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Abstract: In order to study the coupled thermal conductivity-radiation heat transfer
characteristics of two-dimensional anisotropic materials, a computational method was developed
for solving the coupled conduction-radiation heat transfer of two-dimensional anisotropic
materials based on the basic idea of random walk for a uniform discrete mesh, and the accuracy of
the computational method was verified. The effects of anisotropic thermal conductivity
coefficient on the heat transfer characteristics were analyzed. The results show that for a two-
dimensional plate, an anisotropic thermal conductivity coefficient results in a shift of the
temperature field of the plate towards the corresponding anisotropy. The anisotropy of the plate is
basically unchanged when the ratio of &, to k,, is the same. The increase of &, leads to the change
of the direction of the temperature conduction in the plate when the k,, remains constant, which
makes the temperature homogeneity decrease in the plate.
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PW PS PE PN PN Qd

l( kll) l kzz l kll _ k12+k21 i kzz _ k12+k21 l k12+k21 Q

P\ ax? P\ Ay Plax®* AxAy P\AayY  Axdy P\ AxAy P
3R 1AL R R A B 1 R A5 B BRI A AR 2 S L R, Y R M (x,

VERBENLAS SR 551 AR, R 1 )RR

o LR UE PAEAE B, [R5 A5 1) XA 1) A FAask T.,=> P,T,+0,. (10)

e, A DU B 2 M0 5 1l 2 1 A5 A
k12 + k21

<1,
kll (8)
k12+k21 < 1
k22

Forpr, 2 1 b iR R D R BEALIEE 2R, R
BEHL T E TR 1 AN TR D7 1) B 3l B3 X 4% 17)
SePEE S A R TS RS B, T 2 A AR (O,
D) IXTR]_E 38 S BEALE R , TR T A3 X ) ik

¥l

M—->W, O0<R<Py;

M—E, Py<R<Py+Pg;

M-S, Py+P.<R<Py+P,+Pg; 9)
M—N, Py+P.+P;<R<Py+P,+Ps+Py;
M—->NE, Py+P.+Ps+Py<R<]1.

BEALIE E e i i — 2 BE AL R R &L P, ok i
SE R I BEALRS 2 )7 1] AR 2 s B AT OE
—HREN— A AR IR RS B B T —
AN, BBUR AEE—D R SRR A S A

2 BEHLIHERE JLAREY
Fig.2 Geometric model of random walk

A7 JEGE TS T2 /9 Dirichlet #1 % 4%
1, B 224 5 05 R% s 2] 0 S st Bl AL A 20k TR A
B BT M e, y) B SRR B R B A B
SRy ST SRR Al E 25 R B AL S Bl S AR BB T A i
FUE BB AT IE Y A B m R 2T,

1.2 S+ F R KBESRD

X T A S 5T 1 4 AR S -
S AL A R ECRE A S G A R BT R 0 1)
JE R REALAS Bl RS . s P AR N B AEAE NSOt
T AT T A OF ELARN IS4 R 2 oK
itk P ol A P R LS AR AL 1 T K (L) Y
M O R S R RE R 2 ad RGN HAR RO
— RS R BT S IR BIAROTR j B4 0.

HWOT R IEROT AV

K'(i,j) =4n*,dV,K(i.)). (11)
Aot M R FOT dA4 -
K'(i,j) =edA4,K(i.)). (12)

SR K (1) AR S A S T s n A T
e, MR, m™ 52 WRTT R E.
19 22 5 B 4 RV L« (A BT
AV BUHOT 15— 458 T, R ROT ot
FCR I H
0,=2nR,. (13)
S0, WA BUMOT S A0 R ST 1 R, 4 (0, 1)
I ] A 34951 1 A 2 B LR
AV B 1 2, BB LS 4R 0 4 T
JE A R 8 (0% IR R E LU R 8, B4k
ST AE RS 2 05 I, TS0 (0 8% o B A B
Kt IR N
Ly.=L.R,.
Ly =L,R,.
L, L W RER K ms Ly, Ly, 9 BEHLAR
T R 5 Ry W I (0, 1) P50 A G
SEBEHLEL.
AR TR A4 o o ) 5 S ML, %
AT HLIRCRE LU 5 B L 5 5 e DR
SRHIR W

(14)

r:—Kiln(l—Rr). (15)
A MRE R AR LGRS R IX[H] (0, 1) N
STHE R K2 ST REAILER .

