA HarpeBa OT KaXKJOTO MapaMeTpa OKpy:Kamwlleid cpenbl. Kpome
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TOTO, IPUBEJIEH AJITOPUTM, B KOTOPOM YKa3aH IOPAJOK JEHCTBUI, ¢ IOMOIIHI0 KOTOPOTO MOKHO
COCTaBUTh YpaBHEHHE /I pacueTa ycTaHOBUBIIerocsi HarpeBa. OIleHKAa JIOCTOBEPHOCTHU
PE3yJIbTATOB, MOJIyYaeMbIX C IIOMOIIBIO IIPeJIyIaraeMoi Mo/ieniy, OblyIa IPOU3BeieHa 110 KPUTEPUIO
dumrepa, KOTOPBIN MMOKa3aj, 4To pa3paboTaHHas Mojiesb afekBatHa (F menbie F., 6oJiee uem B
4 paza). IIpemio>KeHHBIM TIOZXOJT MOMKET HCIOJb30BaThCA TIPH  pa3pabOTKe MOEH
CTAIIIOHAPHOTO PEXKMMa HarpeBa IIPOBOJIHUKOB JIOCTATOYHO BBHICOKOW TOYHOCTH IPU HEOOJIBIIUX
3aTparax BpeMeHH Ha cO0p HeOOXOMMbBIX TaHHBIX.

KiroueBble cJj10Ba: BEIHY)K/IEHHAs KOHBEKIIHSA, YCTAHOBUBIIHICA HarpeB, ypaBHEHHE
TeIJIoBoro bajyiaHea.
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Abstract

Energy conservation in the design of a chemical plant is one of the most important
considerations. In addition, to determine the minimum amount of hot and cold energy needed for a
process is one of the main computations of determining the amount of stored energy. The heat
integration (energy integrating) is an important factor in economic designs. In this paper, phases 9
and 10 of the gas condensate stabilization process of the South Pars gas are optimized using the
integration design method. The results obtained showed the modified heat exchanger network,
removal of existing both air fans, recovery of 2.5 MW of electricity and reduced operating costs.

Keywords: Heat Exchanger Network Modification, Heat Integration, Pinch technology, Gas
Condensate Stabilization Unit.

Introduction

Pinch technology is a process integration technique (Integration) and is a powerful way to
optimize the process design. The results of conventional optimization processes itself tends to
optimize the system as a whole (a set of processes and unit operation). The application of Pinch
Technology in Pulp and Paper Industry has provided new ways to reduce energy consumption in
pulp and paper production processes [1]. The reducing energy consumption is one of the most
advantageous aspects of Pinch Technology. Other advantages include the correct integration of
steam turbines, energy consumption optimization and investment costs, identify the most suitable
process changes and increase the flexibility of the plant [2]. This approach provides overall process
designs that were basically compatible with the environment. Pinch analysis is a new
thermodynamic concept where a proper analysis of the heat exchange process is done. Also, proper
thermodynamic analysis leads to the identification of appropriate options in many other design
goals; for example, to minimize the investment costs and operating expenses [2].

In the chemical process, the engineering design problems have been studied in two ways: (1)
the unit operation level and (2) the overall system design level. Pinch analysis considers the system
design problems to identify opportunities for energy saving and modification of existing plants or
designing a new cost-saving plant. The implications of this approach are simple and easy and make
it possible to deal with more complex problems. This approach focuses on simple values rather
than complex mathematics. Hot and cold flows in a process are identified and shown in a
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temperature-enthalpy diagram [3]. The analysis work starts from individual streams and is done by
simple sum of the values of above heating temperature range and all streams hot and cold
composite curves in a process. The results of the two streams of hot and cold composite curve and
overlap between composite curves show the maximum amount of possible heat recovery in the
process [4]. Excessive heat out of the hot composite curve represents the minimum required
amount of external cooling. Similarly, out of the cold composite curve represents the minimum
required amount of external heat. Both curves reach exactly at the same point which is called
Pinch.

Pinch is a sub point where heat is source of the system, such as heat moves toward the
cooling equipment, but do not enter. There is a heat sink on the top of the Pinch system. Heat
enters the thermal heating equipment, but not out [5]. As a result, this system is separated into the
process overall hot and cold equipment in a pinch point that indicates the degree of additional
heating or cooling in the system. In the system with maintained required heating and cooling,
throughout the pinch hot currents are zero. This system is a system in which the equipment goals
are very close to the desirable condition [6]. The heat balance in a system with the external heating
exceeds the minimum required in the process represents heat flow across pinch; therefore,
additional external cooling is needed [6]. Recently, Heat Integration across plants is an extension
of conventional Heat Integration in a single plant for further improving energy efficiency [7, 8, 9].

