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ABSTRACT: The gas-liquid supersonic separator is a convergent-divergent nozzle in which
condensation and phase change at speeds higher than sound are the characteristics of this device. The
fluid flow, mass, and heat transfer in supersonic separators are not understood well due to the complicated
interaction of the supersonic flow and phase change. In this research, the virial gas equation of state and
a mathematical model have been used to accurately predict spontaneous condensation using nucleation
and droplet growth theories. The droplet average radius and pressure distribution obtained from the
numerical model are well consistent with the experimental data. The results showed that with a 3.5%
decrease in inlet temperature at constant pressure, the average radius of the outlet droplets increased by
more than 40%. Also, with about a 40% increase in inlet pressure at a constant temperature, the maximum
- . . Two-phase flow
liquid mass fraction increased by more than 90%. Therefore, low temperature and high pressure at the

inlet are necessary to improve the separation efficiency. Also, the lowest entropy generation rate due
to temperature changes is related to the highest pressure and the lowest temperature, and the lowest
entropy generation rate due to pressure changes is related to the lowest temperature and pressure. The
Bejan number calculation showed that irreversibility is affected by the effects of fluid friction compared
to heat transfer.
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1- Introduction

Considering the increasing use of natural gas as a source of
energy production, as well as the discovery and emergence of
new gas sources, providing as many new related technologies
as possible is introduced as a basic need for the development
of this industry. In the gas refining and transmission sector,
natural gas dehumidification is one of the prerequisites.
The raw gas extracted from the wells, has some impurities,
including water vapor, which reduce the calorific value of
the gas; If this water vapor condenses inside gas transmission
pipelines, it can cause major problems including corrosion,
reduced transmission efficiency, and hydrate formation.
The supersonic separator, which is a converging-diverging
nozzle, is an advanced separation technology focusing on
water vapor removal [1, 2].

Since most of the previous research has not used a
suitable model for simulating and observing the phenomenon
of condensation and the formation of liquid particles, the
innovations of the present research are: (1) Considering the
ambiguities related to the correct method of mathematical
modeling, a suitable model is used to simulate the condensation
phenomenon of water vapor particles and to evaluate the fluid
flow inside the supersonic separator. (2) Considering that the
numerical simulation results depend on different nucleation
theories and different droplet growth models, the appropriate
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theory and model are used to minimize the error between
numerical modeling results and experimental data. (3) Also,
investigating entropy generation (due to temperature and
pressure changes) in the supersonic separator is another
innovation that has not been discussed in the past.

2- Methodology

For the condensation of water vapor inside the nozzle,
the fluid flow behavior is described by partial differential
equations as follows [3].
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Mass conservation equation for liquid phase [4]:

0 0
—(py)+—(puy,)=S5, 4)
ot ox .

J

To accurately describe heat and mass transfer, another
transfer equation that specifies the number of liquid droplets
per unit mass (V) is written as [4]:

0 0
—(pN,)+—(puN,) =S, 5)
ot ij

Together, these equations form a closed system of
equations that allow the calculation of the wet steam flow
field.

The volumetric rate of local entropy generation due to
temperature changes is expressed in Eq. (6) [5].

M ﬂ(‘” 2 ﬂ’eﬁ’ aT 2 aT 2
Sgen o1 T, (V1) = Iy (=) +() (6)
’ T T Ox Oy

Also, the volumetric rate of local entropy generation due
to pressure changes is defined by Eq. (7) [5].

S fu eff 2

Sewsr =70 (7

The Bejan number ( Be ), which expresses the ratio of the
entropy generation rate due to temperature changes (S, ;)
to the total entropy generation rate, is calculated through Eq.

(8) [6, 7].

S en, AT
Be=—""—"— ®)
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gen AT gen, AP
The equation of state formulated by Yang [8], which is
used in the present research, is expressed by the following
relationship:

P=pRT(+Bp,+Cp)) ©9)

3- Results and Discussion

For validation, the experimental data of the Headback
nozzle [9] is used; The geometry and dimensions of this
nozzle are given in Fig. 1._
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Fig. 1. Nozzle geometry and dimensions

Fig. 2 shows the comparison between the pressure
distribution and the droplet average radius results obtained
from the numerical simulation and the experimental data
along the geometry axis. The flow conditions at the nozzle
inlet are presented in this figure. As can be seen, the
predictions of the droplet average radius and the location and
strength of the condensation shock are in good agreement
with the experimental data. Therefore, these results confirm
the numerical model and show that the simulation method
used in this research can be performed for the condensation
of single-component supersonic flows in nozzles.
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Fig. 2. Validation of numerical solution with experi-
mental data [9]

According to the geometry, the nature of the flow, and the
adiabatic boundary condition on the nozzle wall, as expected,
the entropy generation rate due to temperature changes versus
pressure changes is negligible (SMAP > S'gznﬂ ); Therefore,
the major contribution to the total entropy generation rate
is due to pressure changes. According to Table 1, with the
increase in temperature at a constant pressure of 13.83 MPa,
the rate of entropy generation due to both temperature and
pressure changes has increased; By increasing the pressure
at a constant temperature of 674.42 K, the rate of entropy
generation due to temperature changes has decreased and
the rate of entropy generation due to pressure changes
has increased. Therefore, the lowest amount of entropy
generation rate due to temperature changes is related to the
highest pressure and the lowest temperature, and the lowest



S. Yousefi et al., Amirkabir J. Mech. Eng., 54(11) (2023) 525-528, DOI: 10.22060/mej.2022.21370.7438

Table 1. Entropy generation rate

Row P (MPa) T (K) S (WK) S (WK)
1 9.83 674.42 640.254 101.654
2 11.83 674.42 716.858 97.693
3 13.83 662.45 749.721 64.345
4 13.83 674.42 776.708 83.499
5 13.83 686.43 793.461 100.007

amount of entropy generation rate due to pressure changes
is related to the lowest temperature and pressure. Also, by
increasing the temperature from 662.45 K to 686.43 K at a
constant pressure of 13.83 MPa, the total entropy generation
rate increased by 9.75%; By increasing the pressure from
9.83 MPa to 13.83 MPa at a constant temperature of 674.42
K, the total entropy generation rate increased by 15.95%.

4- Conclusions

By increasing the inlet pressure at a constant temperature
or decreasing the inlet temperature at a constant pressure, it
was observed that (1) the steam reaches the supersaturated/
supercooled state faster, (2) the nucleation process happened
faster and it is easier to reach condensation, (3) the liquid
droplets formed faster, will have more opportunity to grow
and will have a larger radius, (4) with the faster formation
of the liquid phase and the increase in the droplet average
radius, the mass fraction of the liquid will increase.

References

[117J. Bian, X. Cao, W. Yang, D. Guo, C. Xiang, Prediction
of supersonic condensation process of methane
gas considering real gas effects, Applied Thermal
Engineering, 164 (2020) 114508.

[2] D.C. de Melo, L.d.O. Arinelli, J.L. de Medeiros, A.M.
Teixeira, G.V. Brigagdo, F.M. Passarelli, W.M. Grava,

0. de QF Araujo, Supersonic separator for cleaner
offshore processing of supercritical fluid with ultra-high
carbon dioxide content: Economic and environmental
evaluation, Journal of Cleaner Production, 234 (2019)
1385-1398.

[3] Fluent, Ansys. 21.1 Theory Guide, Ansys Inc, 2021.

[4] K. Ishizaka, A high-resolution numerical method for
transonic non-equilibrium condensation flow through a
steam turbine cascade, Proc. of the 6th ISCFD, 1 (1995)
479-484.

[5T A. Bejan, A study of entropy generation in fundamental
convective heat transfer, J. Heat Transfer, 101(4) (1979)
718-725.

[6]S. Paoletti, F. Rispoli, E. Sciubba, Calculation of
exergetic losses in compact heat exchanger passages, in:
Asme Aes, (1989) 21-29.

[7]P. Benedetti, E. Sciubba, Numerical calculation of the
local rate of entropy generation in the flow around a
heated finned-tube, ASME, NEW YORK, NY, (USA).
30(1993) 81-91.

[8]J. Young, Anequation of'state for steam for turbomachinery
and other flow calculations, Trans ASME J. Eng. Gas
Turbines Power, 110(1) (1988) 1-7.

[91 A.J. Hedbick, Theorie der spontanen Kondensation in
Diisen und Turbinen, ETH Zurich, (1982).

