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Coupled infrared radiation and phase-change heat
transfer in semitransparent medium
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(1. School of Energy Science and Engineering, Harbin Institute of Technology, Harbin 150001 ,China;
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Abstract: The infrared radiation transfer should be considered together with other heat transfer process in the phase change
of the semitransparent medium. Solidification heat transfer via absorbing, emitting and isotropically scattering in 2-D rec-
tangular semitransparent medium were analyzed. Solidification was assumed to occur over a range of temperatures, and
liquid-, mushy- and solid-zones were considered. The enthalpy-based energy equation was solved by the finite volume
method. The infrared radiation transfer was solved by the Monte-Carlo method. The results of 1-D phase change heat con-
duction and 2-D transient coupled infrared radiation and conduction were in good agreements with published data. Effects of
various parameters, such as extinction coefficient, refractive index, conduction-radiation parameter and latent heat, et al. ,
on temperature and liquid fraction distributions in the medium were studied. Some of these thermal optical property parame-
ters were found to have significant effects on the results.
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Fig.1 Discrete model of two-dimensional rectangular medium

3(ph) _
S = (1)

Kb, p WERE, kg/m’ s h Rk, V/kg;t FBTIA], 85k
HFRERELW/ (m - K) 5T IRE, K; q 585 A
WEERE, W/m. K,

h=cT+fL (2)
KA, LRI, )/ke s f, A3, EAHIX f, =
0, MIABKXO0<f <1, HXf =1.

BX)RATE) e 745 e DX (& A
X IS X A W, p e, DRI B, S BE  [E] 22

. () TS R
b L) - (g el 3

TEBEA X WIS X RAR X AP AR f, 0k B
(IR A E IR

V-(-kVT) -V +q,

0 h<h,
fi={(h-h)/(h,-h)  h,<hsh , (4)
1 h > h
A, b, = ¢, T,k = ¢, T, +fL.
AR O N R
Qi ==V - qAV,; (5)

THEFEIE B MRS A 1 B AR, AR FRAA AR

LB AT EAFEL RS AE S  BERRRETRAG) N
AI’ :H: y EES )
%V\(%T—iﬁﬂgfiﬁwﬁé =k Ty Ty gy, T =T py T = T
WAL ( i iy ) = i—l/ZJij (ﬁx)w PRV RTAN (ﬁx)e + ;10 A% (6}’)5
T:':j+1 - T:',lj r,int f;" B 171
+ ki,j+1/2Axi (5}’),, + Qi,j - PL At Ax,-Ayi (6)
K, C N HR AV, ARG, =p, e, TR 00 E.

J/(m3 - K) ;ki—l/Z,j\ki+1/2,j\ki,j—l/Z\ki,j+1/2ﬁEu7y§
HARTE AR LAY & SRS W/ (m - K,

1.2 REFFIKERBLIMES RIRET
X0 24 ST A gy BEASE R, ) R S R 7 T 4



134 ahh 5 2K ¥R 30 %

FAE G IRIRI, AT 45
NX+2NY+2

i = don’k,{ I; 12‘1 Axdy,+ 1 RD(RLi)(TE - T8 ] }
(i =23, NENE+1,j =23, NY NV +1) (7)
R, Q0 AR ST NHIR, Wi AV, 3 A 1A AR,
m’;RD(k,1,1,j) RAEHE b, (RS SEHik i)
(MW wR S 1, SR SRR R I8 E R s n 2

BT R k, RBRRE, m™ 50 HPRKE
WHL,W/(m® - KY).

FRIFRSRBHEE m MR 0 +1 RE
R B IR L, 15

Q;’,;m,m,nﬂ — SC;r’;;nJrl _ Sp:r:;nHT:r’z;nH , (8)
R, S = Qi - (dQIMAT )T
Sp;’j;"” =- (dQ:”;“'/dTi’j)"“" .

NX+2NY+2
Syt = dow i { XY An Ay, - RD(kLi ) [(Tp)* +3(T)* ]} (0= 2,3, NENE +1,j =23, NENY +1), (9)
k=1 1=1
NX+2NY+2
Sp;'i]’-“l = lﬁ(manz{ 2 z Ax, Ay, -RD(k,z,i,j)(yj"fﬁ} (i=2,3,,N\,NX+1,j =23, NY,NY +1) . (10)