2 AR BEHIL A 55 T 1) R A 2 15 31



%9

RFF BT T RS ST AR RS A 61

TR IO 415 RO . R A R B A T S OT R
1 5 R A BT, AR W A Bl AL A A i B R
HEAT BEATLIBURE A 0 T E 1t o2 75 B IR A . n SR B
PR e , WIHAB WS 75 DU B R . M BB ol
SRV I A B0 IR 4T o5 2 3k 3R T A T AR
T 2 S R T RE B o B WA SR B S L R
1oL 4, SR B ALK R < e, U)ol o 5 5 )
B

BT X AR SC T BB G Ak W BRAR R ) 4
A AT R AT A5 21 4 S R

0,03 S K i)
(Aur Tiw=Aur TH) (I SISNL 1SN, (16)

EHRABE

ot
Fofh R .
iyt i%ﬁﬁ;ﬁ’&ﬁﬂ‘

K0, AP, WK (kym, i), 2 HAl %
AR ke, m) &5, 5 AR MG, j) W0 4 59 4% 3
Kl o 2 w25 - R 25 2% 80, W/(m*+K*) 5
App, 518 Gy m) R BE T, WA M 52 48
AR, m’.

Sl T S s e G R e B R i R £
PO S B R TR BT R o R R S AT RS
ol , B s B o A i — AN BEALEL, T 5 AR 48 %
BIMEAR R BB 2 7% 3h 5 ) . B — B HR
(1) J5T s PE % By ad i rh S s 52 — ) 2 T 4 3
PR AR N AT REDLAS 3l , B2 Bk A
3 ARG B BEALAS S AR A

SREETT A0 B

A2 0B 1/

S BEHLE

B3 WER=MEINBIREER
Fig. 3 Flowchart of random movement of coupled proton

2 ZER51HE

2.1 TEERIEIE
i T B AR SCHRBFST 4% 1) S A T ) 5
AR IR A AR , DRI AS SCET X645 ] [ PEA o

(9 IR R A P AT T TS R AR S
HAZ75 T (DTM) LR AR T 3R 2% 2 1 P (LBMD#Y
SRR L, AT SRR A E A

SCHRH T P B S —HEREHE o L =L =
1 m, A A BE T g SR AR BE T, A TR 52 Il
We A A5 1 R A BT, B k= oy s Ky = e AR



62 AR FFR(A RAFR)

% 46 %

N, W, E [f BE [l BE B T, ~F- A S T BE v i
BOEN T,=2T, B BT A n=1, R K p=1 m ",
BETH A3 6=1.0. K 2 &R 1 AN S -4R 5 25k
N, =kB/(40T3 ) T, e (V& (x/L,=0.5,y/L,) 1]
FaTC AR S0 T/T, 8 4451 T SRR 5
N,=0.01,0.1, 1.OBIA L /5 DTM L X LBM
1Ex/L,=0.5 N BT y 7 10 I AIERE A Y LA

®2 AESH-BHSEN, T PHEHEEME

(XL=0.5,y/L )M BRBES T/T,
Table 2 Dimensionless temperature T/T; at a
specific location on centerline(x/L,=0.5,

y/L,) for different conduction-radiation
parameter N,

N, /L il
“ % DTM LBM A
0.3 0.737 0.738 0.736
1.0 0.5 0. 630 0.631 0.630
0.7 0.567 0. 564 0.564
0.3 0. 760 0. 759 0.758
0.1 0.5 0. 663 0. 662 0. 662
0.7 0.594 0.593 0.593
0.3 0. 790 0. 788 0.785
0.01 0.5 0.725 0.722 0.726
0.7 0. 665 0. 662 0. 653
1.0
o LBM
09l ¢ DTM
: —— BT
o 0.8r %,=1.0,0=0, ¢,.,=1.0
[
0.7F
0.6 N,=0.01,0.1,1.0
035 02 0.4 0.6 0.8 1.0

VL,
4 XIL=05IE yFERESD MLk
Fig. 4 Temperature distribution curves along
y—direction at x/L =0.5

% 2 FIIE 4 0] LA Y, A SO 7 Y
TR W SRR Ty 1215 2 A9 45 R W) 5 48
4f : 5 DTM 25 R AH LG 1Y ~F- X5 80 X5 i 22 4 0.79%
e KAHXT i 25 24 3.41% 5 55 LBM 45 34 AH LU (19°F-3)
HER i 224 0.18% , R ARAH X i 22 4 2.00%. 33X 156 1]
ARSI 10 TR A — A T R SR 5 A ARt
FATR m i s 1
2.2 BERERESIHBEERFENZMN

% JEAH W) 4 1 SRR AL, 220 HC Al AP TE R
XA A FR G S, B 2 AR R K L =L =
1 m;W,N,S,E RN RABER ; BCE S Tl B

1 000 K, W, N, E T ifit B£ 37 4 500 K. & IG5t 2
WREE N /T, , R 3CLL T=1 000 K A B Z 0 E % E
SRR SHN,=0.1, HASHOR E 5 2.1 TR
Fr—3.