HOW TO CITE THIS ARTICLE

DOI: 10.22060/me;j.2022.21370.7438

S. Yousefi, M. Changizian, S. S. Bahrainian, Numerical Modeling of the Effect of Inlet
Temperature and Pressure on Steam Condensation and Entropy Generation in High-Pres-
sure Separator , Amirkabir J. Mech Eng., 54(11) (2023) 525-528.

527






75 ool SlSo (owigee g pui

VEYe BYSe) Slrio OF) Jls ) o)led OF 053 S el CSilslo puvie 3
DOL: 10.22060/mej.2022.21370.7438

YU LS jlolas 43 (9,561 adgi 9 jBu GURs 0 (639,9 JLid g bod 1 g3ae (g5lwd

Ol e dme daw E LS Jbsle (g D

Sl 1sa) Glenl ezt oSl ¢ usige 015l ¢ sy S clbaSed dmady S ye

18,5913 ey ,U
VYWY redl
VEN YA 16,555L
VN AYD 1 sl
VAN o Ml )

1605 Clols
gl sl
silg> by

S35 428 S
95l g

Ol das

ooy I Syo 5 5T Gl s )3 6 12 5 lase &5 Canl 1Sl — LS J36 Sy qolo— J5 gl b Lol :oYs
ol ez omm GHS o g 5 4y Sl slasluin 3.l g s JST o ol Bl o2 () Slos
oddy 383 (it ly (09by Jhe o9 Jlpg S o dhblas jl gy cnl 3 sl 0ads Sy (a9t 4 5 S
Jeols jLid x505 g 04knd lawgio gled .Cawl o oolatwl oyad Wby o oljdiud (slady ai 5l oslatwl b (g395 4 295 (iSs
Lagio glads aolt ;L3 53 (3959 slad Ll 20 L3l Ui ol ol 55l (o5 soosls b oo 4 (oo Juto o
o S (Pt ol (slod 13 (6399 )i I A¥ e 393 L pizmen il Gl F ] i (255 (sl s
93 slliz Slol Sge sskate 42 (£39)9 9 Y JLid 5 0l (slod J oolimal ccplplis Bl Saaljd 780 5 i ilo
e 23S 90392 o3 (308 5 )28 (st & gnye Lod Syt S (236 (9581 055 25 0l e ecompan ol
Cod (6l cusS  as ol oL (o dae duwlxe .&m‘)mal.o.) dﬁ);‘wfd,g bgyye jlid Sl b &5):31 Mo &y

el e &)l JUal b dnglio ;5 Jlow S8kl 0l 5k

Sgo Co o &y Jlw Copos Ji6 oo 0 b b pials o Lt
ol a8)S Hlaiyy jlid 4 dagi b Jhw plyp @5l ey e
P g ) Caold g Ggog by Cle 9 (iU (295 Gl
i3l Elo 332 olSgIS 5l Ly gl i 3B > NS o5 1Sy
2 e Gl L lejen sl daled 5l 585 (6)lke 5 adl
busie 930 Coge 4 JB 5w (il LS 5 Lod Cuand ()]
O 50 ol s dlats 4 lod yduwy 9 ,Lid g Lod s j5alS b dgd o
2 bz 09 Of slboyld s 4 4l plage Sy 5 a8l e
Ollos pSede (iS5 S e Glabad 392 pac > 4 g
S e el 5l JSis pas )l g e 4 baape
w2y 390 03y yob 4 bajlubi pl gl bolad pe )3 s
sohaie & o35S (slajimghy g bagaiod bl plply lasys )5
Snlag2g biomzmen .l (6905 ol bajlobi cpl 5Slas (s
lojlolix g5 el jl osliinl pojl ccunl ()5 wilae pBS L (5)98" 0]

Wy o a3 4y (6)9 00

doddo —)
5 S35 Mg g plsis 4 (b Sl 581 gy ooliul 4 axgi L
slacsyglid Fote 4> o &l (g5 e wle (il § S uioen
B Colo ol drwg S 3 ool Sl S plgis 4 basye b
B oSS i 5l (S 8 JUl g GVl (ise ) 09d e
ARV clasn] ) jeim a8 baols 5l ond zl ol pls 55 .l (anbs
s 4 sl D e o 31l a5 g ltdo (gl cruslos S o |,
A gt 53 o o ool 51 53,5 IS i ) alS
S35 alex jlodas Ot 3] el g o il lase 55 Uiz
S 4 Sgolp lalis g Sl S5 5 oyl ok, ials
55 b sl iy gl Sy adlye S — S
Sygo opl & Sgold clajlulis JI5 ulul [V 5 V] cul O Hbu Gl
Jlw &S liad g o0 olSuwd ol 3)lg jLidy S5 L > lal &S cul

9 ol ol ey gy 0 Gl 3B l)SRen Cond (49,0 Sigug)

m.changizian@scu.ac.ir :olsle Jlsore oriug ™

(Creative Commons License) _edpe (Sl ule cov dlio cpl ol oad odly pu pal oSty @)l & 156 Gois 5 (Bsimng 4 cuilpe Goi>
BY NC

Asleyd s https:/www.creativecommons.org/licenses/by-nc/4.0/legalcode sl jl (uilud ol Slija (sl ool 48,5 )5 las yoy2ud )

Y5



YEY+ L YF) daxmiw NF-) Jl.u) AN b)lo..u.' oY 0)93 ‘)Mf).m‘ L_gu_rlSw L;“’*\-‘-@(" 4:)..“.3

Oypo & i Sy gl Jlo b Jlonl 55 Jas b cgold jlulis
DB 3 98 W5 [VA] ohan 5 e g 0 alre (20
(Pt B b 3 adlae 3590 |y Gy slaoy > ol
ge Sob gee (85 a3 ek ad pdix lp gl iU
b yiolojl (o 1) S'ad zge ooy [YY] S [VA-YV] 8,5 )15 oy
h WIS Sod V] len 5 gusle 28 (b2 oaaline 3L |l
pasedo |y o] S5 g 5 10,8 osalie (5)98 slagialejl 3k
IS 8L g9y » 228 adlae SO [VF] o )en 5 25 g 00,8
aong 9 031 bl gl f iy Gl )3 Sod lsal 5 5500 4
e 3,1 Sob glgel Cunsbge p Sling BB 8L ISy o a8 S
35U oy 4 (e3d slasjlodnnd 9 b piolojl 5o)b 5 [VO] (oola )3
Bguald g (5 udyd Ay Sob oo Cundge il glajel)ly
St 5 55,5 o Glisin sy by LB (l,5ly Cam V5]
95 9 $29)9 HLiS s (o dlaily (S pasidie Bua L) (o3ue
L1y e anl8 [YV] S0l 5 coly ol plosl S'od zgo Cunbyo
R3S dmpie Sloj pllen 9 FISY = bl (sl by Sl edlatl
ot Sl 1) bl = ol 9 BISY = bl (65695 slaJae [VA]
1 drgs SeMS pljan a5 b by (IS
S I o ey g5l diue S Couxdly oy 3y50 dliue
o ingh Jl 6ol ) &5 398 oamlio adlS Clllas 4 dagi b
Wilalllas cpl ) Caslodds a3 )3 Jlai 13 58 SO Gyao 4 ol bys
loyio 1> ) )b g Jlw g5 iz alox I lojal)l Sy 56
oo g (o pod JB slod Sl jlade g (S0) Lod @jgs (oo (b >
@ oy G ST Olalllas Sl S0 (69,50 ) el )y Sgd
1l = e 36 )3 gl 0aiils o dustin )3 5o b s 2 ST
Oygo d by & Slllas sdes )3 Culdd)S )18 gy (y )90
B 0920 9 Su38 b (b 1550 (g (Kbmgy 0l (o) jlogd
1038 o3l Ydtund 58 gy 5l 5gs by (il Jde (sl e ylad
Ol 4 pasuie dlul g ol b glaie G 0 mle (glaoyad clls oyl 5o
N adlas )50 by 090 @le ©D CS > e 5 0k 35 (Lo
» by e ey 8 (el g IS sgb 4 caslad S
Kol 3l don G plgie 4 53 4 jgia YU )l gl glagl

Cooloduss Syd 51 s ol

1 Discrete Phase Model (DPM)

O 9 (blusil ()58 9 gualJg) yed Aol 4 [T] eslows]

