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Piston effect is an important mechanism of heat transfer in a supercritical fluid flow under microgravity
condition. In this study, a Lattice Boltzmann Model (LBM) has been introduced to simulate the piston
effect. Variation of diffusion coefficient has been accounted for by adding a corresponding term to
equilibrium distribution function. To calculate the intermolecular forces and compressibility in the
LBM, a van der Waals equation of state has been employed. Boundary conditions corresponding to
compressible LBM in the presence of van der Waals forces have been set to eliminate the speed jump at
the wall. It has been shown that such boundary conditions provide high accuracy in problems involving
forces with an error of second order of magnitude in terms of space. The developed thermal LBM
together with compressible LBM have been applied to simulate the heat transfer to supercritical fluid
flows. The piston effect has been modeled by considering van der Waals inter molecular forces. The
errors associated with each of the schemes used have been evaluated. A comparison between a pure
conduction case and heat transfer due to piston effect has been made. It has been shown that the heat
transfer occurs faster once the piston effect is in operation.

5 oiilesT alex 5l )L Sl L g sulr gl b)) ale Sl doio- 1

aile 5 ()l laolr 5 gl 5l (o5 plonez (Gl (@ pm Giulo e
2 3 (slas Al G ST Sl Sy 85 oo g g o
a ol oy S0 o)l Seop Jlw @S (o0 8 o)l Sop
W el ol o a5 (o,lid Zlonl pdise baie 5 oid p)F Catpus

b glsal onl 3.2 wigt o ool Gl &l o SetasST 2lgel 0is 5 o

Please cite this article using:

Sad & ol el Dl o5 piie (elss SVl (nesiz
Sl g 4y Ol pess b alb oo Shre 358 Jhw connl Lo g jLzd
Candg )l load sole cl> |, it Lolss b OVl b g Wil oS
M1 casls Sl yow alais o035 58 Jlow
Sllogi alex 1 e plie by Wlgoo (SetusST sl

s led oalilw! J2d @ jle 5l Ao cpl  gla ) (sl

M. Varmazyar, M. Bazargan, Numerical Investigation of the Piston Effect of Supercritical Fluid under Microgravity Conditions Using Lattice Boltzmann Method, Modares Mechanical

Engineering, Vol. 17, No. 5, pp. 138-146, 2017 (in Persian)



VUL Saze 9 )b ey (Sikuao

o 5io1 aSaib yibg s 3l 0 3Ll Ly i F'9 xS0 kaszo 13 ilazs B33 Ulaws igiamg il 03333 52 )

S35 53 (SF6) yoils 2,516 135 (55, 2 o [22] (S 5 0l
e dlgid G 30 5650 Jlow ailesls plowl olKiglesl jo il alais
2z b Ghoy abal Vb (nglS (re iz 5l ST (haloyms el 00
oo e 38 Lalyd o wu,S Jlosl S i 5 cslS s
oS Casline (s ol a8l o 107 CMS ad po 51 SFE Jlow iy cup
b cwl p3¥ olojy caeles 100 0502 0 dS Jobo 512 mm g0 Jsb (sl
I S 5elS AL ol Ll s &, iy alaly & 5y Jolos
el gad Jsbo i 4l w3500 ()l Jolss ol 65 Sl ]

Slp S G abis ooz oyl Jml [12] ) San 5 0958
ARl e 3 5 S 55e Lnly 2 CO2 i b Jl
GBlad Joko S sl olil aBislej] Joo isls 13 aslllae 5,50
Sl Jsho (nl 45 egdle @ 05 CO2 Gl 398 b s>
St ol B YL T oo s s ol o 45 ol (5280 Loy Slinga 3
748 mm Cwlbrs 9101 mm ad ol jls slailginl Jobw cpl Jlo ol
5o S a3bios el 5 Vb (855 1 oniz 5 sls W515 Jsho o,
56 gl Jsboo 5l e LS 5 L 5] a5 (0.3 mm) Sl s
Gy g Lod el ool ool I3 Jokw 350 10 0,5 o ol 5l oS
25 SmoassS” gl solital L 5 4555 oz 95 Lausi Jskor 9,0
il e g peSosll Lt

Sige o aids 6 51 oLl (T Koo bme ol gz
5 ol sled hls acgeme JS Gtalesl £9,0 0 ailes oy (Slidms
o 4 L MK g0 0 gleo lugd SG .l 009 TCH2I MK L il
2 Syl Jols a5 Woges oasline [12] o Ken 5 (958 00b 0 Ll
olayl (13,3 Jlas o b aS cl Jlo jo () 0digum o0 £989 4208 51 eSS
Jolss €02 Gz 358 Sl ()l i uyd e 5 acgorme (il
5 0 swalin o) s gley atin K Bl iy S s Sl
s @ & lm JEsl o YU Sy opl 45 055 o 0l 5 [12] ol Sen
Al oo (S Sl oy £3

Jbw (sl ctls (9385 1) az ] i 4,25 55 [23] ) Sen 5 55
5116 mm s ,hd olls oliyl Jsho is,S eoly CO2 il 353
Jlosl e ol 5 Vb 5 omiz 39 5 57 o0 03 6.8 MM Cuslins
085 @l alie (2l 58 Glal el oad anni da el wo) 5 49
Som (Sl 1) e 90 Sl aY ab, "1 S ailes gl cassay
o S Gidle S 5,5

Fig. 1 Growth of thermal layer near the heater in the supercritical fluid
shortly after warming [22]

obe S 5l e (Sl Sle B9t Sl 50 s Soop il aY a1 JSh
[23]