AR 04 45 1) S P 2 AR AR A5 O ) Y
IR BORIR], I HAE A BT B0 7 1) L AR
R ARSCLL kS S IR, B AR G
ZHUN =k, Bl(40Ty), % L kjy=ky,lk,, FHH XS
RB MR B 5 R H k=, , I AR SC
FBE R SRk, Tk, , WF 5T 45 ) S5 P X 3%
MGG FE Y FE R

TG AR SO IR B AR AR ) 3 T 1)
T B B ) S, 25 A k), = 0 i), £,,=0.5,0.75,
1.0 1 1.5 X1 A A% At 78 A I B2 A8 A A Bl . 3138
FIFARAE x/L,=0.5 130 BV y 7 1] (14 G 12t 40k B 0 AT
M2 an & S i .t B TS0 B ko, WO 3G 0, TR
2R T 28 2 k) PR AN AR B R kg, 23 5E
e Y 5 7 N, S 7 ] A A% B8 7, S I R B 1 m
AR 7 ] (14 4% 5 66 1 Bl 22 385 . 24 &, < 0.75
B, RS e AR R G A T Y L SRS, T
BE B AR L MEAE AR WG 3 . 24 &), = 0.5 B, S A i iR
DX BT B A A i B I, O ELP AR A IR R D
SRS M k> 0.75 W) Bl Ky, 38N, 4%
(R R S A R — 2, D A L Sl A E &
R AT Y L E K

1.0
—a—k,=1.5
09+ +k;2=1.0
——k,,=0.75
——k,,=0.5
0.8
[NH‘
=
0.7
0.6
0'50 0.2 0.4 0.6 0.8 1.0

yIL,
E5 x/L=05(Eify7T 0T EMEESD Lk
Fig. 5 Dimensionless temperature distribution curves
along y—direction at x/L,=0.5

1) S P PR B A Al 2 B BRI A% 3
7 1) e R RO B W R A A R A A R AL S E
T, AT AR R AR AL B R P T o O A
AR B TR G 2~ SR 5 1 3™ A S AR A
2 (6)~=(9) AT, k., ik, (4 HUAE £ 5% 1) Jot 57
M N BELAS Bl i RE R TR, 72 IR (8) Hh 4%
li] S5 P S A AR MO 1 2R L, T BT P A



%9

RFF BT T RS ST AR RS A

63

TR G B0 s — 22 ke, 5 oy, OAE AR RIS, 4% 1) S
Xof VA T S ] 5 R 2 ke, AR AR E B
F14) 75 A o S B 3L B 37 B R ) L 27 L TR AR S0
JET N3 3 R 1 4 Fh R TRUE TR K 6
X 4 A AE TR SR A TG e 4R R A

X} 6a A 6¢, 24 &\, 5 ky, FLAEAR TR, B
P IR RFCEAR GBI, ST B N TR B AR Ak 3
K ARl T 00T IR A% 88 T 1) e SR AS A ]
&7 S 3P y/L,=0.5 57 & W x 7 1] A8 A6 1) TG 2 49
TR M2k B 7a ] DUEE I BB T AR
T £ T 2 5 e KO BRAE /L =0.8 I B, B K