Glp 2Bilel Sigo a ) 368 cdlad o) bl gl cla 5L
28 9 ol iz o danglie 3 b plsl gilgs L S
Sopp gilulie ookl (93559 Gl S gl ol bl gusli s
Ll S sl o doy domiS cpl 925 (owp |y 398 i |l
GO0 VY PO . S PV S vove oUW 1] REGTPW=) - | WY S W 9
Sl slagl e 5o G Wl (228 5 ol adllas iz
Cunlosds plsl (leg sloyS g oyl ojlal ¢ ljatn 4)ka5 35 5o b
slagbyy oliamas a0y [A] ghlSea 5 oob] pusy (Y] Ja [F-5]
W15 adlas )50 Vb g ol JLid > iy 4 ]y L 5 b ye sl
@ 181y = 1%en Jib o sl gl GBe p blasl g5 310l
85 )13 addlas 5)50 [A] e 5 (RIS bawg (e300 )90
szl b g9y 1) Cgold Jib <)) Son Cuand 51V -] ol San 5 15
Sl o8 el Jlodlatel L1038 gy (g348 50 @ (ol IS
5 My call 136 4 ) IS Cusbye g58g (Jib sl)Son Cuond
il oslizal b Jolo e (i 5 1) e e (sj 58l [VV] sluly
eyl &8 Sloj ol L (gane ls s, oLyl cebye o e
IXY gipe &Y Coaleds uslod S puis Voo UM G Y M 1 gy
o & Bdas ole o agolyd (glajlolin (gl cunlasily gl
DIV] 0 )8 s )3 56 s Al 8 85 Jai 5 gy 56 S5 58 S
295 W sz slr b 92 0l Jhe SIDY] oen 5 Lo
o5 sl gl Jlosy) 55 o dolas 3l olizl b O b (3554,
5 0,3 58l by el e ol 5 T s S enlisel | Suolisdge
aslol oS oy lis byl (eoae ol g 155, ool Laeylad  EIEs
dbte bl (s e ojlul (Rl ly (2 ladin (38
Se by GBS Jie U [V 9 V0] Sguals 5 (g yidgd [VF] cunl
5 13,8 dbyl ol sajlulis n JWEs F5 dwsbre glp sin
275 smodls g b (giludnd B b 8 & o] Slulxe b
Lsgs 00 @) lsle @Vl Salisd Jibo olol s .cils caisllas
» ol bo Bls  (Seal (s slaan]d 15l wguals o o pied
Ol (3le e Jebod g 43205 9 0 () g0l jlolia S J3D
il 5, Shee iy ¥ M Jhas b sels l)d AY/F )5 48 sl

Y5y



YEY+ B YFe) diwo MY JL\» AR D)w‘a\c 0,93 ‘wfﬂﬁl&)&nuwwduw

D)M‘J)y@b)lﬁﬁp.{buY)lscbbuldlﬁ \)g)lfh.uyomd{)ﬁ
OYolro 4 00 A8ls] mio CMer Ly p5 Cp (idred Cuwldid S )13

o GiiS oyl A0Sy 75 olidin £ @le pyr Mg 25 oS>
Oy 4 Tl g ol Gy @l culilB 1 5L 3)90 ba)le plo g

ol oalawl ‘NL)‘JM"(J"MLE“” P d..ol.?).g

oSlo &Ysleo -\ —Y
Yoleo g Jlow oliya 568, (36 090 & Hbe (UK (ol

[YA] 29 0 Canogi pj Sypo & Si Jawdl i

: Stgs oles

e =S, 0)
ipgiion ol

£ (pu)+ = (pu) =- Sf +ZTT;'{‘+SM, )
55 dlslaa

_(pE)+ j(puE+u )= 6](/1%27:+u,ry)+S (v)

e ol iy & S5 il clin cuye Ay = A A S
(4 ) wasl o)l calis cays g (4,) e )l cobe cups
e Mo ciy 4 S, 9 S 5 S, Sl gl Tl
Silodde ly il Gl g poties 9 (Stwgn sl SYol
LSl Jlisl doleo 93 (ol (IS Jobo 13 56 s a1, o

Canlosis 03591 daldl > Alsles g3 cpl ¥+ ] ol L5 550

1 User-Defined Scalar (UDS)
2 User-Defined Functions (UDF)
3 C++

s

©go9)2 5l Ol w2y e olyed 4 (G5l (b odomy Cunle

PV U W ‘)AJ.LMJADdc)L&é9LAJ RVRW) C'.:‘)ﬁ;'u"ba‘)@ C'.:}.ol)éd.g
0y (o Ja.\a}m & ))ﬂa& =33 cu.)bt.u‘ Epo90 .L’Mulo.)an.}
d99 bl S Sygo ol gy Sl slatngg g oy &
€505 9 LS S 4 Lol osd ploxl aie (pl 3 o Slllle
248 33 355 0,bpl )3 (6 )kus Slolgal g 039y a8l 3550 leMb
oS b B9 by (silodnd W9y gl g Sl cnl @) SiagR ol
> u‘"“"“““’ J.)..o )‘ ‘_ghzsum”; odes 4D dSu.:l> | )‘

glo Ol S5 (SigSe 5 IS5 oy saalie Sl 5 g lotend
4\>9.> ( ) )l ..\U)L.C )..ol> U”“Q’?)" LSLQLS)S‘}’ ‘wla..\.s.))is odlaiwl
Faslogy ol ilodie mome gy b daly o o Sloleel &
ol bl o Gl e Gl e sy (silwdnd car cuwlie Jio
(V) 23,5 oo ool wguolyd jlulis 900 Jlw
Aisee sl Jde g slidiwn e glaaylas & oo (gilodui
Jlis &y o canlin Jao 5 05§ ol (St 551 0B 13,

odlitel (95 laodly 5 (o3re Giludle mlE Ghe las xle,

el SOl 4 asg b

(2Lt 5 Lod ity 51 (236) (9,81 A5 (2 ccomizmam (1) 23,5 o0
Sy Cou 390 a5 )3 a5 cul olasygles ;500 5l Ggolyd slolis

2l Gjldae -

ol b > sl casload oolal jlgl= sl () 51 gk ol 5
{VA] cuslosds 85 )l )3 15 (slbans b 02)Syg,

Caolodis 48,5 Ja5 1 Wyl o 5y95 3 —

sl rasgie glad 1Sko (wlul o ylad A, —

Cuslosd a5 L5 )3 (mle 5 )b) JBg5 9 LG by -

Cusloss 485 Jlas )3 mlo 56 5 )b 56y (034 —

ool 35035 3] g oS Wi 5 0 e S s =

o dbolal Colei s )5 B Laugs 5 ok o5 (555 Lookas —

lo JB po> cunl Sag8 sl oo lad ol 4l 4y x5 s -

w2 Uhgy Jl @l = 55 sjbg> ol 2 oSl Wolas o (o
Al s ol cwlosds odlaiw] ciSgld sl 58] p 5 lawgi dgdone



VIV e BYS) asmio OFe) Jlo ) o)lad OF 059 syl SlSo siige dypii

» oy o ol sl By, g b JS T A () daly 5
a5 0 (T) gle pr g 25 ol pliatan g5 (1) akai
Egmme Sy90 & o ol IS sl oo )3 'S ik
S gled b laojlad St (g 2ljates I (30 ey Gl
e JESI 31 cpl 99 0 oy bnoslad oyl (538) (e I L Ay 5 (7;)
7] 5950 4LS] oS> SYoleo 4 (VY) abayl, Lasgs

4 dr
U =—71pJ ccr +471, p,p N, — (\Y)
3 dt
~ dr, . ) -
S oyl bawgio gl 7y mle JBs o) day ol
Sl o 0,lad W)
IS Jo ¥ -

it ol 4T3 o5 Jold (398 405 ol (B 010
i )a dawg b oljdies 4yl oIS ol oo lad Ay 4
ralonds olo (V) ol j5 a8 s jlel S

