2022-06-23 11:23:10

https://kns.cnki.net/kems/detail/41.1339.T.20220621.1557.003.html
KM K R (T R )

Journal of Zhengzhou University ( Engineering Science)

— AR Bl L sk i 2 L LB B

Tigw, £ #, 2wk, xall, KTHE, RE

TS

ol

(HB M K2 BU S 30 1 TR 24 Be , Wl s KM 450001 )

# OE. AT BB EAS KT R % 2 (lattice Bolizmann , LB) B A+ R E kit T Hid sk F—%mF
BB IIR £, F KM AR R R B N e, SINBERBMEE 7, RH KRBT RARAMERE
ik FRT —AHGEREEDBEERB TR RZSHEER ERIETHEA G EHE BT R
Fo BB WG KRB RESALZAERAF RIS HBRER S KRB ERREABGHIEEALRRTT ML
P, HREAV B TREHHERLZAT B RERBEARGE RN, FHT H KRBy L aRIFA B A
ELARXORZFEMEIR , ZRBOAET AT ETHIMMEER A, KKK T T &0 & 5
. T AR AR A B AT 5 NGB T A ] B A R T A B AR e ik AR RO R R 69 Ao 2R ME R 69 R AT
RN KEEMERECRARD BELPR EOERALEETREINLERA, DR EKRKETIG
ETCHBRAGD A BEABERKBTOEREMAGRRMATIREN 8.6%, X RIEHHBEREKT

9. 8% , Ak /B A Mo B 3R S TR 6 b s e ORI AR

KB AT, R4 RARE; AR BARR; AE; LBM

FESES: N19;TK124 X kPR ERD: A

0 35

H T W 1 e P BE AR B0/ R T 22 T A R R Y
TR T RA A TR v AU B L R A IR
(R 2 5 vk TE A DA TEURIT 43 BT 0 9 e RO B B
BEREE, I TERBAS R HAFTERZ A2
FE R BT AR FACME D vk 4 BT o I A BV R AE
ST A B GOV 3 R T I R BR AR A& IR 2% 2
J5 ¥k (LBM) BA 5 #2582 Ak TR R0R &
R Kb B LT Bl ) 2 ) BUSEOG A, WT 2 T
ZAM AR I B3 T AR LR BRI T
AR A, P FAAAY | F h RE AR 2 IR 37 5 B 46 4
FATRRIRY T O S Y oy T 15 B | 9 B fd
FTRIERVF 2227 B B W T .l T i Y £ 34
TUAF A6 R 2 VE 22 (5 B, Zhang 25 1 8. 41 473 £
PR 5] AV AE FL IR W (vdW ) RS D7 A 3 i 5
NSRBI Ty bt m 1T OB R R E . Ku-
pershtokh AUV B AR 7 2O R
FE R KA & 3 X A [FE 2R 25 07 & G
b VR T IA R BOR AT T R AR E

LBM TEAL 5 15 4% $4 1 AH 22 i A& i 3 )

I 75 B #.2022-01-10; 1&1T H #§:2022-04-19

doi:10. 13705/j. issn. 1671-6833. 2022. 05. 016

i JBE ) P B S AR T A By g M o, £ A5 0L 5 A R i
K A KRS R O ELAR S A AL B AR R T AR
H BRI E AR SR %0 SOR AR
AR 9 T 53 5 125 AT — 7 A BE b O ol e A
ARHLER, WD TR B P R R B AR A
B AA MR AR PRIV, Gong %5 51 A —Fh i i A
TR 2 G, T B TR B ) A Gl 53, DA T BRI T
TR RA . Dy BRAIETE 31 55 8 b fY g BT e
Dong %517 5 o fd AR A5 ply % A 5T P BB
W8S THET LBM R, AR S
JE B AH AL B A {ELAS AE B4 45 7€ F Dong 4 SC
F1% AR A2 5 R AR X S It 9 2 A i A B A R R
P T aE e B S B A SR R O O A R
VI, AT R BLAE AR S L B RS Oy AR
BT AS I T 0 RS2 B OO A5 TR R B Y i
FIAFAL T A J7 AR PR T A v I T T )
or , [ — 20 XA B RO S HE AT TR A . Wang
AL RIS A S B X 9 e R R b B TR
TR AL PRI Xk %5 152 A3 o 50 iR JBE 23 A bR
BON A SR A A5 T S0 LS A R ARG