139

S5l o)lpd b 3j95p Djpe y0 g WS (o ES > (e Do e
8 Glej Wl on 0550 sl Jlow 53 T30 ol Sl o o5 (255 25 >
sty BB Bl 4 e il sl jpas lele gloonsy ple
Sl ol ool Gl 5 093 Jlow S5 2 JUil 5 o) Jlisil
bl (S5 50 3l ol S sbml alls Colie 4 Cad g
sl Sl B8 Yl 2)50 5 (4] WS s 55 iissh il 4 Sl
o i s,Se Laos 4o [B] Ol sl 5 s (s9de 1987 JLo yo 5L
&S by (78] woges camlie 85 ol Ggtwm Sl a5 1, slossay
oo o oo 0 Sl 398 Sl iy ey Sl 52l Lo Sy
S Jlw dile Sy dlon blasl () 5 o0 o)l LS 4 us
YL aily g (6 &Sy cdedy S o oS T el pdueSTE Sad
& Sl g9t Sl 0 Wl )l (SrusST lsal (Sl G99 Sl
[11-8] wsb o LSy slos alidl cos JTons! Jlow 51 5598 <ilpe
Aoy oml G5 e doa & S5 A Gl cnlale
12] 5 oo 53 S 55 nl Gy Jolos o |y (ol B gty
w ) Sl s Jlw &l JES! (il eanlie ol &3ly Lo 16
oaisS i el o ,Se y0 a3l cnl 31 17] 05 o am g 9
23501 sl 0aliS el Do Beile S (Syo syeped (00
[18] 55 s osliul

695 Oyge & Supd prilse adlas 4 [19] o Sen 5 SO
5 SsS om 4 e (5551 ke o WS 58 lag)l sl
S 5o ol ogd se ools wls 18 Slion 368 alaii SGo 3 aS (vg) Jlew
o gl a5 Bud azgie 5 aid,E Ll s alles ol gl |, Sbls]
S8 colaa JESH Syme 40 a5 (1) Jlew pbiel 25y sles «SsLLoT
Sy Sl Jolw 4 VI S8 oo 50 Cow o)l

Dy3e 4y Sl B8 w50 Sl Jlan! [20] o iSen 5 )57
3loslge sles ioly 13 aalllas 0,50 (4935 Jlow Sl 9 (g0 g (gum S
o ol s eols s Jlymo i YL 20 MK G 10 mK
ol 55 ool 32l L s e el Sl T s oS
drwgs boo Judow (glp gmaz (65, dolre «lis 3 b cnline Gadod
el ool ools

S 398 b 595 2 1y ol pmle S 1 [21] ) Ken 5 Jsals
e Jo byl .aols 13 addllae 09 (il S 980 Lal,i 0 CO2
ol a0l CO2 lyon (398 Jlw > dolas ylgie a4yl jusly
s CO2 Sl 398 Jlw (J31s (65,50 &5 el 0l (28 ulizei ol yo
o Sglngl olae o gz Lol wilie Lol b ©j50 @
Sygo a oles 5l o sles ilaid S 0,40 PISOY ool 5l g
iy plo sles aboo mali8l 1.3 ms by S ;0 13 MK B las
Iy llae oo [20] ))Ken 5 5550 45 sl Jl> 50 ol csile o s
iles S > Sabbol (gloelses 185 5L o L,

! Pressure Implicit with Splitting of Operators

5 oplaids 17 055 1396 3l yo o0 Suillo wise



VUL Saze 9 )b ey (Sikuao

o 5io1 aSaib yibg s 3l 0 3Ll Ly i F'9 xS0 kaszo 13 ilazs B33 Ulaws igiamg il 03333 52 )

oy @ ot Gley o7 Slatte o Jlisl g8 b gi(F0) o1 0 oS
G > el l gy 3 055 @ s aSS Ce g 00 G s
Redes el 5 Ojp0 4 BOK o)l pol>

Q = _%(gi ~9{") + w; E8jer @
&b g (Sl s Sl sl oaisS ol &6 jer OT »
Sl ey b o Gl ley ol A g1 ez s Jols g
4 £ a8 Cawl ool a8 S LA o Sjcr = € 8jfp Dyge A pie py o Cal
@9 @b ebe oy S Geily dh gy el dae plsie
235 o i 5 Dyge & 55 ol

g1 = w; (T+éTEi-ﬁ’—C%Ei-VT) ®
Ogo Sy G g Sgd o oy T =2 g ahaly Goluly Lo ol jo a8
bl Gl A cord aitlie SasSg Sl Ce Ty A0S
9d (o0 i alal,

a=ay+D (&)
2 il Gl Sy s e it D ol i ag o] o oS
Gl dpsloee LB g = c2(A = 0.5) abasl, ol gy Jade yol> g,
dealome 5 pyd 4 650 Wolae [27] SoSisl yaule 5IUT 51 oolizul b

:ao;sa
3.(T) +V.(Ti) = V [aVT]
= [ R =
+ V. [c_z a,(T4d — DVT)]
S
unwanted term
—eV.[Ac267L,] —¢  8jL.  +0(e?)
— N——
correction term source term (5)

wwse Gl IS iy s b1, bl isy doles (B) ala,
5 565 oS ol i S g (@l o5 L) W o5 S o] pegdle
oads 03551 (ol o3 4 bogs o Dlsline cimguy 5o Siloads alls aloles
Oz o2 9p w3l b e oS b salss DLl ek 05 cnl
e 4 a5 Ceol o Jloel (pojilyy a5 Alolas y 55k 5 By
gy 3l el p2l> gy 09d b ol idy dslae 1 grie 05
28 Slaies s Jo silb 000 Vb Sz 1) Az ] ol
A ey aisls T 8 ime dy s Cood
oy o Sgei el lgion 298 b S L 3 (Mol o5 o e
3 @t Osh bl iy Aol Gl oad al)l (Gl el 4SS
odlgils 51 Ghg) cnl ogdle @ w3)ls 93 aye 5l (B8 ey 59, 2 (bS5
Sy a8 polie It +1 Sy a8 o polae a5 1z ol o o slo iy,
@ Oty Sl LS eyl e g wilor Cesda mpe Spgon t
Sor0hm @9 gy, Sl S5 GBS st 1 gley o &l
Ooppods plS gas Wl 13,65 5 ped A pe C35 ) &S 39250 Slej
Al gy &5 (b 5o s SIS a5l (Ses 5wl ged Jlosl o
2o b awliso o cwllo 1) coje cnl @b (el 05 b ()l ity
S aladlo 4 5Ls S ) e il aSD g 45T S Bl o0 Lty o5l
0 Jseme 9 D2Q9 oSl o Jle plsisa oS [z iloo anjon
ST oslil Cu s by ol 45 ol Il o oal 0l gy a5 5l abais
aye slaghy; b Wb 50w Sl (B9, Olos S9) 2 mre Sh9s
@Yl Sl ()l eilsy b g, o] rodle )l S0 pgo
Shaes e )13 095 )5 Lt o (silse s )F asle 5l eolaal o )
STl g a9, S il el SRS ph 050l &5 il o