2 3
yo, 20 4 O
J =| v — X —_—_—
CNT (,0, J ﬂ'mf p|: 27 (lnS)2] (\Y)

s 5 0 e JiSlgn S M, s S 5 oS

et )l (e oloj ol gl 3 w2 § g s
ol 3 S camlos &1 o Cds dgug gl e gie Ola Mol (SIS
oss plsl ldllae [YY 4 YV ] sl ¥ 5953y il CSwdS & )l 3)lg0
W ge Gl [YO] Ll o [Y¥] omg) V] (e 5 Sdg) bawgs
S s 2,155 5 g3 s SIS ot 2 a5 oS
353 53k S a5 J1e ] s ) el e i3
Dgas oo ool ol jatud &y dlre e [YO] LloY lawes atdly dxwgs

0.01
Jicer = TJCNT exp(6) (VF)

1 Classical Nucleation Theory (CNT)
2 Internally Consistent Classical Theory (ICCT)

¥l gle 56l pyr sli dolne

0 0
E(PYJ)JFR(P“,«yd):Sy (¥)
J

V] ol pj Billas § byl JS>

Sl oS (6,500 JUsl aloles oy g )l JES! 38> Chpo gy Cap
(F) dholee ©y90 a2 S (oo pasela ) (N, ) 2 2519 2 @le slao b

0 0
a(de)"’g(pude):SN *)

J

S 1y aV¥olee 3l s i S5 o2 b (F) B (V) @Yolso
S oo 8 1) oo ye sl by Gl Al (el & s o
oS Vokes 4 IS 4115 51 85 5 5 (el e e

PV 00,8 o iy ) Cjao g Llodds asls

S =-T v)
S, =—Tu, (A)
S, =—T(h—h,) (*)
S, =T (V)
Sy =Jreer (")

Y5 f



YEY+ B YFe) diwo MY JLW AR B)w‘a\c 0,93 ‘wfﬂﬁl&lsnuwwdu)w

h

Iv

¢=£{ ———( )(”1)( : Y)} (OA)

lv

C, 5 ons sbloS comd 7 gl glod T} 5 e R, oS
Silodde ol Ghaggy ol )3 Adlige ol L8 )3 039 (slo)S
> opipen Ko 4B e 3 o 9 S plp i g @
sl oo jLid jo Jolas gl glod 51 jbou (glod MR il 5 s 598
[YA]

AT =T.(P)-T (%)

s S Y Y
P ol sloyd (el |y cais oxdaw 2iS Jae [YO] LLY

bawgs o &yl Jse olul 1 Jde ol 2,8 )] o ymes — LY e
8 Jdo cpl ol [YA] oyoymed = izl 5 [¥F] Casly — (yious)
[¥0] 8 sl )25 cbaodls Lawgs ] zuli 9 3l lis 3¢5 511, oYL
zlo sloolod o (IS dilore (gl (yo g3 = LY Jao ¢ oplpls

o] cwnl pj gy 4 Jso opl Colodds solaw] yimgy oyl 5

T>250K:0(T) =[76.1+0.155(273.15 - T)]x10°> d‘(v')

T <250K :0(T )=8.52x10" — (V)
3.54236x107*T +3.50835x10°7 % — ’
8.71691x107°T*

Ol 33 5 (x5l A5 —F Y
VCICRN S K-t P PRCH 0P 51 B P JW /S PSS
ol 1y (S5,) e (9l Mg (oo £33 (V) day ccaslord

[\c . ] M)L;o

S m
S gen S gen, AT

SW

gen,AP

()

540

(OF) Lulgy o an (o (Haw S

iy pj g 4 (VF)

o ()

ol o3y <ol Ky g JSUge o Colus @ alaiy ol o

(P) gl jlad 4y jlu jLid cons ply gladl 558 420 (piomon

¥0] conl e (slod o Joles

- P(T) (%)

sob & [T 0 L)) SO Lawgs baojlad 03 )90 )3 (el (o)

1y oykd (65 5] Asle s [FV] Lia)lS ophad Ly e Sl S 1,3
i o 1y ol Blbl laeo 4y 0 ka8 51yl Jlil &5 1o g 03,8 J>
w3y 0> 3P dblee bl [Ye 9 V] i o)lad 8y Jae 13,5 0
coals slael (gl s e ) & canl ol ,Siky g ol Sl JgS)se
ol o A Jle cpl il odlatel LB S5
o3l @95 (Jlo ol b xS oo (b S sl ln y WIS
03151 g (sl Do (s oly o ) 5 | 0kad Lamgie plas
oykab 1) e Llsl 2 [YA] S5 0jkad 05, Jo co b Lawgte glash

Cawlodd dlpiudiyg 0ylad Wb &5 duole Cps (o )LS

S jl o Hlid

v
1—te

dr, _ AAT ( rd)

dt  ph,r, 1
1+28Kn

+3.78(1 —¢)I;”} ()
T

dAe Ki’l s.)).wé}éd.?).) AT z)bud)lpwllbw)ao /1\} 4§
buwg (W) daly 3 (@) guoral copd ol S5y 20 Prog sl

¥A] 35550 iy 5 (VA) o]



VY- BYSY dio VFe ) Jlo ) o)l OF 093 « S ool CSilSlo i 4y pui

s dslee -0 =Y
) (St )5y ol 4y o)k 1y 5 pljatd 5 4 gla ) ]
doles el (53905 ) (ol 5 (Seelidge b dayl) o g
Cawlodds salaiuwl pob ikgls 4o & [FY] L bawgi oad dlgeyd cll>

Dgdise Gl 2 Ay by

P=pRT(1+Bp,+Cp)) (V%)

% @l g Jlpg b dbles (C) psw 5 (B) pyo el

{¥Y] B 0 @yl ;5

B =0.0015(1+——) ' -
10000
1
1500 1500 2
0.000942¢ 1-¢ — - (v
o )[ (-2 )} (moj (¥v)
1500

0.0004882(—=)

C= 1.772(%—0.8978) exp(—1 1.16%) +1.5%x10°° (YA)

c c

38> B il & s dbles opl il o Sl sl T, oS
g pine HLd g Lod I mewg D9 50 g Jle o Slawle 035l w2y
2 Jbps clbs doles 3939 pac & a5 b [FD 9 FF] conl oalazwl L8
el ) gy o Gy s 8 e ol jl eslanwl b o380 5 5
Olgise ) [FY] Kb lawg osds &l (Seelidge s olgd g cls doles

255 29 )13l p s Moo (pmrgp aaby (L5 4 de L

Saas] Jao =5 Y
ke u“l*"" ui..n.wl LSLQJ.\A 5l 2yge leMbl & dtu

1 User-Defined Real Gas Model (UDRGM)
2 Shear Stress Transport (SST) k-®

.’ - . . R S " "
(_?’5)»] J.Jy TS TPy L Sgen,AP 9 Sgen AT

ubud”u]ﬂywcﬁm)wauau\ﬁw&)xg\m
¥ ] canlosds oyl (YY) alaly jo bod clyuss Jdo &

abaly pl

S m

gen, AT —

2o wry =2 {(—) (')

or .,
(Gy)}

by JUid Olyess s 4y e (95T g (oo &5 coninen
[8+] Coslons Gy s (YY) lad,

_ My

o =7 ()

o Job plp & S5 cad pr, =g 4 Nl

Ep sl GBS Ep @ g cul () aisl cad g (4,) b oy

2955 Mg ez E5 5 S JISl L ( gen) 8 ol Wy
[F+] 09800 Jol> (Joxo

= J[ St dvay (%)

Sl 31 (30 (29,51 3 €5 Cd Sl &5 (Be ) loms 20
Ml}u (Ya) 4"2"]) Ly)"o )‘ ‘w‘ Jf @9)"’1 J‘J9: C)') ‘b (Sgen,AT ) Lo.}

Sénn AT

+S

gen,AP

Be=
S

gen, AT

(va)

Syl Jsl gpdlb cuSy ol o &S cwl s Be =) (bl
o opib cuiSp ol &S cul Wbw s Be =+ sl L
5 0 oSl s Be = /0 sl Jhoo Slas] il 15k

sl iy Sl SWlao! (951 Mg €55 ) > JUas

Y55



YEY+ B YFe) diwo MY JLW AR c)l,:..;'s‘m‘ 0,93 ‘).M.g).a.nldu&nuwwdu)w

‘oo/oo

1Y/4)