B S DL ULy 2 A0 Dl SRS SRl S 48 R

HETH 2019 F R4 OB R S L0 (BHE %) W H (192102210143)
TEEB N W (1976— ), B W R 1% BH, FRM R 2 2042, 18 1, 32 22 )03 1 e SA S5 B 5T, E-mail ; caohl@ zzu.

edu. cn,



ST A — P BY I R 1L AR LB A A

Tob R I AR 7 T [ A RN R 8] A7 FE S [R] 9 RE &= A%
R P EOT AR o A S S PR AR 220K
HHTOC T3 5 A0 AR 41y LBM U5, K £
SR FHAH ) £ R 2k 4% Jef 39 36 Ok b 2 ] AF 70 A 19 4%
AR 7, 1M 25 T [ AH RN AE AN [R) RE o A% 8 % Y
ST /AT HR A A T o b sz e s I ke B g S
PR RO AILEE | 48 SCHE Kupershtokh 55 AT 5% B9 £4 4
iV S T o A i BT SR 27/ B X & s | T AN
JE 5th, P BT R] pREC, SR T BT I D R S B S A R
¥+ Boltzmann 5 B0 4IF T AL 7 1) ofE 4 R
PEFNG FRPE X LG 43 BT 1 5 4 O S5 AU R ] g
B 1 A% PSR X 45 X 5 B S I ) B 3 1 5
M), 3k A0 55 158 B B S AR SCrp 8 S TR AR TR b
HB IR A AL,

1 Bk L4 3 R AR AR B A 16 R

1.1 %R F Boltzmann {4 & EH
P )y Z2 K% F Boltzmann #5571 (14 25 J& i 1k
TR LR R A
filx +eb,,t+8,) = fi(x,1)=

—%%Mﬂ-ﬁ%wﬂ+%@ﬁo(w

A fi(w, o) o o W Z07E « BT ) b AR 03
AT BREL T R S TR I [] 58, Sy M 1 B A0 I [R] 2P
WA CERIP Y i POl VAR o TR AR R0 SR
& Af (x,0) EARBIII,

LBM £ A58 v g AR 2 b A 18] B8R 5 AH 1
YER 1383l e, B gy F i TR

F=F, +F +F_ (2)

A F A T AR AR ) 0005 F R BE T A I
MBS St

AR A B AR H 7 4% X2 Kupershtokh
S5O PR s A AU IR R R BUE R &5 G
TR 5B A A% 3, o 98 1 A S B A R 42
e AL A AR M R IR SN
F (x,t)= —AZ Z:Ow(lealz)U(x +ed,,l)e, —

a’t?y

L=y, wlle))Wx +ed,1e,o (3)
K.e, B HCHE E, D2Q9 5 A h K 3K B
XN
0 a=1;
e.=11 a=1,.2734; (4)
2 «=5,6,7,8,
KB P w(le 1) RARMNRE, 5HEAEH
PR AN HE A B89 67 A OC, TE D2Q9 AR N 5

AR A A 5 ok T A BAE A R B T I
w(1)=1/3,w(2) = 1/12., (5)
KX (3)H U(x+e,§,,t) B LR AL T
RS R, AR R S R AR AS R
(E
U(p) =p, = cpo (6)
K3 W(x,t)H Yuan HHEA RS 155,

2 —cf )
II/(p)z uo (7)
€8

K e, 76 D2Q9 BRI U Ry 6; K )1 p HH P-R
MRS T R P-R REH 2 & & M
I SR EE T, I 5% B p, R WL SCHR [ 11] .
TAABRE I AE ) Fy ROR A
Fo==W)G6 Y, wlle) 2)s(x +e8)e,. (8)