5 oplaids 17 095 1396 3l o (o0 Suilfo wdise

Sty S oday sl G5y p s00e Sypons [16] IS5 Iyl
aS 0gy axio 90 Sl (goals 5 (glad caxdllas 090 dwain L0355 axllas
Yolee ol 48,5 )3 anlllas 0y90 (sdm So Sjgo a4 ol Ol s
2S5 S gl gl dmg SYolae ()5 5 Jaly Aeg3 50 oS
oAl &S ool 2,8 (65, dolee jo aS ogdle 4 el 0y (gum SO
2006 JLos ;5 el Lo 31 (o Lo il 356 4o 055 Jlow 1o
P2 hay 5l it by, oS5 b [24] gy 5 )T oM
Sl (og) Al 4 3990 (SitwsST Ggmnl il 5l eolital b g Sgaee
dbhize S 0 Iy Gl 38 Jlw 31 bl Gl Wl &5 wad
o095 [17] usS o 5 S5l (53Mee 2008 JLo ;3 boles (sjlafon (xS
Sl alall S35 )0 Sty Sl oy Sileaned sl |y el 4t
aed sl 07 9 OB B9y 4 ded (Shy, Sl el aiels 13 dalllas 0
isges ooliinl (Jlyzu 398 Jlw s pdipSTH 5l

WS Sl )3 Gleie |y Sl @58 Sl Ol LS, (Sen
G095 b 2dls 0T Vb sy o515 o e 5 (b Sloogar
Suotl 3590 o3 wiz Sl Wl oo (S 98 Sl ln ey 4SS
o)Ll (Gl G55 Jlw rdueSTS & OlFs 3)lse (nl abexr 5l sl
Jbw 22 L ey &8 p&eSTy Joae SO B Cn s 1 w09l
Col il el aSh oy 4 bgipe 500 0590 095 (58 Jlowl e
bl it olo 0lyz Giledae ozl (oo b s 5l &S
38 Jlm )l JUSI )0 (oot (B Syt 5l ody ogdleds 09h
slos @i 9, 2 O A Jleel 5 0y cnl S5l a5 o Wl Sy
S laibiwl gy 50 09l dmwle o515 15 lade a5 coul ol wiojls Jlw
OgrYge B ey oSenl oad Ao 05 nl 5l ()l e aSd
S9b el Sl (oo o515 U il e Baa b )l el aSh
33 (59) » 99 40 3l gl o)lgen 45 535 @it ok Jue 0l
GP9y 0 o leand Wit Glats) ez e Sl AL oy
alys (Byme lgyly (Jose G 9508 Jlesl Sam b el 4l
OseYge B Sl 4298 0)90 il (nl 0 &5 o3l ahen 0
&b Oad 4 ee 40D ) )3 s3ve S ol el (550 Ll 0
b s 5l pole gl 5o el (5550 byl Jlasl o9 5 (gemVge 8
e Al gl o 5 e ie A hs;y sl o el (5550 byl
3335 Jo Sy e B 05t sl )

Gl ey 4 -2

3leaddlas ol o Les b sy o o Olyosd dilone K563 5_,’_“)L.)| ol
Al gy o 1y (Jaw byl el a4 8 [25] (8 ,5L 5 ,L 0,9 allis
bylyl o 1) oles Olpess gile ad Ul a8 wols anwgs rojile
o> [26] B0 50§88 by, (ol [25] wsl o Dl wad s e
i G sl 43S 18 ) 0)90 ST iy s 53l S
ard Joli @i @b a4 ey S oS LAl L (Sl eyl
e S Ghe,y Gl Sy Sle sl (g, b eld o el oud (5l
Saows )3 05 SG plgie 4 55 ke p 5 S (o0 i) (55l dlalas (e
Aobes olul Cpl el o0l 48,5 L5 00 ey aSed aloles Cau,
Ol 3 85 WS o piS pj Sjpge 4l by 5o )l ey 4L
wdboo gie p 5 Sl dd Suex ~tibsr

Q =g F+c,t+1) - g7 t) — wsy @)

140



VUL Saze 9 )b ey (Sikuao

o 5io1 aSaib yibg s 3l 0 3Ll Ly i F'9 xS0 kaszo 13 ilazs B33 Ulaws igiamg il 03333 52 )

131] o5 e 1, 58050 e (59565 e o0 G55 Jiliy
F=—GyVy (14)
WSed Wslee Cunly Ceom 3 (2B S98 S Djpot j9S e (S9y

Seboe Jlosl 25 ©jp0t (oyils
G+ t+1) - f,F) =0 +F (15)
aw ol | Gede 4G () 0 (2B sleg e sileanet