JiU dlal g awnia Y UG

Fig. 1. Nozzle geometry and dimensions

(P il g aSus anlllas Y
odlatwl [0+] Saa Jib o505 sleedly 5l omiwylael cus
b gl calonis 03,9l V IS5 13 S5 ol dlel g dwtin 9345 o
Jebos 3)50 4 Cilisee (slaojlul b Soan J3U S (o elio &
g Verre Jold Lgio aSud Feoee Jol cudy aSud cd)S )3
S5 Gl a5 48,8 a5 > Slabmo Jobo Ve ooee Joli 3, 4505
|y Sl Lyt flo sas a8 dw 5o IS syl cans YU 5 Y
s sy 45 anslodlidl 3lis] LIS a5 olSim Lol £ilosls sy
ol cCasloaly 4 i oSy Elo das Hlade (Kb 4l 90 @
b bwgie aSd oS W o ol A alisee gbaojlul b o)y
b 4i8)S jlai )3 iy 4 lgis 4 Wl oo ¢ Sluwlxe Joluo Voo
03 ol )3 SMag BB g (gudne 3 i) Sl & S &S 1
ol 0)l8 bawgie glad g 5Lt @5 gl dulie T S 255 00
oUW dwdid joo Dol 0 1y o0 laedly 5 (g3ae (gilwand
sobolen Cuwloas &)1 JSE 5 J3U (639)9 ) by baulpd aed oo
Sgd )35 9 Casbyn g 0ylad gl plad (m iy 09 o0 odalis &S
allssl Jbs cpl boogh callee oy sloodls b o & HES
OOk )13 329 (225 sodld g (o34 (ilwand S (i (S
IXIN J) 58 b 35 Sl 28 @l 5 53 b (o (oo (s>
4 cllpsl Lol LY ol Z FIA 5| 508 o)kab lawgio glads lys
355 Sl o 3o clp lulyd o5 (1) e 254 o
S22 5 Bly @l )3 Sl g Sl s talejl ol8s g ool

2 e silwandd (gilwoskw (glp lbgiae 5l S (V) sl salgs

Yooy

v

peiias (6330 (Silwand U TS ,5n albS gleans us,
2)8 ol J3U g5)5 slaglyr wis siledss Gln Gl
@ ag by skl S Jip, (Saasl Jas 5l Giagn ol 5
odlasw! A.))‘.AJ‘.L»‘ a)lxj é.gb' )'1 (\N' < y+ <Y- ') u"MiLS|9 IAPRC S

¥ o V] Canl 5 2 4 Jio ol Yoleo Culods

0 0
a_t(pk )+57j(pk”/):

EA[ALAN ™
ox o, )Ox

G, +G, —pe-Y,, +s,

0 M | Os
— + ||+ &— .
ox, I:{ﬂv O'ejax/} a )

82 &
—+C, —C, G, +s
pczk+\/; e T3ep e

[¥R 5 Y] ) S 0 (Siaisl Jdo ol )3 39390 slacal § ol jle

Cawlodds ul.u 9 uﬁ).’.,o

Reynolds Strees Model (RSM)
Large Eddy Simulation (LES)
Direct Numerical Simulation (DNS)
Realizable k-¢

Standard wall function

wm A W



YEY - BVFe) aoio AF ) Jlo )Y o)leds OF 090 ¢y puol Sl widines &y i

. Coarse mesh

Medium mesh

1.715

Sl o asil (I
A) Coarse mesh

bowgie 4500 (@
B) Medium mesh

Fine mesh

Ryl (@
C) Fine mesh

1.8 1.8
P,=13.83MPa, T=674.42 K

1.6 - —4 1.6
= i ]
E
Q
0
g 14 - —1 1.4
=
£
[+)
m - .
=
1.2 —1 1.2

______ Coarse mesh
Medium mesh
—_— — Fine mesh

1 . ] . l . l . ] . 1
0 0.02 0.04 0.06 0.08 0.1

X (m)

305 45l (0 9 laawgite Al (0 s> s (T 1 8s Jols Flo i 15900 5 ,9lS .Y JSUS

Fig. 2. Contour and Mach number diagram obtained from A) Coarse mesh, B) Medium mesh, and C) Fine mesh

Y5eA



YEY+ B YFe) diwo MY JLW AR D)w‘a\c 0,93 ‘wfﬂﬁl&)&nuwwduw

0.5

0.2

0.4

o=13.83 MPa, T= 67442 K

= E
o 0.3 =
o T
-0.1
0.2
B Single phase flow =1 -0.2
- —————— Numerical simulation ]
- [ Experimental data i
0.1 b—— ] PERTETI R I P ] I I N 0.3

[0+ 15225 (slooals b g2 o (smium kel ¥ S5

Fig. 3. Validation of numerical solution with experimental data [S0]

Siye by =V Y
Sire byd caslord SV Joun > alins (939)9 (5500 bulpd
T 2 ol &5 Cwlad a8)S L S 4 (298 L
o)l323 59y 2 9yt 9 L0 pis giye Laalpd piomen L Cgol)
315 5 (1)) gole sy pu &S Casl 83 & p3Y ehors Jlosl U3t

al o ply iU 69959 33 (V) mlo slbooylad

Ao (63959 (5550 bl .Y Jgu

Table 1. The inlet boundary conditions of the problem

Th(K)  Pop(MPa) s,
PYRIFY AT \
ZYFIfY VV/AY Y
FEYIEH YY/AY A
PYRFY \YIAY f
FAFIEY YY/AY I\

v54

09 5 lye @ J3U laoylys Jle plgie 4 cuslord a5 b
5 278 Oialef] Sliaaas Cuabad pie 4 da g b cplply sl glite
2 Glwded guld o (055 glaodly o Blsdl (gdas Jao cudgize
9 )L.u.‘? C-’)?‘ ol LS)L”M C.’l» ‘u:l » 09M$ ! L'J}o.uv RPREIY
b callas oy sboodls Kgy b 56 jeme dlael 3 0knd lawgie glads
Onlegy onl 3l GBS CusBge 385 dniba 4 3890 Jio (izmen
@ ilodnd by & Mmoo i g 1S e wl ]y odne e s
S S Oy Gile gl WK Gy plagh ol 0 43,8
Sl plosl BB s 56 5
w0l b5 i > B Jae g w0k gilw]ae il pluebl I ey
83939 )b 9 Lod dw ) Aliuss (6399 bulyd il )y o S
039) (65p0 Lol b Caond ;3 g dald] (3 4S5 .5 o )8 oo 3,90 Cglite
awlods 4,3 L5 53 T HBu (63959 Jlw 45 ol D 4 23Y Canlons
SYoleo plod osilo 8L (sllas (glp Vo 5l 508 o, Ken Hlro ¢ puien
5 (B 02 (2) 62959 O o2 o Bl lad g Cunlord jlais

e Lol ) 568 (wle 5 )50 oy 20 9058) (295



YEY - BVFe) aoio AF ) Jlo )Y o)leds OF 090 ¢y puol Sl widines &y i

AT (K)

662.45 K

-43.5

-65.4

674.42 K

-52.5

-17.5

686.43 K

-53.5

-35

-16.4 2.2 20.8

-21.5

-27.5 -2.5 22.5

BliSw (53959 sled ;3 dpw §ad 4> ¥ UK

Fig. 4. Supercooling degree at different inlet temperatures

G s aljtid 30,8 3039 cslas L b 0 S s
Ol SASIEY K 4y 55Y/%0 K5l 09y9 cslo &S ol il
ol buls 793 Cuow & Vo/YA MM 2IEs agl Cusbse canlazdly
yol ol cwlasly J&si oo/ Y mm 1S 4 YF/AY mm e 5l e
J3U (69978 52 Dy (38 43D (6399 (slod yiulj8l b &S el Ly cpl &y
St sl 5 JStie GBS &) () Sl ol 3 cpalplis g 4l 2alS
3 g0 &) 9550 9 (ol 23], & oo s s 3 e 5B
w8l o B iy ol 1 LSS 0l (99909 o> 3 el ple
29> boslad glad (g39)5 slod LEaS L PSS 4 aa g b
a FMIEY K5l (03959 slod ials b cdls cpl )5 calaisl, i3l
Vorx Ve m los ks bhwge glhd op e SPYIFO K
Uil L oS sl il ol el U el Laal38 ¥ASx) - 4y
Cuo b baoylad el le (slmoylad S puw JSUt5 dms 53 9 (6399 slod

cubrial (295 alato U Ad) Car < pLiw

cou gl -¥
OB byl 2 39)5 lod S -V =¥

slaled )3 ol s (GHlSe 12158 5 (63959 slod 1L oy 2
26,5 5 Lo 350 WAY MPa el )Lt 5 calisko

$29)9 Slod & (oEin 9 o0 odalia ¥ S5 13 oS psblen
@ Fape a9 039 Sube JJU 63909 3 Oy (B98 42> sl Sl
b 5 jokate sy o ] Qi AT )8 52T a03Y &S 3w g Cls
oo JLid o ol gladl (glod I lu (slod oS ol o&in 5y 368
Sy g8 42> (W) ey b i 3 5 (T <T(P)) ous oS
)3 Gy jl o il (AT > ) o | 555 (5)lie (sl
oS o AT (IS S5 g5y > 4 ko 5t 42 3 (B5B
CanldiBly il dp (595 42p> By glod Al i )3 5 ol
B9 42> JMie (pPoke «629)9 sled GRIPEIL & g5 e Mo

Caolazdly ol3al s

Y.