AL IME IRV - o, RS R
w TR
1.3 hR&H
P30 555 ) RE B S 4 - U SR T
S BRAERETA T A (RSB R w1 R Wit
AR S A AR 5 PG U S T 9 L S A SR N AR AR 4R
A AR 5 ) BT T A T O PR A YR AL
SN AR S AR 5 T I 5T T S P B S A
X AR T R AR R R N
int Ty = Ty
Qlan + kl,j Ax—2/2
= Qujy + hw(Tl,j - Tﬁp)ij s (11)
A, QU RAE R (1,) SARNEIA TR, &
FHE R RSN AR R, Wi T, 2
P2 5 BE TR BE L K5 Q1 BRF TR (L,)) 5
P PRIE L0 PR S AR, W5 by, 2 PG MU 37
BHREL W/ (m” - K). 20 ke AR BOTE R KR,
S RREREE T, 5 TIHERE T, , Bl Ry 2 BE
RIS — DT
RV A A A EN. ARIEERFHX R, /18
PAMA AR TTREAN T

Ay;

NX+2NY+2M Ay ‘1 T2 "T1 )

40Kan2{ =Rk L)(TE - T }+k 2L
I;l ; A}']'] ( s’y 7)[ k,l 1’1] 1,j sz/Z

=ole, N1 Tl #hu(T - Ta) (12)

K, e, REPUIA T KSR, Z RPN B
BUOTAR, AT LIS R (R LA AR B RO 2.

2 REWIE

Xt T2 7 A B BIZL AN AR S S A AR
PRI, BEARH A SCRR R = 2 08 (9 2 B0 A T ELAR.
PR S A SORF 2 [R]85 14 56 TE 20 ik B 28 , B — B AT
SUARAR A FUAE, 26 P AT RS LA IR B 5 = A
G S alin]a

2.1 —#BAESHREWEIE
ASCEERE SCRRL 11 ] 45t BORE B (E 51T EU R
PASG UE AR AR 3 PR 4 TE A M. T Bt LR RS R
X L R Sy — ALY , A S0 — BRI 5 AL,
WE L, =10L,, KA S8 N k/k, =0.6, k,/k =
0.76,¢,/¢c,=1.2,¢,./c,=1.12,T" =(T-T,)/(T, -
T,),T’ =0.6,T =0.8,St=c, (T, -T,)/L, &~ .M
B = /X, o HEAART BARE, X WRBEK
BE. T, FmYIGIREE , Ty Fn 2 SR . A 2 A

1.0 q
0.8 1
0.6
0.4 -

024 = Jiaung and Ho

This paper

0 T T T T T 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0

x/X
@)

1.0 4
0.8 1
0.6 1

0.4

024 » Jiaung and Ho

This paper

0.0 0.5 1.0 1.5 2.0 2.5 3.0

x/X
(®)

B2 AXERG BT LE (a)$t=0.1 (b)St=1

Fig.2 Comparison of results of this paper and analytical solu-

tion (a)St=0.1 (b)St=1



14 B R HUHEE BN B LS 55 AR A etk 135

UEH, A SCHAE R R 45 2R 5 Jiaung H1 Ho ) —
YR B T AR & AR AT , B A SCRT AT .
2.2 BSAHMNAESHESAREGHRAKIE
ARG R 12 ] 45 B THR 4 R AT 1
BN TE S LLH MR S 5 S P & i PR R 1 1E
Wk, Mishra 262! 3% Fi#% F Boltzmann 23R i — 2
BESHES — PR S RER TR, ST [ 12 1R 46
WRBEA To, 7E¢7 >0 B, B MR IR N T, =27,
At 2 TR BE AR IR AN 50 = 1, IR B =
Im™",t* =B, At* =0.0001,a =%. B 34AMT

P

S AR BN = <4—(’j%> B 0. 01 B 3 5 3k

(12 ) 455 B b, WINR I AT 1 L 1 % il 2% F o
ZIK 7 1* =0.001,0. 005 ,0. 015,0. 040. A3 53¢
RREE R Y& AR , UL A U P AT 5.

I —ZEAE A R PR ], — A BRAS LT AN AR ST 5
SRR A PERL IR TR R T LUE Y, A St
AR TR AT Al

1.0

0.9+ ¢  Mishra
— This paper

0.8+

T/T,

0.7

0.6+

0.5 T T T T o ¥ 1
0.0 0.2 0.4 0.6 0.8 1.0
yY
(2)

1.0

0.9 .
e  Mishra

— This paper
0.8 bap

T/T,

0.7+

0.6

0.5 T T Tttt \
0.0 0.2 0.4 0.6 0.8 1.0
vy
(®)

B3 ACH5ER[12]MERE (a)o=0 (b)w=0.5
Fig. 3 Comparison of this paper and Ref. [12] (a)w =0 (b)w
=0.5

1.00 -
095 -
0.90 -
0.85 -
0.80 -
075 -
0.70
065 -
0.60 -
0.5 - e 10
0.50

00 02 04 06 08 10
WLy

(@
1.0 -

0.8

0.6 -

04 -

0.2 1

0.0

0.0 02 04 06 08 10
WLy
()