D23 ge Mleiday p5 D)ygot (poie Al Aolas ;5 1) 555 jlade
~ 1 5
Fi=——wpGF (16)

c

2

Loz 5 95 HIFi s (Js¥se m 695) o> 9 F o] 0 S

«SsSwg S LS s (59, 32 9 Sl ped Alwd j3 il o el A

Cep S0 Olea [38] 05 Jhel g pgs B b
Sgdige gl 5 ygots (Jolai g S gSms Slo
F@# 1)

u@@ o) =u'@0+7

F@# 0

ulF ) =u' @)+t an

SipsSasg Slo Sty U ool aSds gy 5o iyl Celi T Ty o8
S gSrg San Sy Tl Jolad s @b b jblie caep %9
Dy iy (18) alal) elul p a5 08b o
=12 1 > >
GO =) EfiGD as
Vol 0 aS Canl dwle B T =v/c2 alal, Gololp il )T col lade
OLlSer 9 65 gy » (K po dwd ABb e Sl (Soileiw Cx )
A sl 3 1) 5,0 e oo o) b S ygo 4 s,y ol il oo [34]

S oo el ) e p o o g 35l o0 0l (o352
(1 1 G—u ¢u 7 »
e ( 21) @i c? * cd (19)

F@# ¢t
U7, t) =u'(#t) +%

s e FGD
(7 t) = u'(7,t) +

po atwd LS a5 ol ol g e SoSndl el LT ST L
Sroale Loy 5l ool b a8 ail so Uas 51l pgo 5 Jol (slaazws [34]
sl e Jle olyeds [34] g0 aculns 1) ol g5 oo FsSudl

(20)

sl 33 S ygo @ gl diws gl (ET7cntnty) gy dolro

1.,
ETTenmey = _EVF (21)
Jea> BB 55 Cwyd @ 55 (ETTvmnem) pocwes dolre glhs jlads g
1 oF Ne o sl
Errantm :_ES’E‘F(T_E)V(MF-I-Fu) (22)

Ol Jgo b piste SoSsl cpal oo (o0 o5 coul gl &1 o a8
J‘iL‘W" )l dle)l.: 5 Sl b‘iM £9S 9 le Alwd LgUa} ‘hj-“"_g" oals Jam.l
AL Ins ol 9yse 0 Jl Glsieay all il Cooal olous
S8 lgi o 00 I3 Sl potion dloles ;o g, lsieay JLud Lol S A oyl
se Jsl aiws slaz (nlply 5 cosl coll e g loj 40 550 0 &5

141

cnl ) esliiul cslos yqT lag)T (35105 e s 0 VL Sl (Gldimn aix

S X helsT ooy b3y-3
Syslee Qlinyl & pol Sl eile aSd Jas o5 glacyie 5l (S
cresles 45 Aoles ol wlFuin iell ooy s, 5l el il
IS (o pdT 5 O ygods joS e by 5 (Il

9@+, t+1) —g,(F0) =
= 10,(g,6,0 - G 0)

7

Gk 5 sl el Wil o ailfoiz el ey b, 5l eolarl
dolne [29.28] 05 5 51> cresisr &5 by,
Reber s g Cw b 4 (6)

®6)

g+ Gt +1) — g;(7 ) = —MTIAGEF, 1) — §*U(F, 1) @

6l lsp g e &l ol JUs! axil e ples o G D) o] jo &5
b g plosl B 5 (o alal, jleslitul b ples

fGE ) = Mf(@#t) ®)
deolee BB M o 5le b pl 3 (g3luanlate w631 51 oolanl b
51301 el ot slpriy S8 Lug M G ile IS ooy aily oo
el Gl BB 5 @90 M 5l D2QO aSe yo (il
1 +1 41 41 41 +1 41 +1 1

-4 -1 -1 -1 -1 +2 +2 +2 +2
+4 -2 -2 -2 -2 +1 +1 +1 +1

0 +1 O -1 0 +1 -1 -1 +1
M=|0 -2 +1 +2 0 +1 -1 -1 +1 9
0 0 +1 o -1 41 +1 -1 -1
0 0 -2 0 +2 +1 +1 -1 -1
0 41 -1 +1 -1 0 0 0 0
lo o0 0 o0 0 +1 -1 +1 -1
ool 00 iy yad gy j0 A5 el (68 e ple G A iwl)] e sile
[28]
A = diagonal (0.0,1.63,1.14, A,, 1.92, A, 1.92,
2 2
1+ 6ay 11 6ag ao

Sygo & Jobs sl jles ail alils olgsds olie ailes oo Ag 9 Ay a5
Wgdoo Byt p)

F9=T,f%=-2T+3@ - i),

Fl=T+3@-0),f="Tu,,

f;eq = —Tu, ,f;eq =Tu, ,ffq = —Tu,

ze 7 e
£ =(Tu)? = (Tw)", ;1 =T?uu, an

SR 8P Jbw 2Ty Joe -4

o dolas 5l Gl 398 pSeSls e bz Gileand Sy

[31] il onss sslazal Jlg sl

(P+ %) (v—b)=RT a2
v

Al ol jo adle ol gileans e il e b CWbR

a5 Syges (12) alaly Gulely @) Jsse (e Jemiliy 05

[31] s o
P—pRT
2 — 2
Y “GRT 13)

&b ) oolinul b ass oo olas |, @ld sl Bl @086 ol o oS

5 oplaids 17 055 1396 3l yo o0 Suillo wise



VUL Saze 9 )b ey (Sikuao

o 5io1 aSaib yibg s 3l 0 3Ll Ly i F'9 xS0 kaszo 13 ilazs B33 Ulaws igiamg il 03333 52 )

‘_s'i)l):> Coloa s_;l),..uu ogdleds .l oo oolazuwl ‘57)‘).> 5&@&9}.&,’.&

ko + k(T)

ay+D(T) = = ao[1 +y(T - T.)™%%] (28)

D

cuys paie G k(T o5yl Calae oo cib uko ol 0 &S
Lad 5 Jlw pogate (5> udsb 6 bz JBa P ) Salae
du o e Tey G e cord ki b colite by el

el 03305 D5l 0.75 [24] e 10 oy oo aril o Sy

Sl oy e gllas -1-6
e )l JEsl gon S dlae ol Joo las o (o) S
ool Lo adsl ase [26] ws a3 ¥ Ly o astie Ce g wjes b
Wb 2 Oyp0t e