YEY+ B YFe) diwo MY JLW AR B)w‘a\c 0,93 ‘wfﬂﬁl&lsnuwwdu)w

25 25
20 |- — 20

o [ i

Lo 15 | — 15

£ - ]

= s 1

= | |

g 1w} — 10

| | i
5 s
°o 0.02 0.04 0.06 0.08 0.1

Wlod CaliSws (63959 40 (2l jdmd &y ok )50 .0 S

Fig. 5. Logarithm of nucleation rate at different inlet temperatures

ry (um) - -
0

0.054 0.108 0.162 0.216

' 662.45 K '

—
E R
0

0.047 0.094 0.141 0.188

' 67442 K N

|
0

0.0385 0.077 0.1155 0.154

| —
' 686.43 K ! p——

s 82959 leﬁlnb ) D)Jaé .\a.wg.’in &lx.w b Jﬁm’

K

Fig. 6. Droplet average radius at different inlet temperatures

Y299



YEY+ L YF) daxmiw NF-) Jl.u) AN b)lo..u.' oY 0)93 ‘)Mf).m‘ L_gu_rlSw L;“’*\-‘-@(" 4:)..“.3

0.1 0.1
[ o e6245K ]
| — 67442 K |
oos | — 686.43 K 0.08
0.06 |- 0.06
= |
0.04 |- 0.04
0.02 | 0.02
o Ll A,
0 0.02 0.04 0.06 0.08 0.1
x (m)
BliSe (63955 b O 2l 03 S Y ISS
Fig. 7. Liquid mass fraction at different inlet temperatures
2 2

| —=—— 9.83 MPa
11.83 MPa
———o—— 13.83 MPa

_—

S()

0 e | |

0.02

0.04

0.06 0.08

Bl (63959 (S Wid jd gl 393 4> )3 A JSS

Fig. 8. Supersaturation degree at different inlet pressures

OB o)l (6399 jLi8 BI-Y ¥

lylizd 3 Ol s (Se Wl b 1 (63959 5L 3l )y can
25,5 )5 uboo 3y50 SVE/FY K ol (gles 5 cilieo

Lg.)a)s )LMS Y @Kﬁb ‘.)9.\:3@ assMe A Jiw ).) Y )9]0‘)[015

& S By g odg Sk iU oBolS o eludl 595 4> >l YL

OBl s 4y 0)lad bawgito glad (Al g lo 51 Sy JS5TL

b Gl (il mle (o2 puS Y S allae 9399 slod
robe ool wlosd Job Jib (29 b 0 ple e S e
SEYIE0 K slos slp g YAFA 7 SVE/EY K glos lp e

ozl il38l SASIEY K glos 4y cas 74 54 /VY

Yoy



YEY+ B YFe) diwo MY JL‘“ AR c)l,:..;'s‘m‘ 0,93 ‘).M.g).mldul_inuwwdu)w

Log,.1 (1/m’s) [
0 4.5

9.83 MPa

11.83 MPa

13.83 MPa

9 13.5 18

22.5

AliSwe (63959 W, Wi8 10 gl jdiwd &y o 50 A4 UG

Fig. 9. Logarithm of nucleation rate at different inlet pressures

PG 63909 )Lt )3l sl B 4 sy ol )3 iy
a0 &) Py o B JSi

9 laojhad lad ((639)9 HLid GBI LY S 4 i L
i (2op 2 ojhd bawgie glad e ()5 Cunlal iulj8)
Z VAN WA MPa Lis clys i oy cpl Caslosd Juols
Sials WAY MPa jlis 4y cous /- V8/-5 &IAY MPa jLis ¢l
dxByd g (8999 Hid Lhals b S cul cpl el opl s cawlasdl
U by Cu nS Cuoyd brojlad (ol ol slaoslad 5> JSuis
Cabialg >3 alais

Gl > & 0 )lad Lawgio glas (38l g wle B S e St L
ol g cenlaly Ll wlo (oo puS Y JSS Billas (6399 5Lt
eroi OYIAY MPa 4 a/AY MPa | 39,9 5Lis a8l b cdls
s aoldl (b8l /FOXN T A YV Sl ple ey puS
@ Sod5 ond LSS mle soys S g8y sl Liul38l Y MPa

Cuwlods ﬁ‘ﬁ 92

Y&y

bl jgkate oy o il (B a0] 5 51ET a0jY a8 glusl 398 cJls
o (sles 5 ol glusl )L §) ey )Lt oSl _olSitm glodl 3
bl 35 423 (F) dlally il e 3 9 (P> B (T) 00 5t
598 4253 a3l g 1Bbe (S >) Gl 5S35 (s)hde )b
oS o SNl IS Sad ggfy b 0 Jde (e« gl
Eledl (398 ay> cgludl JLid (aljl a1 9 )l5u slod al33l (ol
Pl (8099 ks Lhals b S 2ad o sdalie (Cusladl  ials
Caslaidly (Ll 81 gLl 568 4> )5 Hlade
Cawd Vb & GBS Cubgo (639)9 5Li8 Gl LA JSS Billas
g Lo cls pl o cslody &y pmyw oljdiws g ond Jate by
o5n b e (R (29,3 Elo dde g Sy (BN (25 Sl
Eopd canldidl 21381 \Y/AY MPa o 8/AY MPa | 5349 ,Lié o
S asy FY/FY mm e 4 £V mm e 1 oliais
Casl Jdd cplay yol cplicaslonds Jatie Cawd YU Cows 4 YY/-V MM

5 48l SRl J3U (69959 > gledl (398 42 )3 (53959 5Li8 Lol b &S



VIV e BYS) asmio OFe) Jlo ) o)lad OF 059 syl SlSo siige dypii

0.15 0.15
- — e 9.83 MPa 1
[ ——=—— 11.83 MPa i
—_— -
o012 - 13.83 MPa 012
0.09 |- 0.09
E |
= |
0.06 |— 0.06
0.03 - 0.03
0 0
0 0.02 0.04 0.06 0.08 0.1

gﬂ’féud:,,g ‘_glh)w)b b).)as Jaw,?.o 8l:.~.0 AR ‘_IS.M:

Fig. 10. Droplet average radius at different inlet pressures

va ) | i
0

0.0068 0.0136 0.0204 0.0272 0.034

11.83 MPa

0 0.013 0.026 0.039 0.052 0.065

13.83 MPa

BliSe (63959 LD > bo 0 S )Y S

Fig. 11. Liquid mass fraction at different inlet pressures

YEVF



VAV LYY doio 0F ) Jlo ) o)losd @F 0,93 S yuel SilSo psiigen s

900
800

o O o o O

Entropy Generation Rate (W/K)
o

700
60
50
40
30
20
10
. | | N O ] ]
1 2 3 4 5

@,

JS (29551 Adg5 £ 55 9 Lod ¢ LB Ol 51 U (9551 Mgi £ 55 VY U

Fig. 12. Entropy generation rate due to pressure, temperature changes and total entropy generation rate