B4 FRREOTEB N FAEEEREEmR (a) RS
fir (b) BARZRI AR

Fig.4 Effects of extinction coefficient on phase-change heat
transfer in semitransparent medium ( a) temperature distributions
(b)liquid fraction distributions

3 GRS

HESEPSER BN T AR R e =1;
FHERSHRL, =L, =0. 1m. PIIREE T, fE RS H R
BE,T" =T/T,. WX SHMESRAELREN T =
0.8, FAHX S X FELIRE R T, =0.6. TR
Yl i E S8 k,/k, =0.6,k, /k, =0.76,c,/
c,=1.2,¢,./c,=1.12,L =1000] kg ', At =0. 001 s.
SR v vk P BT R B 107, B IR AR AR R &
RN RITH R AR, FEW A X N SRR
HERHER THES, FEERARNEE L
(y/L, =0.5) b HIREE S RAR S ; 45 B i+ A (] 1
He=1s;BRE 4 b, HEEHPERRE L =10m ™' ;
FRIE 6 5, HEEH N=0.01; & B X% 8HE—Kih
L

BT RHSET AR S SR G
A, B 4 %8 T M ARPOHRE ARG
Y2 e 3 ok 2R 25 ) 788 T XoF 7 A Sk B AT P IX B
M AR 70 , e 0 v O DX e O R O R R T



136 ahh 5 2K ¥R 30 %

1.00 ~
0.95 -
0.90 -
0.85
0.80 -
0.75
0.70
0.65 -
0.60
0.55
0.50 -+

0.8 1

0.6 1

0.4

0.2

0.0

B5 PrRx @A AR A RER R (a) BB
(b) AR A

Fig.5 Effects of refractive index on phase-change heat transfer
in semitransparent medium ( a) temperature distributions (b)lig-
uid fraction distributions

{EBURE DX Vi B R R A D80 47 5 XL BE VR R
G SR AT ULIET 5. FESE [ 1 8 A S R 0, A
R BEMEA T [, PINR B A BT P AT R0 3 i
P IR R B R T R, A A DX R o7 YA
RGP RN 115 A B K. AT DU AR RE P
PR TS M, A A B R, 3 o
8 e 9 X TR B AR AR, T A PRI X Pl TR B B 2
A ARG L IX S O RE B SR BE T, U XK.
FHHEEE T HEMRSET LIRS 53
WS BRI K 6 ATLLE ), S P—R S5
X BERIRAR A R M. SRR 5 PR, 6 B
AR, BB BA WA X (N =0.01) ; ZL SRR S A XT
DA, 8 BEE . T LR AR AR K (V= 0..0001)
PR B2 A 7 0 B T A H B — R B e, B
B LT A1 AR S A% i A A . P PO IRLBE
BRI RN AN 7 . 7EBE B SRR A
FARIBE TN, i 2k PRI AR A A K (HR HR IR TR
R BEARK. JUHSRAEFAE L = 10000) kg B, 7E 2/L,

1.00 4
095 ~
0.90 -
0.85 A
0.80 A
0.75 A
0.70 -
0.65 -
0.60 -

—=— N=0.0001

—+— N=0.001
0.55 1 —4— N=0.01

0.50 T T T T |
0.0 0.2 04 0.6 0.8 1.0
x/L,

@

0.8 4

0.6

~ 04

—=— N=0.0001
—— N=0.001
—a— N=0.01

0.2 A

0.0

T T T ; {
0.0 0.2 04 0.6 0.8 1.0
x/L,

(®

o6 SH—EHSEOTEBRANFAEEHRIRNE (a) iR
BESAR (b) BARZR M

Fig. 6  Effects of conduction-radiation parameters on phase-
change heat transfer in semitransparent medium ( a) temperature
distributions (b) liquid fraction distributions

=0.05.0. 95 ZcA5 i BZ il ek 3 th BB R AR, TRLE
RHEA R . BT AT A Y, B W EAAIE R,
BAHXASTE , IS X A8 %8, L = 10000]/kg (I 7AH X A
B 1 L =100.,1000)/ kg B X BE. 3% 2 B T V)
R B E S W RE RIS T RSB 7.