. - x*—0.5
T(x*)=1/V2no exp(—W) (29)
é‘L‘ el Lo =LJ5| Ty o ).:5.4 wl) OJ 9 ulSw A o )bj.a x*oT BN as
Dybes B8 R Dype Ly
u(x*,t) = upaxcos(w't)sin(mx*) (30)
Sl slagly S B @'y S Aidn ke Umay o] 0 &S
i sl Sdmn i b 5l wsim bl (80 sl o>
felf ‘gu) |°'5 g &Sl 3l JBe Jo Jaar Sz ol oalds colaiul
30 6l mls Gl alold a5 el ouls 5y lojlail 4 S 5 Slej
O Al gy ol sl gl L aila s gangex
03,51 "3 S o 2ol o 5l eolil ol jer 4 yol> Jae g ikl
Ml ey aSs bg, sllas 45 wms e bt gl sl o
45y Uz 0aisS sl o5 5l eolaiwl .aiil oo oo s e 3l bej (s,
e slas ans e alS | Uas e L 5 onged Lai |, 3y, sllas
P8 e by Comd (el dS (hg) Suie ole) S35 2 P90

Sy plosy-2-6
o Syge b 93 Gle (S 388 Jlw Ol JEST Cend cnl o
3T 22T Sl oo 05 aled cos Sl 28,5 aslss 13
Gpdy bladl JJdo a4y a8 oo oy o (0l asmio oo SL o)l
S35 Jlew s blecilslnl el is ol oSl 358 Jlow S
Jaie Jlow bl plo 4 1) Lo Ol pess 00l bowl zae .0l aolss o)lg00
inle WS e 05 o Ll 5y 0 a5l o 4 e ol Lokad S oo
o) o b Jekiies oS5 oad 45,5 5 0 e o) sim o
i pas g5 byd b ol s YU lee ey ol o 20x100
Ol el ol SBIl 50 50e 93 Sl Sedmn i LS s
slales DS 10 Jo ooy Jgere 5 S Sl 398 Sl
gz W ad aalss axanl asly 03,5 jsee Slim ) 5 S & oS Sl
s a5 Cool oY el bz Bl o) 5 o1 abnlr Ol B3
sae ol ol (28] 508 S0 55 S Ly o 0l il
3579 Nl almlr bz G s S Sl Ly s 5 G,
a= Oypen olyaly Jhw lp oslinal 5y5e slayiall ol

5 oplaids 17 095 1396 3l o (o0 Suilfo wdise

yolb> Jow Sip by -5

Sydee 258 oSl eiler Al yo Al s 650 byd )8 Gl
el ol Slez ples yo Lo

9-9 =99 23)
W85 oo 3k Jo plase J3 a4 aS el S150 cyz sasmolid | cy
) e a55lge 0lped slao,S sl 5o GBI T iz a3 4 ] S
S5 ol 2 Dot Gl

gi = (0; + )T, — g* (24)

&9 &b polie (Ble (550 byl (gl il o 05lps Slos Tw ] o o8
3o 0 (npSess yo o bl polie 59, 3l 50 sleeS 55 2
2o oL [V 5 (59, p aSed Joe "2 JSE" Laigd oo dnlne
&8 &P Seladgyoen g5 by 4 baye S¥speme Gulul ()l
ol 3 Ojgods Allas oSl SYoles
fatfitfo=p—(h+tA+h+hi+fatfotfe)

E
ﬁl+f7+f8=f2+f5+f6_puy+?

E,
f3+f6+f7=f1+f5+f8_pux+5x (25)
FEp=Yfi(n0) aal, 5l JBz o5 ol 5l 5 358 Vols 4 a2 b
4.....ul.‘>u Py SHgod u‘y‘sa o)|3g,> S9y ¥ ‘) Q&} )b.s.a ] d.u.ul:?u

Sged

A

_ fothtf—2(f+fs ""fe.)"‘?y
p= 1+u,

Cend (59) 5 iS5l (5350 Loy a5 win)S 555 [35] (a5 55 L o)

ol ol =B - el B s b Jobs e

(26)

Clls oles
2
f4=f2_§puy
i 1 1 E F,
f7=f5+5(f1_f3)—gpuy_ipux+z+z
VU PR 1 E F,
fs—f6+2f1 f3 6Puy ZPux+4+4 @7)
=W-6

2055 n B i) 3330 Gy ey e Jao sl a5 pe
3okes sy » pole goe Juw sl a5 0e oo o0lo lid e oyl
TS bze 0 Sgtam Sl oy e Bl g a5 e

Cs Cs Ce

.1\

h 4

C? Cq CB

Fig. 2 D2Q9 lattice model on the bottom boundary
Ol 50 59, 2 D2Q9 St Joe 2 S50

142



VUL Saze 9 )b ey (Sikuao

o 5io1 aSaib yibg s 3l 0 3Ll Ly i F'9 xS0 kaszo 13 ilazs B33 Ulaws igiamg il 03333 52 )

1.260c
1.255
[ O  CurrentResults
125 MacCormack Scheme (Hazi and Markus Result)