Ol 338 9 (2951 Mg £ 5.Y Jgso

Table 2. Entropy generation rate and the Bejan number

Be(-) S, (WK) S (WK) S (WK Typ(K) Po(MPa) g3,
<YV \ARTAREN V-V /POF IARIAI ZYEIfY A/AY \
DARE AMEIOO av/Fay YAZIAOA ZYEIfY VV/AY Y
RAA ISAIRNZ4 IAIARIA \ARYAAR 72YIF0 VY/AY Y
«[+_Y INEIARAY AY/fa4 YY#IY A ZYEIfY VY/AY ¥
ARRE AAY/EPA Voeofer¥ Yay/s#y FAPIFY VY/AY N

w955 g5 £ AYIAY MPa ol jLis p Lo al36l L Y S
2 kid Gl L seanladl, aljdl g3 a jLid g Loy it 5l (a0
5 Lials Loy s 5l b gyl Wy 5 SYEIFY K cob (gl
0 5pS snl b scanlaidl (ol L8 Syt Sl (3L gl g 25
5 U5 (note 4 bape bod Sl Sl 26 981 g &5 i
2L Syesis 51 (36 o955l Mg 255 Oliee S 5 05 o> (S

SEYIED K 51 Lod ial3al b eoppioman cal b g Lod s 55 & bogyye

Y&0

Ol 2de g 29y8] 15 sy Y ¥
9 (Spunar ) 8 (S ) o> Slousis J (86 51 5 65
IS5 53 el e 53 cul gamo lp oS (S, ) IS (ool Mg 65
93032 Sipe by g by Cunle cwdin 4 dv g5 b .calons 03,91 VY
bod s 51 (36 (931 g €59 sl Gillae <3 ol 59,
ot ol (S orap > S ar ) sl 326 ,lib Slyis Lo 5

¥ s il .l jlid Sl s 4 IS 95l W5 £ stes



VIV e BYS) asmio OFe) Jlo ) o)lad OF 059 syl SlSo siige dypii

ol Gibghy pd aSl & dagi bty g0 Jlaiay ()90 el plenl,
odlisal Lol 4 (93935 Jlew Olyis 4 Ol e S S Jls |
ol b (Jjdiz ©jgo &) b B (sludnnd (oxiw (Sl 035
(el D95 (poyp S Sgiagh ) Sy odd Bl e ]
Coa (i by Age (8,5 3 3 b dwdin cdm dw Gile e
390 03] ;D Wil o &S sl (63550 305 5l (gilwlin o]y pwyy

SR
e Cow 0 b -5

WK lad clsis 5l o8l 5T ol 25

gen AP

WK oo &l i 5 256 5T oss &3 S

- L - m
WK e 9,51 a5 o> 5 S
. . o . L. oM
Wim™ K olas ol sl oa0 e (9551 0y ez £ oo
[ als -1 o > 5 "
W/m' K bes @l 5 (50 (e (09551 adgi (oo &5 gen AT

s olej t

K oSt (sles T
K. Js sbo T

m/s (s o u

m . 3,5 olate x

m . g, olabe y

() b o2 5 Y,

(4) «sslodae il a

(5) «ssbodse 5ol s

() oy slale)S comd Y
kg/m'.s @l pr oy &5 r
Koy g az o AT

() o o o 125 0

LD S x5l Mg 55 OYIAY MPa cubs jlas s sAS/FY K o
sy > W/AY MPa 4 a/AY MPa | jLis (alél bosesl giolsél
<dly Gl 200080 JS gyl ade &5 SYEIFY K et

ae Canlosds 0dysl ¥ Joda )3 yloxe dde dulxe j Jols ol
lod el b amlodol oty s ) (S35 Lo 5 ol dod )3 o
G Lod @l s 1 (36 ogy5] Mgy 5 OY/AY MPa ol jLis
(Y0) sl 3o a3 9 &l (il St IS 98 Mg &5 4
SYEIFY K el clos ) jlid Lall b scanlaly, a3l ol sas
S5 syl W5 25 sl bed Sl Sl (36 g3l W gy
sl EalS o sas (Y0) dla, s aos ) g sl Ll
dae Hlde edls plas 3 aS pl & do g b wgu oo sdmliie a5 jobo Lo
Sl B Cos (sl Sy cplpl @29 S5 Jho &
el Ayl Jas b duglio )3 o SSla]

5 35 4 -0

DB ot iloand Caa (o) Jae Sl gk 0l
2 82959 )i g Lo Sl bl Ban b 1Sy — [Sen jlalia 5 )l
ol s 4o 5,8 eolizl e8] s o LIRS (ala el
ol ) b 4ol

S0 o (V) 48" 00,8 alas Mo ol )Lid j> (6399 (sled Lyiul38l L
s 9 0308l (3131 525 ol J31)8 (V) ey 0 0 (365 > o,
Cuo b odd JSis s @le slaoylad () ccunl 5 JSute WIS &
S5 (F) scusbaialsd 65 Se 8 glad g atih 13) Caa s FS
b Rl plo oy puS )l buwgio plad (ialS g plo jB 5o
S5 &5 a3 g )l g Lo Sl Sl 26 g5l Mg 25 (B) 5
sl (I3 S 5]

B (V) & wo)8 s Mo ol glod jd (43959 Hlid iolial b
S gy liais 3u]3 (V) cwye gl G9b b gy
S5 gy alo slooylad (V) il bl B & (e g 0313
wabbamled 6555 elad g atdly WSy Cas (e Cuoyd 0l
o S oad lawgio glad (il g mlo B Sa e S b (F)
5 otnls oo Sy Sl b 9,51 255 £ (B) 5 e G le
Caslaidly (I8l 5L Sl ) (36 (98] g &5

Soubo yolaie dy (6399 )0 YU HLid 5 ol (slod I ookl ¢l

Y515



YEY+ B YFe) diwo MY JL‘“‘\\ D)LM‘OV 0,93 ‘ﬁs)mldaélsnwwdu)w

(1978) 311-322.

[7]1P.G. Hill, Condensation of water vapour during supersonic

expansion in nozzles, Journal of Fluid Mechanics, 25(3)
(1966) 593-620.

[8] S.N.R. Abadi, R. Kouhikamali, K. Atashkari, Two-fluid
model for simulation of supersonic flow of wet steam
within high-pressure nozzles, International Journal of

Thermal Sciences, 96 (2015) 173-182.
[9] B. Nikkhahi, M. Shams, M. Ziabasharhagh, A numerical

study of two-phase transonic steam flow through
convergence-divergence nozzles with different rates of

expansion, Korean Journal of Chemical Engineering,
27(6) (2010) 1646-1653.

[10] A. Zhao, S. Guo, X. Qi, S. Gao, J. Sun, Numerical study
on the nano-droplets formation process from superheated
steam condensation flow effected by nozzle convergent
profile, International Communications in Heat and Mass

Transfer, 104 (2019) 109-117.

[11] A. Pillai, B. Prasad, Effect of wall surface roughness
on condensation shock, International Journal of Thermal

Sciences, 132 (2018) 435-445.

[12] X. Cao, J. Bian, Supersonic separation technology for
natural gas processing: A review, Chemical Engineering
and Processing-Process Intensification, 136 (2019) 138-
151.

[13] Q.-F. Ma, D.-P. Hu, J.-Z. Jiang, Z.-H. Qiu, A turbulent
Eulerian multi-fluid model for homogeneous nucleation
of water vapour in transonic flow, International Journal
of Computational Fluid Dynamics, 23(3) (2009) 221-
231.

[14] Q.-F. Ma, D.-P. Hu, J.-Z. Jiang, Z.-H. Qiu, Numerical
study of the spontaneous nucleation of self-rotational
moist gas in a converging-diverging nozzle, International
Journal of Computational Fluid Dynamics, 24(1-2)
(2010) 29-36.

[15] S.H.R. Shooshtari, A. Shahsavand, Predictions of wet
natural gases condensation rates via multi-component
and multi-phase simulation of supersonic separators,

Korean Journal of Chemical Engineering, 31(10) (2014)
1845-1858.

Yoy

WmK . 5,l,> colae oy A
kg/m.s o3 7]

(+) «st 00e V4

kg/m" (J5x P

N/M s 28 -

kg/m.s" ¢ b p i T

() eas oo )

V)8 S &5 @
&be

[1]J. Bian, X. Cao, W. Yang, D. Guo, C. Xiang, Prediction
of supersonic condensation process of methane
gas considering real gas effects, Applied Thermal
Engineering, 164 (2020) 114508.

[2] D.C. de Melo, L.d.O. Arinelli, J.L. de Medeiros, A.M.
Teixeira, G.V. Brigagdo, F.M. Passarelli, W.M. Grava,
0. de QF Araujo, Supersonic separator for cleaner
offshore processing of supercritical fluid with ultra-high
carbon dioxide content: Economic and environmental
evaluation, Journal of Cleaner Production, 234 (2019)

1385-1398.