In this paper, phases 9 and 10 of the gas condensate stabilization unit of the South Pars
Gas Field in the Persian Gulf are optimized using the heat integration design method and Pinch
composite curves. Simulation tools have been used to achieve composite curves, and stabilizing
process was designed and simulated in Aspen HYSYS specialized software.

Material and Methods

1. Process Description

In this refinery project, the gas condensate unit of Phases 9 and 10 of the South Pars gas field
have been chosen for optimization and analysis.

The South Pars / North Dome field is a natural gas condensate field located in the Persian
Gulf. It is the world's largest gas field, shared between Iran and Qatar. According to
the International Energy Agency (IEA), the field holds an estimated 1,800 trillion cubic feet
(51 trillion cubic metres) of in-situ natural gas and some 50 billion barrels (7.9 billion cubic metres)
of natural gas condensates. Phases 9 and 10 produce 2 billion cubic feet (57 million cubic metres)
per day of natural gas, 75 million cubic feet (2.1 million cubic metres) per day of ethane, 80,000
barrels per day (13,000 m3/d) of condensate, 3000 tons of LPG per day plus 400 tons of sulfur per
day.

Here is the process occurred (Under winter conditions); in this unit, the feed which is a
mixture of mainstream condensate (stream 10) and lateral condensate (stream 11) which is a raw
gas condensate taken from the sludge is preheated with 231500 kg/h flow in the +5.683 °C
operating conditions and 3000 kPa pressure in the E-101 heat exchanger to a temperature of
+50 °C. Given that the feed is very diverse cutting oil including hydrocarbons from C6 Cut (less
than C6 hydrocarbon) to C20+(more than C20), so according to phases 9 and 10 to archive access,
the physical characteristics of the oil cut were obtained. Output current of the E—101 exchanger at
T=+50 9C and a pressure of 2900 kPa with other sub-stream (stream 30) enters into D—101 three-
phase separator at T=+19.62 °C and P = 2800 kPa operating conditions; In this three-phase
separator under the operating conditions of T=+50 °C and a pressure of 2800 kPa , the vapor
phase (stream 28), the heavy liquid phase (this phase consisted of water and glycol used to prevent
hydration of the condensate in the injection well), and the organic phase (gas condensate) are
separated from each other. The separated vapor phase is sent to off gas unit. The aqueous phase
will be sent glycol restore unit to restore and reuse glycol. Condensate from the separator D—101
(stream 13) first enter the P—101 pump and reach to the pressure of 3720 kPa, the output of the
pump is preheated to +72 °C in heat exchanger E—102 and enters Condensate Desalter for washing,
fresh water is injected into the condensate flow for higher washing operation. The remaining water
and glycol is sent to glycol restore unit. The condensate that is free of glycol enters into the
stabilizer tower with condensate stream (stream 35) obtained from the compress unit at a
temperature of +63.29 °C and pressure 1050 kPa. The C—101 stabilizer tower is originally the heart
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of the process of stabilization unit, in this tower separating the light compounds from crude
condensate operations (stream 15) by the fractionation occurs. C—101 towers consists of 19 sorting
tray (regardless of reboiler and condenser) has a thermo-siphon reboiler and fully reversible
condenser. Stream 15 enters from the upper tray, the overhead vapor enters the condenser at
T=+69 OC (air cooler A-104) and will be condensated to T=+60 °C. Due to the presence of water
vapor in the overhead reflux drum (D—107) is a three-phase separator. In this vapor phase
separator (stream 24), the aqueous phase (sour water) and the organic phase (stream 23) are
separated from each other (according to the condensation temperature of the aqueous phase
cannot be separated). The aqueous phase which is the tower reflux reaches to the 10 times absolute
pressure in P—102 pump and returns to the upper tray (19th tray). At the bottom of the tower the
heat required for the separation is supplied using Thermo syphon Reboiler (E—103). Heavy
concentration in the liquid phase reaches its maximum value at the bottom of the Stabilization
tower; however, at the disposal almost all light gases particularly hydrogen sulfide style will be
close to zero, heat supply fluid is high pressure steam with intensity of 18020 kg/h. E—104 side
reboiler is used in the process of heat output of E-103 reboiler. The lateral-flow from the 9t tray
enters E—104 heat exchanger and again, after the exchange with the bottom of the tower C-101
products will be returned to the 8t tray, through this, E—103 reboiler energy consumption will be
saved. The C—101 Tower bottom product after being exchanged with the stream flowing down from
the 9t tray reaches at +137 9C and will be sent to E—102 exchanger under 1000 kPa pressure.
The condensate product and the organic phase output of P—101 pumps are in heat exchange and
enter into A—101 air cooler at temperature of 111 °C. The condensated stream is cooled down to +92
0C at A—101 air cooler spending totaling 2.5 MW energy and enters into E—101 heat exchanger by
880 kPa pressure. In this exchanger the raw condensate flow temperature rises to +50 °C using the
established product stream (hot stream). The condensate output of the exchanger with a
temperature of +25 °C, enters into D—106 tank. The operating conditions of the tank D—106 are
T=+419C and P = 100 kPa. The condensate input into the tank is with a good quality and has very
favorable conditions for transport and storage requirements. The aim of compression is to increase
the gas separated from the separators pressure and the C—101 tower to send them to a sweetening
unit. On the other hand, given that after each compression stage the gas temperature increases so
an air conditioner compressor is used for cooling compressor output after each compressor.
Heavier compounds may condensate by reducing the temperature of the compressed gas, thus
vertical two-phase separator are used after air coolers (general description of the compression).
In refinery, phases 9 and 10 condensate steams from the gas condensate unit enter into D—102
two-phase separator as the off gas at a pressure of 970 kPa (outlet of the stabilizer tower
condenser) to eliminate the possible fluids. Operating conditions of the separator are: = +58 9C
and P = 860 kPa. The outlet vapor of the separator enters into the K—101 compressor and reaches
to the 2770 kPa pressure, immediately the K—101 compressor outlet gas is cooled down at the A—
102 air conditioner at the temperature of +132 °C to +60 °C, and enters into D—110 vertical
separator, the operating conditions of the separator are: T=+60 °C and P = 2770 kPa. Output steam
from D—110 and the steam separated from D—101 three-phase separator (stream 28) enter into the
D—103 vertical separator, the operating conditions of the separator are: T = +53 °C and P = 2770
kPa. The purpose of this separation is the extraction of condensates that come from combining the
two vapor streams (stream 29). The output vapor of the separator D—103 enters the K—101
compressor (second stage) and reaches to 7070 kPa pressure, quickly exhaust gas of air compressor
which is cooled down in A—103 air fan to the temperature of +81 °C and is sent high to the pressure
separator (stream 27) (Figure 1) [10].
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Figure 1: Simulation of the stabilization process (the distillation and compression)
using Aspen HYSYS software