N 1245
124

1235

1'230 02 0.4 06 08

-5

Fig. 5 Comparison between McCormack simulation results employed
in [16] and current method by taking the time step 40000 and N,,,, =
1000

oud 48T 54 o g8 o By, 5 pl (6 luted gl los avlia 5 S

40000 Slej a5 )3 g Npye = 1000 23,5 L5 o b @ e o

5 Jbs 090 blos] go—s &8 > il Gla il T 5 6 IS
Lo g5 4 bgye oad w5 (lod .m0 g0 (i | Lo (55, 2 o] &3]
Slodend aBl oo alaios Loy )3 oad 485 LS 5 s3g0e L (55, 2
5048 vad o T ol 500 55, ,» Tw/Tinitial =1.003 Lles o, b
VL 5 ol 50 glod bl e oz e JS 4l (sloo Tinitial ]
olia S (sl als sla % i sl b, uli Slawlone b
el B Colan Cardg 4o 0ud dwle
S8 3l g (g, 02y | S 09 0 Alaxdle 45 psbolen
ol aS I 30 Casl ooy dbgs o pe Caal 390 4 zae Sloj 5 50

a5 ooy ablce e JS Jsb 0.1 g0 o alls colas ol cidluw

1.003
E 1.002 :
z —{Piston effect
= —@—Conduction
&N 1.001
1
X
t=20
1.003,
E 1.002
= —F Piston effect
{S —@ Conduction
X
t=50
1.003,
E 1002 -
*é ’ —{—P1iston effect
g —@—Conduction

143

& s s Su @58 sles polie uilb 09/8,b=1/3,R=1
ol wload axs S ks o pe = LT =1 Ojp0 4 amg Sl G4
Ar oails 4 el Tl 5 0.7 ply Gl epls aSed (il
gy jldnds alizee sla by, oo aslie "4 JS2" Laileas Llx) 0.8
B2 o lis ey a8 500 cendS 5l gy 1) (pges 9 poo ¢ Jgl aws)

Ao Bl s Slis g0 (35, aw B oS cod 15l (S b
oy @l 45 Sl oy B [34] gz o 5T @ a2 L il
Al go las o 2eS (gl ls a

&0 S 0 piiie polie b @l pgm By, slas b5l sl
el g ol Joe mlss o samlio "5 2" 095 oo duslie [17]
olis Sley a5 40000 cuisdS 3l oy 1, [17] K68 S Lty 51 Jol>
Ny XNy = (65lwad (il ;3 00l 48,5 1l 10 05 slass e o
4 S0y (ol paa gy a5 el 51 S mls sl . 20100
S e ]yl o eSS Jobe

-
<.
™

—— Standard Model
—@— Corrected Model
— — — -Slop-2

T

UmEaLL e

Relative Error

10°

10°

LRI R L Rl |

107 - -
10° 107
&t
Fig. 3 The relative error of the standard model and modified model for
the one-dimensional lattice Boltzmann method under u,,,, = 1.0,y =

0.08 and ' = 1/5
(5‘).’ U,Q)Jy Al P9y 0 C)Lol JM’ .>)|..\5[L;w| J..\A (s LsUa} 3 J&»)
®' =1/5 ¢ 7=0.08, Uy = 1.0Ly] 5 i (gan SO Ao

1.003,
1.0025
- — 1 Schemel
i —@— Scheme?2
1.002 |- —&— Scheme 3
E B
Z 10015
ST
1.001
1.0005 |-
15

Fig. 4 Comparison between three schemes for simulation of
intermolecular force in the lattice 20x100 and for time step equal 500

I3 G958 Sildns Slp A 5 90 (S o9, o S anslie 4 JSCS
500 _le; pl5 ) 520100 aSs 4o

5 oplaids 17 055 1396 3l yo o0 Suillo wise



VUL Saze 9 )b ey (Sikuao

o 5io1 aSaib yibg s 3l 0 3Ll Ly i F'9 xS0 kaszo 13 ilazs B33 Ulaws igiamg il 03333 52 )

1.002 H

T/Tinitial

1.0015

1.001

1.0005

(a) t=600
1.0006

1.0005

1.0004

7/finitial

1.0003

1.0002

1.0001

clilb||l\\lli\illllll|||i||l\l|

-

(b) section A
Fig. 8 The temperature distribution is calculated based on different
initial temperatures (&)

(e) alizes adgl (slalos (ulul y oads dle slood xs395 8 S

Cov alaie 35 e s0g0e bt yo |, (T/Tinitial) Lo o9 "8 JS&"
Az p2 S aes e i bl e oo lis adsl gles kit Lyl n
e b ol Jlal sl 5o gl slos 4y adgl sbes laie

Sy oo plmil (g yien

S ger-7
Sl (pozily aSel Al anwgs ool osliinl b (Sga il ony
Loas oyl a5l cpl @)l JUml @Yb cepw 5l olas mlbs w8
SewsST zge Il el Badate SlS ool e (g, Slaslie
ogdle .ol ooy lid glojy calidee slo ilSs jo Lod (59, » ol s
Aoy Gl Jlade 4 adel sles Jlade az 10 was o lis @ls ooyl
ol mls alie 00,5 o bl (g in Gy b oyl Jlasl ail
Alomsy iloand ;o Gapidy a0 (Bg) 950 po by, &5 w3

Ll by plo a4 Cond 5 5YL C8s Il Seiuny

Lowdle Cw ygd-8

5 oplaids 17 095 1396 3l o (o0 Suilfo wdise

1.002 —{F—DPiston effect

77 Tinmtial

t=150
Fig. 6 Different sequences of wave motion of piston effect and its effect
on temperature distribution in comparison with pure conduction

@5 2 ol Ol s (st S onay zae &S > 5l calisie (sla uilSn B S
AL clan b el o Leo

—* Piston effect
—@- Conduction

7/Tinitial

1.003,
=
_4—‘
E 1.002 —— Piston effect
& —@— Conduction

X
t=250

1.003
=
g 1.002 —— Piston effect
S Conducti
S @— Conduction

X
t=300

1.003,
=
'S 1.002 -
g —C— Piston effect
& .
N —@— Conduction

t=350

Fig. 7 Different sequences of wave motion of piston effect and its
effects on temperature distribution in comparison with pure conduction

boold o Lo ajer p ol Olil g zoe oS > ) cilisee slo uilSn 7 JSC&
LA colas

9 Cbls Balys CuiS g ) amho 90l duny o0 e Sletl 4 z5e
D0 Jlow slos 18, Wb el S > b ye 40

144



VUL Saze 9 )b ey (Sikuao

o 5io1 aSaib yibg s 3l 0 3Ll Ly i F'9 xS0 kaszo 13 ilazs B33 Ulaws igiamg il 03333 52 )