[3] A. Esmaeili, Supersonic separation of natural gas
liquids by Twister technology, Chemical engineering

transactions, 52 (2016) 7-12.
[4] S. Dykas, M. Majkut, M. Strozik, K. Smofika,

Experimental study of condensing steam flow in nozzles
and linear blade cascade, International Journal of Heat

and Mass Transfer, 80 (2015) 50-57.
[5] H. Ding, C. Wang, Y. Zhao, An analytical method

for Wilson point in nozzle flow with homogeneous
nucleating, International journal of heat and mass

transfer, 73 (2014) 586-594.

[6] C. Moses, G. Stein, On the growth of steam droplets
formed in a Laval nozzle using both static pressure and

light scattering measurements, J. Fluids Eng, 100(3)



YEY+ L YF) daxmiw NF-) Jl.u) AN b)lo..u.' oY 0)93 ‘)Mf).m‘ L_gu_rlSw L;“’*\-‘-@(" 4:)..“.3

of condensation and normal shock wave, Energy, 120
(2017) 153-163.
[27] A. White, J. Young, Time-marching method for the

prediction of two-dimensional, unsteadyflows of

condensing steam, Journal of Propulsion and Power, 9(4)
(1993) 579-587.
[28] A. Gerber, Two-phase Eulerian/Lagrangian model for

nucleating steam flow, J. Fluids Eng., 124(2) (2002) 465-
475.

[29] Fluent, Ansys. 21.1 Theory Guide, Ansys Inc, (2021).

[30] K. Ishizaka, A high-resolution numerical method for
transonic non-equilibrium condensation flow through a

steam turbine cascade, Proc. of the 6th ISCFD, 1 (1995)
479-484.

[31] S.L. Girshick, C.P. Chiu, Kinetic nucleation theory: A
new expression for the rate of homogeneous nucleation
from an ideal supersaturated vapor, The journal of
chemical physics, 93(2) (1990) 1273-1277.

[32]
correction to homogeneous nucleation theory”, The

Journal of chemical physics, 94(1) (1991) 826-827.

S.L. Girshick, Comment on: *“Self-consistency

[33] M.M. Rudek, J.A. Fisk, V.M. Chakarov, J.L. Katz,
Condensation of a supersaturated vapor. XII. The
homogeneous nucleation of the n-alkanes, The Journal of

chemical physics, 105(11) (1996) 4707-4713.
[34] C.C.M. Luijten, Nucleation and droplet growth at high

pressure, Eindhoven: Technische Universiteit Eindhoven,
(1998).
[35] G. Lamanna, On nucleation and droplet growth in

condensation nozzle flows, Eindhoven: Eindhoven

University of Technology, (2000).

[36] J. Young, Spontaneous condensation of steam in
supersonic nozzles, Physicochemical Hydrodynamics

(PCH), 3 (1982) 57-82.

[37] G. Gyarmathy, The spherical droplet in gaseous carrier
streams: review and synthesis, Multiphase science and

technology, 1(1-4) (1982).

[38] J. Young, Two-dimensional, nonequilibrium, wet-
steam calculations for nozzles and turbine cascades, J.

Turbomach, 114(3) (1992) 569-579.

Y&

[16] S.R. Shooshtari, A. Shahsavand, Reliable prediction
of condensation rates for purification of natural gas
via supersonic separators, Separation and Purification

Technology, 116 (2013) 458-470.
[17] S.R. Shooshtari, A. Shahsavand, Optimal operation of

refrigeration oriented supersonic separators for natural
gas dehydration via heterogeneous condensation, Applied

Thermal Engineering, 139 (2018) 76-86.
[18]

Investigating the entropy generation in condensing steam

M. Vatanmakan, E. Lakzian, M.R. Mahpeykar,

flow in turbine blades with volumetric heating, Energy,
147 (2018) 701-714.

[19] S. Dykas, W. Wréblewski, Numerical modeling of
steam condensing flow in low and high-pressure nozzles,
International Journal of Heat and Mass Transfer, 55(21-
22)(2012) 6191-6199.

[20] A. White, M. Hounslow, Modelling droplet size

distributions in  polydispersed wet-steam flows,

International Journal of Heat and Mass Transfer, 43(11)
(2000) 1873-1884.

[21] E. Jabir, B. Dmitrii, A. Konstantin, H.D. Kim, Numerical
estimation of non-equilibrium condensation of steam in
supersonic nozzles, Journal of Mechanical Science and

Technology, 32(10) (2018) 4649-4655.

[22] L. Prandtl, General considerations on the flow of

compressible fluids, No. NACA-TM-805, (1936).

[23] K. MATSUO, S. KAWAGOE, K. SONODA, K.
SAKAO, Studies of condensation shock waves: part 1,

mechanism of their formation, Bulletin of ISME, 28(241)
(1985) 1416-1422.

[24] T. Setoguchi, S. Matsuo, S. Yu, H. Hirahara, Effect of
nonequilibrium homogenous condensation on flow fields

in a supersonic nozzle, Journal of Thermal Science, 6(2)
(1997) 90-96.

[25]

dehumidification performance with specific structure:

D. Majidi, F. Farhadi, Supersonic separator’s
Experimental and numerical investigation, Applied

Thermal Engineering, 179 (2020) 115551.

[26] S.R. Shooshtari, A. Shahsavand, Maximization of energy

recovery inside supersonic separator in the presence



YEY+ B YFe) diwo MY JL‘“‘\\ D)LM:‘M‘ 0,93 ‘wf)mldaél.inuwwduw

[45] S. Senguttuvan, J.-C. Lee, Numerical study of wet-
steam flow in Moore nozzles, Journal of Mechanical

Science and Technology, 33(10) (2019) 4823-4830.

[46] C. Wen, X. Cao, Y. Yang, Y. Feng, Prediction of mass
flow rate in supersonic natural gas processing, Oil &
Gas Science and Technology—Revue d’IFP Energies
nouvelles, 70(6) (2015) 1101-1109.

[47] C. Wen, X. Cao, Y. Yang, W. Li, An unconventional
supersonic liquefied technology for natural gas, Energy
Education Science and Technology Part A: Energy
Science and Research, 30(1) (2012) 651-660.

[48] Y. Yang, C. Wen, S. Wang, Y. Feng, Numerical
simulation of real gas flows in natural gas supersonic
separation processing, Journal of Natural Gas Science

and Engineering, 21 (2014) 829-836.

[49] F.R. Menter, Two-equation eddy-viscosity turbulence

models for engineering applications, AIAA Journal,
32(8) (1994) 1598-1605.

[50] A.J. Hedbéck, Theorie der spontanen Kondensation in
Diisen und Turbinen, ETH Zurich, (1982).

[39] G.H. Schnerr, U. Dohrmann, Transonic flow
around airfoils with relaxation and energy supply by
homogeneous condensation, AIAA Journal, 28(7) (1990)
1187-1193.

[40] A. Bejan, A study of entropy generation in fundamental
convective heat transfer, J. Heat Transfer, 101(4) (1979)
718-725.

[41] S. Paoletti, F. Rispoli, E. Sciubba, Calculation of
exergetic losses in compact heat exchanger passages, in:

Asme Aes, (1989) 21-29.

[42] P. Benedetti, E. Sciubba, Numerical calculation of the
local rate of entropy generation in the flow around a

heated finned-tube, ASME, NEW YORK, NY, (USA).
30 (1993) 81-91.

[43] J. Young, An equation of state for steam for
turbomachinery and other flow calculations, Trans

ASME J. Eng. Gas Turbines Power, 110(1) (1988) 1-7.

[44] X. Cao, W. Yang, Numerical simulation of binary-
gas condensation characteristics in supersonic nozzles,

Journal of Natural Gas Science and Engineering, 25
(2015) 197-206.

DOI: 10.22060/mej.2022.21370.7438

S. Yousefi, M. Changizian, S. S. Bahrainian, Numerical Modeling of the Effect of Inlet
Temperature and Pressure on Steam Condensation and Entropy Generation in High-Pressure
Separator , Amirkabir J. Mech Eng., 54(11) (2023) 2601-2620.

20 gl )l o (il 4 digSy

Y514






	Blank Page - EN.pdf
	Blank Page - FA.pdf