*®3 tEEH
Table 3 Calculation conditions AR 22 0] 35 7.01%. FF HL L0 3 W TR Hh 2k 2% {4
HE KA ks, ks, AR T 001 AR 2 X U R 24 4% ) Sk
1 0.25 0.5 SRS RS E SR, S I AR B B N5
2 0.25 1.5 W HE R AL G Sy, 1A% S T 1) 5 A8 £k 52 i) 556
3 0.50 1.0 71N . 7 A S PR v L X ) 9 9 i g
4 0. 50 1.5 . . .
2, T 50k 25 i 5 RS i T s i ok
1o T/T, T/Ty
. 1.00 1.00
l 0.95 . 0.95
0.8 0.90 0.90
0.85 0.85
06 o ; ors
=04 I om0 I o
~ 0.65 0.65
0.2 0.60 L 0.60
0.55 0.55
0 020406081.0 " 0 0.20.40.6081.0 0 020406081.0 ~° 0 0.20.40.6081.0
x/L, x/L, x/L, x/L,
@ ®) © @
6 TFHREENEE=E
Fig. 6 Dimensionless temperature cloud map of plate
(a)—%MF1; (b)—5fMF2; (c)—5%M3; (d)—5A{4.
0.72
(2) (b)
0.68 } L
0.64 }
&d
5 0.60
0561 = E,=0.25,k,=0.5 = ,=0.25,k;,=1.5
0521 —o— k,=0.50,k,,=1.0 —9— k;=0.50,k,,=1.5
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
x/L, x/L,

E7 y/L=05(Eif X7 T ENRE ST Lk
Fig. 7 Dimensionless temperature distribution curves along x—direction at y/L =0.5
(a)—k 5 kg, FEAELAATAD 5 (o) —ky, PRAFIEE .

XFF & 6b A 6d, W R T 00~ (4 I B 43 A
FEAKAL AR T 4% 1) S P A, SO ) kAR
T4 NE 7o o] LB, 2 k=025 B 384K
YR 2R L k), =0.50 B A it 2R B g %
PR X B R Y ke, BRI, B k), A3
TSP PR T A T A R AL S
TR B AR AL, 53507 M N T EE 25 5 P B A . [
i, SR B B, X R S AL TR 1
B g NI T LU PR R 2R HE x/L,=0.4
b IR AE 5, IF H kL =0.50 X7 Y TG e 40 3 it

L AE IR SN (x/L,=0.8) I 5 T k), = 0.25 T I
e KA 22 1T 34 1.65%.

>

3 e

gk
1) MK R DTM 5 LBM K fift 5 #4485
A A B T B 45 T 5 AR SO it A1 3
IR AT DTM, S KA 22 4 3.41%,
S XA X R 22 SR 0.79% 5 AH S T LBM, f5e KA Xt
P22 K 2.00% , F-FI A XS 22 4 0.18%. £5 F 41



64 AR FFR(A RAFR)

% 46 %

A SCTTIEXS TR i - S e B A B
AR

2) YA G R R &, AR AL 4 R 5L
AL T RE ) ) AR BT 1 & RS ks, 1R
SR P-HRAE N S J7 ] b L R 68 ), 9 Hoad
AN ey, 23 T B ST E R S A A AR v T o L
AT R, 7R BE 45 ) St R, AR 4 T
6 72 BRI 25 A A B b e 2 A1), AT LA Ak S A
FER S RN S A R

3) Mk, 5 kg, LUABARIRIE , SR A 45 i) S i
ARORFEAL G FRREIIE I, L Fhe T2
WEARTR Y 77 13 R ) 2 SR 25 T
JEIXRIA B R, S RARRH R 2E AT 7.01%. R,
OR8] S T REAAAE AR B (B SR
BRI R A AL P B LA B . /N
SIEHS FEC PR SY HER K EARE

4) Y k) R FEARAR Y K BRI 2 S 2O
PRI B R A AR A, DT 5 ST P i B 7 3
S REAR  AF R o 25 4 v Tl 1 B R e )
TEE AT TS HRARSRE, Wiea R
SRR B — 2 O 2% . FEAR SO R S 5 4%
PEF B KA 22 8 1.65%. [H It , 76 de % HoA
D7 ] AL PRR R B M RIS, 5 B2 B A% 1) S e ko
AL RS 5

SE 3k

[1] Ge WA, Zhao C Y, Wang B X. Thermal radiation and
conduction in functionally graded thermal barrier coatings.
Part 1. experimental study on radiative properties [J].
International Journal of Heat and Mass Transfer, 2019,
134: 101-113.

[2] Ge W A, Zhao C Y, Wang B X. Thermal radiation and
conduction in functionally graded thermal barrier coatings.
Part 1l experimental thermal conductivities and heat
transfer modeling [1]. International Journal of Heat and
Mass Transfer, 2019, 134: 166-174.

[3] Wellele O, Orlande H R B, Ruperti J N, et al. Coupled
conduction-radiation in semi-transparent materials at high

temperatures [J]. Journal of Physics and Chemistry of

Solids, 2006, 67 (9/10) :2230-2240.

[4] YiZ, SuZG, Li G1J, etal. Development of a double
model slab tracking control system for the continuous
reheating furnace [J]. International Journal of Heat and
Mass Transfer, 2017, 113: 861-874.