Slaly 55 @

gz 0 oSl g el @i

C""‘”ﬁ_g

Sy & |y 67 0aisS Mol a5 les o0 1,05 o jo s galS Cge
ay - = 2 -l

€ [; 9,(T% — DVT)] —e[actsj] =0 @1)

9o (s 53l 1) p58 4 (BL) slee

> 1 [ %o - =
8Jcr = &bjer = € [A_Hatl(pu - DVp]
S

1 =
= 7 (1= g)(€upll — £3, DVp) @2)
Gera Ger)z

oy Lod 5 Copus 00 Jolo (555 0 Sloy Grie @ Uerdy ol 2 oS
Oooalz 5IUT 50 b il Led 59, p Sloj 5 G0 GRie shils 5
Olgse B3) alaly jo el ool a3 T a5 oty = €'t O g0 4 S el
dnls 5 Sgo 4 0(%) )i 1) ploj (g5y » S oy Ghie

Dgad

o =ult+1) —ult) +0(? (33)
2 O3S 3 |y ey 59y p oo (§ie jlade (g5 00 j9bo (ees

0T = ——erp1
€0T =gl (34)

Sygo 4 (35) ally colps,s el gi @ @b Joli e s giaS
ORI W

Ojer = 5 (1= 5) [Pt + 1) - #©) - 12683 +
DV (G-efi) + 0] @5)

il o O(E') 5l 55 DV(efd /AWp)py a5 503 leal (g5 oo o] 2 ogdle
25 Dy3e & 5 € adye 5l e 1oy oSl Gagle 5T o o5 |2

Sg g0y pT5
V= ¢V, (36)
Sged (el 25 Dygots |, BT) dolas plgs oo calplo

S8fer = ! 1 !

Jer = 2 ( 21)
- - u) ,
p(Et+1) —d®) - stol + 0(&'?) @37
0

&l p0-10

[1] A. Teymourtash, S. Noorifard, Natural convection heat transfer of
a supercritical fluid in a vertical channel with isothermal condition,
Modares Mechanical Engineering, Vol. 14, No. 15, pp. 33-41,
2014. (in Persian .. s)

[21 M. A. Brown, S. W. Churchill, Experimental measurements of
pressure waves generated by impulsive heating of a surface, AIChE
Journal, Vol. 41, No. 2, pp. 205-213, 1995.

[3] B. Farouk, E. S. Oran, T. Fusegi, Numerical study of
thermoacoustic waves in an enclosure, Physics of Fluids, Vol. 12,
No. 5, pp. 1052-1061, 2000.

145

(M/S) T Cg 50 Ay Sy LMo 0

(KUK K) oy ) Sy

(M/8) aSils Liguo s yuo

(M715) 5> Ay o it G
S e Jolay o038

P Sl oee 4l @l Oy e &b
Il

S ooy 4Sed glp Dl Jols g b
| M.Q.'P' )

Sl ool &S ln les o

() Jlozo! g8 b Jolss el 2

N) ()5 5550 )0

Oeds AT sl 0 ()15 950 pea
WM K) (55, calas o po e 150
WIMK) ()], Calas o col (i
Js! e

X sl s aSes bl slows

Vst s aSes bl slass

(Pa) Scwliyogo s jlid

b5 el

m) (xy) o o

©) ol

K) oo

S @ gles

K) Hlgoo slos

(M/$) Soy98mgSbe Sy o

(M/s) Jolwi ay595 b b ,blie ey
(M/S) Sy 95 Sro S

(M/S) g o iy

O v (o )l

M) o laize

F18) 5yl iy po Sl A

ol el cope lesd b ocaslie bl
AK)

3ol gles GBlyzil e odims lis yalil
Ayl dae

S oels 4 Gralyl e

(kg/m®*) JE=

Lo adgl g 50 Fge il

oielyl yile

S5 Shoe

ooy 4 o ialyl e

PgaTe 2>

90 e Jeiliy

5 oplaids 17 055 1396 3l yo o0 Suillo wise

e S

& X

x

30"0%2:22

=

X,y

@591'. ‘5‘&;"4.05{:

45

14

5 > 9 ™ » o

~



VUL Saze 9 )b ey (Sikuao

o 5io1 aSaib yibg s 3l 0 3Ll Ly i F'9 xS0 kaszo 13 ilazs B33 Ulaws igiamg il 03333 52 )

Physical Review A, Vol. 41, No. 4, pp. 2256, 1990 .

[20]H. Boukari, J. Shaumeyer, M. E. Briggs, R. W. Gammon, Critical
speeding up in pure fluids, Physical Review A, Vol. 41, No. 4, pp.
2260, 1990.

[21]B. Zappoli, D. Bailly, Y. Garrabos, B. Le Neindre, P. Guenoun, D.
Beysens, Anomalous heat transport by the piston effect in
supercritical fluids under zero gravity, Physical Review A, Vol. 41,
No. 4, pp. 2264, 1990.

[22]H. Klein, G. Schmitz, D. Woermann, Temperature propagation in
near-critical fluids prior to and during phase separation, Physical
Review A, Vol. 43, No. 8, pp. 4562, 1991.

[23]1 M. Bonetti, F. Perrot, D. Beysens, Y. Garrabos, Fast thermalization
in supercritical fluids, Physical Review E, Vol. 49, No. 6, pp.
R4779, 1994.

[24]G. Accary, |. Raspo, A 3D finite volume method for the prediction
of a supercritical fluid buoyant flow in a differentially heated
cavity, Computers & fluids, Vol. 35, No. 10, pp. 1316-1331, 2006.