This process flow diagram (PFD) of the gas condensate unit was simulated in the Aspen
HYSYS software. Table 1 presents the physical property of the raw gas condensate which is used in
the simulation. The Peng Robinson (PR) equation state was used for simulation.

Table 1. Physical property of the raw gas condensate

Components | MW SPGR TC{°C) |PC(bar) |Acentric factor
CBCUT 84 0.690 23465 3282 027
C7CUT 96 0.727 26905  |3151 0.310
CBCUT 107 0.749 29745 12951 0.349
CICcUT 121 0.768 326115 | 2737 0.392
C10CUT 134 0.782 34905 12530 0.437
C11CUT 147 0.793 37015 | 2351 0.479
C12CUT 161 0.804 38075 2193 0.523
C13CUT 175 0.815 40905 2075 0.561
C14CuUT 190 0.826 427 .45 19.58 0.601
C15CUT 206 0.836 44575 18.43 0.644
C16CUT 222 0.843 460.75 17.44 0.684
C17CUT 237 0.851 476.25 16.55 0.723
C18CUT 251 0.856 487 45 15.86 0.754
C19CUT 263 0.861 497.95 1524 0.784
C20+ 385 0.850 530.00 11.18 0.730

The heart of the gas condensate unit is distillation tower (Figure 2). Therefore, the detailed
design of the equipment provides a significant contribution to the results of real consequences.
The Reboiled absorber option in the Aspen HYSYS was chosen for the distillation Tower (C-101).
Operating condition for the tower simulation was shown in Table 2.
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Figure 2: PFD of the C-101 distillation tower

Table. 2 operating condition of C-101 column

Top Tower Bottom tower
Pressure (bar (abs)) 10.4 10.7
Temperature ( °C) 69to71 178 to 190
Condenser Pressure drop 50 -

Results and discussion

The integration design method generally includes the following steps:

1 — Simulation and process design using commercial Aspen HYSYS software:

This stage involves careful review of process maps and data mining required for software
entry (Figure 1);

2 — Check to process from Integration perspective: at this stage, the process needs and
resources will be identified; the process of stabilizer unit include cooling outlet hot gas of the K—101
and A—102 and A—103 air fan compressors; given the low temperature of the gas stream entering
the stabilizing unit, the flow is considered the heat possibility (cooling) of the process;

3 — Thermal optimization scenario: this section seeks to identify the need and process
features of process-process heat exchanger to exchange energy and the elimination of direct energy
(the air fan is recommended;