Arbs (ao) S BE VR FH 7 0B85, 2211 30 B T 2 ]
W ,s(x)=1; MR, s (x)= 0,6 R4 158
FB AR SGR A G A ARAT A7) B R T 22 fk A
FHIF, TR
F,=(p(x) -p,.)& (9)
Kfrp,,, TR A28 B s o ST TR,
1.2 BEAFE
A T BRI RN .
g(x +ed,,t+68,) —g,(x,8,)=
- ey g x)) + A, (10)

7-T

Krhog (x,0) o WZITE « BET 8] B AR T iR
JE I3 A PRV s g, () DR RH X R R4 L 32 P £ 25 KL
T H9 3A eREL

AL SR B2 4y Z2 A0 LB D 358 A op | {4
IR A DX I st T4 I B3R B 7, I 1, DR Ot [ A
IR DX Il 1) B T A% 36 T A6 AR 45 | 3 3 B AR A
JC ¥ HL AR 2 W [ X S8l (] 1 A% JRORE PR | AR SCRR
L Dy S Sy < i Oy SRS SBR[ A
IR A DX A [ 9k 52 S T Ry # 5 3 BE 4% Fvad
T2, T AR FIBAR X A e, o SE 1S BT
TR 28 5, 3 B TR A DX B RE 1 4% 328
M AR K RIS DBy 7, AR, A T
YA 1, 00 T 9 e 0 A A AR ST AT T AR DX R
ARG R A TS ¢, X r, HATBETED,
R T — B HAT A [R] R A% 1ok 3 3 410 [T 9 2 e
A LB A B IEW 7, RIXXWTF .

3 A 1
"7 pecs, 2
A TEARZS 7 BT BT AR 1Y TR g A ST X

T

0 (11)



BN R A A R (SR )

5 SRR B AN T 3 250 A0 A 72 R AR B0 22 4 15
O, GIAAAZ TR b

¢={T+pf<p)} V-V, (12)

c,

A8 R o ALY By WA by, =k —h,,
b, Ry 4350 H R AR A (08 {1, 2
FRf(p) 5 hy TFTER R IF

h,,
flp) =~ o (13)

1T Py

2 REIIGIE

2.1 AWM

TE 583 1 181k B b 19 A% BT IS | 23 5l R
H Maxwell ¥ f# . Young-Laplace & HE ¥ #& #Y fif)
A P ARG E PEHEAT 1 B IE , I X 3 g 4% B AR AL
PEAT T A BT . AR b R R R
RNBRT R G E AL TS 2 RS . AR
Maxwell &, R GEAb T3 J7 22 M AR A5 BT, Gibbs
FI T RE 0 I AR AR A IR A 7E S IR RH 72 T A
BRI YR P AR Y B i BEAH4E Gibbs H M fE

' 1
f(pu = py) —dp =0, (14)
6 p

A 2 py R R BE T 46 A0 A A A 198 A X i
T,

E 1 Maxwell BRBAMAENAELT
HERY 3L BRE Y 3T L
Figure 1 Coexistence curves of P-R state equation

for different weight coefficient A
A Ce g AR AR AR S T B O P-ROIR
AT7 R e AR H AR AR 25 5 R B0 A T P A
WA h A MR P Maxwell R B XN IEE T
R BE A 2 0 T O SORE R i s A
VR T AR A A5 3] T A W) 9 50U % |, i
I T S PR i M AR A X L A D ASE R i o 1

P o 1 £/~ P-RWRE 7B Maxwell B8
fift F1 Kupershtokh 7E FJ J3 4% X0~ R R inA & %k A
RSB A Z TR B35 DG R T8 P SR
TR AR A=-0.3.-0.16.0. 1 KK B IGIE 45
SRR R[] i A 22 B 75 30 04 H504H A A Max-
well BIS i #R AL M, S ML R 2L A=-0. 16
B, A4S0 51 ik R0 ER R 0L B et
2.2 BElRELFEEHIEEEGEEIIE