[25]M. Varmazyar, M. Bazargan, Development of a thermal lattice
Boltzmann method to simulate heat transfer problems with variable
thermal conductivity, International Journal of Heat and Mass
Transfer, Vol. 59, No. 2, pp. 363-371, 2013.

[26]M. Varmazyar, M. Bazargan, A. Moahmmadi, A. Rahbari, Error
analysis of thermal lattice boltzmann method in natural convection
problems with varying fluid thermal diffusion coefficient, Modares
Mechanical Engineering, Vol. 16, No. 12, pp. 335-344, 2016.

[27]3. Latt, Hydrodynamic Limit of Lattice Boltzmann Equations,
Thesis, University of Geneva, 2007.

[28]A. A. Mohamad, Lattice Boltzmann method: Fundamentals and
engineering applications with computer codes: Springer Science &
Business Media, pp. 34-45, 2011.

[29]X. Niu, C. Shu, Y. Chew, Y. Peng, A momentum exchange-based
immersed boundary-lattice Boltzmann method for simulating
incompressible viscous flows, Physics Letters A, Vol. 354, No. 3,
pp. 173-182, 2006.

[30]1. Ginzburg, Equilibrium-type and link-type lattice Boltzmann
models for generic advection and anisotropic-dispersion equation,
Advances in Water Resources, Vol. 28, No. 11, pp. 1171-1195,
2005.

[31]H. Huang, M. Sukop, X. Lu, Multiphase Lattice Boltzmann
Methods: Theory and Application: Wiley, pp. 57-63, 2015.

[32]L. S. Luo, Lattice-gas automata and lattice Boltzmann equations
for two-dimensional hydrodynamics, School of Physics, Georgia
Institute of Technology, 1993.

[33]X. Shan, H. Chen, Simulation of nonideal gases and liquid-gas
phase transitions by the lattice Boltzmann equation, Physical
Review E, Vol. 49, No. 4, pp. 2941, 1994.

[34]Z. Guo, C. Zheng, B. Shi, Discrete lattice effects on the forcing
term in the lattice Boltzmann method, Physical Review E, Vol. 65,
No. 4, pp. 046308, 2002.

[35]Q. Zou, X. He, On pressure and velocity flow boundary conditions
for the lattice Boltzmann BGK model, arXiv preprint comp-
gas/9508001, 1995 .

5 oplaids 17 095 1396 3l o (o0 Suilfo wdise

[4] B. Zappoli, S. Amiroudine, P. Carles, J. Ouazzani, Thermoacoustic
and buoyancy-driven transport in a square side-heated cavity filled
with a near-critical fluid, Journal of Fluid Mechanics, Vol. 316, No.
4, pp. 53-72, 1996 .

[5] K. Nitsche, J. Straub, Proceedings of the Sixth European
Symposium on Material Sciences under Microgravity Conditions,
Bordeaux, France, European Space Agency, Paris, 1987 .

[6] H. Wagner, P. Hos, Y. Bayazitoglu, Variable property piston effect,
Journal of Thermophysics and heat transfer, Vol. 15, No. 4, pp.
497-503, 2001.

[7] Y. Garrabos, M. Bonetti, D. Beysens, F. Perrot, T. Frohlich, P.
Carles, B. Zappoli, Relaxation of a supercritical fluid after a heat
pulse in the absence of gravity effects: Theory and experiments,
Physical Review E, Vol. 57, No. 5, pp. 5665, 1998.

[8] Z. Lei, M. K. Aktas, B. Farouk, E. S. Oran, Generation and
propagation of thermoacoustic waves in mildly supercritical carbon
dioxide, Proceeding of, American Society of Mechanical Engineers,
pp. 129-135, 2004.

[9] Z. Lei, B. Farouk, Generation and propagation of thermally
induced acoustic waves in supercritical carbon dioxide, Proceeding
of American Society of Mechanical Engineers, pp. 271-278, 2007 .

[10]Z. Lei, B. Farouk, E. S. Oran, Numerical simulation of piston
effect in supercritical carbon dioxide, Proceeding of American
Society of Mechanical Engineers, pp. 805-810, 2005.

[11]Lei Z, Lin Y, Farouk B, Oran ES, editors, Numerical Simulations
of Heat Transfer in Supercritical carbon dioxide, International Heat
Transfer Conference 13, Begel House Inc, 2006.

[12]P. Guenoun, B. Khalil, D. Beysens, Y. Garrabos, F. Kammoun, B.
Le Neindre, B. Zappoli, Thermal cycle around the critical point of
carbon dioxide under reduced gravity, Physical Review E, Vol. 47,
No. 3, pp. 1531, 1993.

[13]K. Nitsche, J. Straub, Isochoric heat-capacity at the critical-point
under reduced gravity, Naturwissenschaften, Vol. 73, No. 7, pp.
370-373, 1986 .

[14]J. Straub, L. Eicher, A. Haupt, Dynamic temperature propagation
in a pure fluid near its critical point observed under microgravity
during the German Spacelab Mission D-2, Physical Review E, Vol.
51, No. 6, pp. 5556, 1995 .

[15]B. Zappoli, Influence of convection on the piston effect,
International Journal of Thermophysics, Vol. 19, No. 3, pp. 803-
815, 1998 .

[16]B. Zappoli, P. Carles, The thermo-acoustic nature of the critical
speeding up, European Journal of Mechanics, B, Fluids, Vol. 14,
No. 1, pp. 41-65, 1995.

[17]G. Hazi, A. Markus, Modeling heat transfer in supercritical fluid
using the lattice Boltzmann method, Physical Review E, Vol. 77,
No. 2, pp. 026305, 2008.

[18]Z. Lei, Thermoacoustic Convection and Transport in Supercritical
Fluids under Normal and Micro-gravity Conditions, Thesis, Drexel
University, 2009.

[19]A. Onuki, H. Hao, R. A. Ferrell, Fast adiabatic equilibration in a
single-component fluid near the liquid-vapor critical point,

146