4 — Call the feasibility of optimization scenarios using Energy Analysis:

In this section using the energy analysis conventions defined for the hot and cold streams, we
will study the feasibility of scenarios. Given the unit 103 energy analysis, raw stream of incoming
condensate is a good option because it has the necessary and sufficient condition for cooling:

1 — The temperature of the crude condensate is much lower than the temperature of the air
fan exhaust;

2 — The flow rate of the crude condensate is multiple than that of the output current of air
cooling;

3 — According to the dual terms, the ability of crude condensate stream for cooling the
compression unit exhaust gas condensate form the unit 103 can be expressed as: based on the
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simulation results the energy consumption in both air coolers is 2.5 MW, thus to reduce the energy
consumption the used stream first must be greater than 2.5 MW, and second its temperature be
less than the output air energy fan. Whatever the flow temperature is the lower a smaller heat
exchanger is required with the less investment costs. Based on simulation results, the crude
condensate stream energy equal to 782400000 kJ-hour that given its low temperature, it can be
said that the stream has great potential to meet the cooling needs of compression, this is also
proven by the simulation results. Crude condensate stream at +5.68 °C and a flow rate of 231500
kg/h with energy rate of 782400000 kJ-hour, first exchanges heat in the E—100 heat exchanger
and K—101 compressor output and hot stream is cooled down to the desired temperature without
using the A—102 air cooler to designed optimal temperature (+60 °C); during the exchange of heat
cold stream temperature reaches to +15.21 °C;

4 — Cold stream leaves E—100 exchanger at +15.21 °C temperature and enters into E—101 heat
exchanger that has been used to replace the A—103 air fan to cool down K—101 compressor exhaust
gas. In the E—101 heat exchanger the transmitted heat rate between the hot and cold streams is
1471 KW (the result of the HYSYS). The cold flow temperature after the heat exchange in the E—101
heat exchanger is equal to +24.34 °C (Figure 2). Finally, the crude condensate stream leaves the E—
101 heat exchanger at the temperature of +24.34 °C and will be sent to the beginning of the process
where it enters the E—101 heat exchanger;

5 — The study process re-simulation scenarios based on the defined scenarios in step 3, and
the results analysis:

At this stage, the scenario defined in step 3 will be applied in the process using Aspen HYSYS
software (Figure 3);

6 — A comparison of the current process and the optimized process:

In this section, the current process will be compared with the optimized process.
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Figure 3: The optimized design and heat exchanger network modification of the compression unit
103 (removal of air cooler and replacement of heat exchangers)

After simulation of the current process and its resultant composite curve (Fig. 4), it was
determined that in the whole operating unit 103 site, before the node or the Pinch (black squares in
Figure 4), the amount of 5000 kW external cooling system is required. Composite curves have
bottleneck called Pinch point that is a limit to heat recovery.
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Figure 4: Pinch composite curves diagram for the unit 103 current process (stabilizing unit)

One way to make the composite curves parallel is to move some of the nodes to other
temperatures and or complete elimination of some nodes with the main focus on the area near the
process Pinch. In addition, the basic feature of having an area of low temperature on the Pinch and
a region with excess heat under the process pinch provides an instruction on how to modify the
process to increase the potential for heat recovery. The use of heat exchangers instead of air coolers
in compressing section as the optimization scenario based on 6 stages was presented to move Pinch
point with no limits in the heat recovery on total site (Figure 3). As a result of this scenario
application, A—102 and A-103 air coolers will be eliminated from the process using crude
condensate feed stream of (cooling fluid) and their energy consumption will be recovered
(Figure 5).
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Figure 5: Pinch composite curves diagram for the integrated process (Pinch point movement and

cooling energy reduction throughout the whole site)

Given the composite curves diagram for the integrated state (Figure 5), it is clear that heat
exchanger network modification will lead to Pinch point (node) movement and a reduction in total
energy recovery limitation in the whole site. Finally we can say that the stabilizing process thermal
integration will also reduce operating costs (unit 103) in addition to the recovery of 2.5 MW of
electric power and heat exchanger network modification of the entire site

Conclusion

The gas condensate stabilization unit of the South Pars Gas filed was simulated and
optimized using the integration design method and Pinch composite curves have been used for this
purpose. The process was simulated with Aspen HYSYS software with Ping Robinson equation
state. Simulation tools have been used to achieve composite curves. Simulation results reveal that
using the feed flow as the energy integration factor (for cooling) and using heat exchanger
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(Integration Exchanger) instead of the current air coolers, 2.5 MW electric power will be saved in
addition to deleting the air coolers (A-102 and A-103) and reducing operating costs amounted
to 90190 $ per year.
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