TR G B AL SRR Y A B T
100 x 100 4 3530 358, Jie 35 4y 4 Ui IR, o038 Sy 4
TR VR T A Ay JE A R Ry << 50 B Oy [ 4K
X35, y>50 B A 9 4 X 38R, 43 591 2R D D 4 P 4 A
TR M 4 A PR T80 X 3 B T | VR (] A% TR AT A
L, P2 Sk AE A T e g B TR A e R v VR AE
2R FH PR R AL S AT 0 R TR = Ry AR TR T
e, HER AL ESIARN 7, BSE AN,
¢, e, T, JE A Dy S5 AR ] Y DX 480 1 1 IR AR ) —
R 5 — 4k AL ORR AR R BE BB E 2
AT/Ay=5.03x 107", i [ H1 50 £ B A 5] A
ST IR E S I X R AN [ A
AR B, MR X R B B (AT/Ay ), R
2.78x 107, [ A X 3 /) I BE B6 B (AT/Ay), A
9.78x107", H [ENEAS A 1 A I B IR FFAHAE T = T

B2 AREELHEEZK
Figure 2 Temperature variation at different heights

i 3o A [ A PRSI e S A T A A A
(4 2 5, 15 B [ B I B2 S BN ) -, AT
ARAT T BT I AR A ] ) B A% 3ot 3 30 [ 4 IXC By
AE 1% 166 AR L 8 TR IXC, 3 15 S B A ) B
T BUAHAT , 150 W A SCHR By 4 0 il 5 1 A A 7Y
CibSEEs: s

3 HEEMSHIEE
e E T[] 36 P61 TARE 7Y ) A e | T A



ST A — P BY I R 1L AR LB A A

PEFNG HPE S | 43 31 ok FH A Gy O S5 5 70 i ] g 4
90l T RS AR e AN [ W 2 - 3 T 1 s I
PGSR IEAT T BUE TR, DL B P R A ) 25 5
Shy O (6 i A A TG i AR e TG 0K R IG
YAHA], A S5 A SCHR [ 13 ] P R IE B 5L 1, L, .
ty B2 S, b B G TS IR A A AN 1 3 BTOR B s
AR R ST 8. 831, x5, 891, , o LS 1) S 1 i B
T, 2 A P 12 S Ja S0k i S T oy 1R g ¢ E 3
G AERI AR S 2 AR X P T A AN
BOEGR EE EE O 0. 81T, Rk R A A5 R B
R BRI, Ay A 4 40 A3 1 I B o T T A AR U
JE AR X AN BB ORJE, tAh H = 0.2941, .
Sy Biff R 8 A5 T8 g s I e A R R A (] 1R A o AR
TR 77 =0.091 7, 28 %5, 2R 84 34
AR R D s P AR R SR A o T RS T IR EE R 43
WIEE N T, =1.5T T, =1.18T, X ¥ K H Wi s
BRI 3 f) 52 B 4 PR IR B T, JLCT-AH IR, R
T =(100x1)%T" .

3 BBEREER
Figure 3 Schematic diagram of boiling domain
R T 25 B IR D S L N [ 3 B A P A
AL PRAR 7S e PRI B 22 57, 7R SO e ARE T R AT
TANTR] A R 7K A B 5 K R THT A S S EL
TLORESEWE T,
x1 BERESH