[5] LiuD L, Chen H L. Numerical verification of a nonlocal
discrete model for anisotropic heat conduction problems[] 1.
International Journal of Thermal Sciences, 2023, 191:
108360.

[ 6] Norouzi M, Rahmani H. An exact analysis for transient
anisotropic heat conduction in truncated composite conical
shells[J]. Applied Thermal Engineering, 2017, 124:422-431.

[ 7] Mishra S C, Talukdar P, Trimis D, et al. Computational
efficiency improvements of the radiative transfer problems
with or without conduction: a comparison of the collapsed

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

dimension method and the discrete transfer method [J].
International Journal of Heat and Mass Transfer, 2003, 46
(16): 3083-3095.

Mishra S C, Roy H K. Solving transient conduction and
radiation heat transfer problems using the lattice Boltzmann
method and the finite volume method [J]. Jowrnal of
Computational Physics, 2007, 223(1):89-107.

MalJ, SunY S, Li B W, et al. Spectral collocation method
for radiative-conductive porous fin with temperature
dependent properties [J]. Energy Conversion and
Management, 2016, 111: 279-288.

Ma J, Sun Y S, Li B W. Spectral collocation method for
transient thermal analysis of coupled conductive,
convective and radiative heat transfer in the moving plate
with temperature dependent properties and heat generation
[J]. International Journal of Heat and Mass Transfer,
2017, 114: 469-482.

Sun Y J, Zhang X B, Howell J R. Non-gray combined
conduction and radiation heat transfer by using FVM and
SLW [J]. Journal of Quantitative Spectroscopy and
Radiative Transfer, 2017, 197: 51-59.

Wei Y J, Liu X C, Zhu K Y, et al. A unified lattice
Boltzmann framework for combined radiation-conduction
heat transfer [ J]. International Journal of Heat and Mass
Transfer, 2023, 200: 123513.

SunY S, Li XY, Zhao J Z, et al. Investigation of transient
coupled conduction and radiation heat transfer in the
linearly anisotropic scattering cylindrical medium by
spectral collocation method [J]. International Journal of
Thermal Sciences, 2022, 172: 107308.

Modest M F. Radiative heat transfer [M]. Cambridge:
Academic Press, 2003 :644-679.

Howell J R, Perlmutter M. Monte Carlo solution of thermal
transfer through radiant media between gray walls [J].
Journal of Heat Transfer, 1964, 86(1): 116-122.

Li G J, Zhong J Q, Wang X D. An improved Monte Carlo
method for radiative heat transfer in participating medial J].
Journal of Quantitative Spectroscopy and Radiative
Transfer, 2020, 251: 107081.

LiDY, LiGJ, Hong D L, et al. Improved Monte Carlo
method for radiative heat transfer in semitransparent media
with BRDF surface [J]. International Journal of Thermal
Sciences, 2023, 187: 108152.

Wong B T, Pinar-Mengiic M. A unified Monte Carlo
treatment of the transport of electromagnetic energy,
electrons, and phonons in absorbing and scattering media
[J]. Journal of Quantitative Spectroscopy and Radiative
Transfer, 2010, 111(3): 399-419.

Haji-Sheikh A, Sparrow E M. The solution of heat
conduction problems by probability methods[J]. Journal of
Heat Transfer, 1967, 89(2): 121-130.

Kowsary F, Arabi M. Monte Carlo solution of anisotropic
heat conduction [J]. International Communications in Heat
and Mass Transfer, 1999, 26(8):1163-1173.

Kowsary F, Irano S. Monte Carlo solution of transient heat
conduction in anisotropic media [J]. Journal of
Thermophysics and Heat Transfer, 2006, 20(2) : 342-346.

Naeimi H, Kowsary F. Finite volume Monte Carlo
(FVMC) method for the analysis of conduction heat transfer
[J]. Journal of the Brazilian Society of Mechanical Sciences
and Engineering, 2019, 41(6): 260.

WRAE, BUFTAR, XIbRAE, 45 20N S 5 1 i i 5
EIH3 . TR 2 (ML MR IR R Tl KA 8
Jiik, 2006: 157-173.

(Tan He-ping, Xia Xin-lin, Liu Lin-hua, et al. Numerical
calculation of infrared radiation characteristics and
transmission: computational thermal radiation[ M ]. Harbin:
Harbin Institute of Technology Press, 2006: 157-173.)