Table 1 Heat transfer surface parameters

T (100£1)%T"
H, 0.2941,

7.5°,12.5°, 28.8°, 50.1°, 75.6°, 88.2°,
101.7°, 112.7°, 127.7°, 138.5°, 148.9°

4 HETEERIXIEDH

4.1 MEZEHSGEHZN
&l 4 R IR TR B A 1 45 4% SRR R 7 i b
AR A AR RSENEE SR, EXR

TOLT W I DXy T 2R B Al E TR E R
PR AR, T BOTHLARF A B A AR R A, A 2
BN BE M A AZ X, MIET T LA, 3B
e AR i s Pl S5 18 7 3l i 5 7 P R A AR AR
A TR DX (E A e AR TR v ({1 3 A A X
FLEN R I R N R R O I I L R K A
(P =6y =5) o T 15 T+ 50 8, e 243 1
MR AHAE T gy = T e T3 B0 A% PO RY Y IS
R (1. 5T,) e T 0RO 358 R A Ji 1 it
(1187, ), el A J3E At ok T Dt iy Dy #4528 114 it
JEE A B, DR ILE B ¥ % i 3] 3 I DX 3 Y A OAE S
RTIIR O FAIRL DL 2R, oy 1 3k B £% Pt
R ol P e A S N € e ' o T DR
IO 32 B T aek T ) B R A AL X (H B =
P A B T DR D 3R 1 | S e A% A R0 35
F% AR IS L s AR % A A DX A S R S
T P HEAR , 15 592 B i 0 S DA 01D 56 T 1 9
it5 % K% T Boltzmann #5818 B A B 52 S R 15 48
P e S S A Rl R

B4 AMRENEERE

Figure 4 Density contour of the two models

Pl 5 by e ] 5 7K PR 3 T 4 A 1 W 1 I
A IR ] A BRSO B 32 1 8 DT VR T R
P, AR OSB3 53 2 X, 8 D7 1) A9 1
H R HES F, BEEAE S R, HIEER S F,
KB, X T G hHAR b TR
V0 J] PRI B R T ) R 8 R S X, X A R
JEEARZE DX 22 X 0 ™ AR AN AR BAE T F
SRR S A WA AR U 1 52 P BE T 4%
Sl £ AN 25 T TUSE B RE Y BE T Ak A TR T3
e e AR IRY AR B R A2 DX FRIAR /D, o B T 4 fh
PR L/ o I e O S50 R ) 552 B BE T
2 i £y 55 0 RE BE TR Ak A 14 i 22 R L G R T AL B
IR

TR T 22 fish £ 14 o572 % s M 0 1 AR
Jd B AT Sy A 3 BRI BE T fih £ N O Y



BN R A A R (SR )

Bs5 AMERANEERERERN

Figure 5 Vertical forces of these two models
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contact angles obtained by two LB models
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two LB models at different wettability surfaces
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A New LB Model for Solid-liquid Conjugate Boiling Heat Transfer

CAO Hailiang, AN Qi, ZUO Qianlong, LIU Hongbei, ZHANG Ziyang, ZHAO Xiaoliang, WANG Peiping

(School of Mechanical and Power Engineering, Zhengzhou University, Zhengzhou 450001, China)

Abstract: To avoid the simulation error caused by the consistent solid-liquid energy transfer rate in the boiling
heat transfer LB (lattice Boltzmann) model, different energy transfer rates of solid and liquid are successfully
distinguished by tentatively introducing the physical parameters A, ¢ of solid and liquid into the temperature
relaxation time 7,, as a result, a novel solid-liquid conjugate boiling heat transfer LB model is proposed in this
paper. After verifying the accuracy, stability and rationality of the model, boiling heat transfer at different wet-
tability surfaces are simulated by the solid-liquid conjugate model and the original pseudo-potential model. The
results show that the unintentional neglection of different heat transfer capacities of solid and liquid regions in
the original pseudo-potential model leads to the appearance of large low-density phase transition region around
the bubble root. The existence of low-density phase transition region produces additional interphase forces and
greatly changes the wall contact angle of bubbles. However, the solid-liquid conjugate heat conduction model
realized characterization of different thermophysical properties of solid and liquid regions by introducing a tem-
perature relaxation time function. The low-density phase transition region only appears in a very small range
and at very low level, the actual bubble wall contact angles obtained by the conjugate heat transfer model are
closer to the setting bubble contact angle. For other wettable surfaces except superhydrophilic surfaces, the
maximum relative error of the actual contact angle obtained by the conjugate heat transfer model is 8. 6%,
which is 9. 8% lower than that of the original pseudopotential model. The solid-liquid conjugate boiling heat
transfer LB model can more accurately describe the actual microscopic process of boiling heat transfer.

Key words: phase change; solid-liquid conjugate boiling heat transfer model ; gas-liquid flow; bubble; LBM