4 it

ASCHEFE T —HERETE M S S5 4% 1) [ P
P IS B B 18] 15 Pl 2. R A BRARFRIE SR
FREET R R BER T R, SAF R I i SRR LU AN IR
SHfha. —4EARZE S RS LI MGE ST 5 S
WG BRI G5 R 5 3CIEAT T HURE, & BT, Ui
AR SL LTSN PR T S AR A A S e AR S T 4
. e T AR B ITI R  SR—R S R
SEXTARAR A B A IR BE | WBOAH R 20 B . RS R
B, TED AR BON BE S AR MR, JUH R 2 AT
IR J3E A T2 2R O KRR T e, (EL PR LR i X, 9
FADX A3 A FUR MG A WD BEE AT 5 3R B3 i, P kiR



14 T REFHUEAEE A R LI AR S5 AR A 137

1.00 -
095 -
090 -
085 -
080 -
L
070 -
065 1 —=— L=100
060 1 —=— L=1000
055 - —4— ~10000
0.0 : : : : J
00 02 04 06 08 10
L
@
10
08
06 -
04+
02 —a— L=100
—+— L=1000
—a— 1=10000
0.0 T T T T 1
00 02 04 06 08 1.0
WL
()

7 WX EBAN AR AR (a) BED (b)
BARZE I

Fig.7 Effects of latent heat on phase-change heat transfer in
semitransparent medium ( a) temperature distributions (b) liquid
fraction distributions

BEWSA T K, IR BE BT, B2 DX WBOAR et A W
R, SR 5 S BOHR BB R B
Wi« S ey DA, 5L BE T AR bR, BT sk 5 £ AP EAHR
5t ey L, ELRE T RN, 5 (B DB % 5 X TR O o 4
X F , JELE Z A 2 DN B T Ak H B, B
biAiblu S EAR et inp g i i bpiny e

REFERENCES

[1]Huang Yong, WANG Jun. Thermal emission properties of a
two dimensional medium with nonlinear refractive index dis-

tribution[ J]. J. Infrared Millim. Waves( #H , Fik. — 4

RN I RN BB ST . Sh 5 EXK
HEH) ,2009,28(1) :38—41.

[2] WAN You-Bao, WU Yu-Rong, ZHANG Jian-Xin, et al.
Restraining the formation of pyrochlore phase in PZNT ferro-
electric film with controlled growth[J]. J . Infrared Mil-
lim. Waves( I UE , RTFH, KR, . REERITEM
il PZNT gk M B A AR . Ah S RIEF
#) ,2008,27(1) .35—38,71.

[3]Shi Yi-Wei, ZHOU Zhi-Yun TANG Xiao-Li, et al. Design
and fabrication of infrared hollow fibers for spectroscopic gas
sensing[J]. J. Infrared Millim. Waves( ‘A 2R, AEKE =,
ViR, 4 R U B B BT I . 4
ShE KK EIR) ,2009,28(2) :111—114.

[4] CHEN Si-Xiang, JIANG Zheng-Feng HU Ye-Fa, et al.
Pecvd deposition of borophosphosilicate glass used for silica-
based planar lightwave circuits [ J]. J. Infrared Millim.
Waves(BRI8 & TTAEX, 8V &, 4. Bk &k Si0_2 S HDGIH
TR B R 5 R B AT . SNSRI
#) ,2005,24(5) :390—393.

[5]Prisniakov V F. Gabrinets V A. New conceptions for design

of thermal energy storage for solar dynamic plants[J]. Acta
Astronautica. 1995 ,37 :7—10.

[6]LI Jia-Yu, DONG Shi-Kui, HE Zhi-Hong, et al. Radiative
properties of alumina particles in exhaust plume[.] 1. J. In-
frared Millim. Waves(Z2{E£ %, B4, WEE, % B
WAL T L SRR AT . LS B RRER),
2007,26 (6) :469—472.

[7Mishra S C, Behera N C, Garg A K, et al. Solidification of
a 2-D semitransparent medium using the lattice Boltzmann
method and the finite volume method[J]. Int. J. Heat Mass
Transfer ,2008 ,51 .4447—4460.

[8]Lapka P, Furmanski P. Numerical modelling of solidifica-
tion processes of semitransparent materials using the enthal-
py and the finite volume methods [ J]. Heat and Mass
Transfer ,2008 ,44 :937—957.

[9]Shyy W, Udaykumar H S, Rao M M, et al. Computational
Fluid Dynamics with Moving Boundaries[ M]. Washington,
DC: Taylor & Francis,1996.

[10]Ruan L M, Tan H P, Yan Y Y. A Monte Carlo ( MC)
method applied to the medium with nongray absorbing-e-
mitting-anisotropic scattering particles and gray approxima-
tion[ J]. Numer. Heat Transfer, Part A. 2002,42(3):
253—268.

[11]Jiaung W S, Ho J R, Kuo C P. Lattice boltzmann method
for the heat conduction problem with phase change[]J].
Numer. Heat Transfer, Part B,2001,39.167—187.

[12]Mishra S C, Lankadasu A, Beronov K N. Application of
the lattice boltzmann method for solving the energy equation
of a 2-d transient conduction-radiation problem[ J]. Int. J.

Heat Mass Transfer,2005,48(17) :3648—3659.

XFasE=

253E YN PACS © REDRYIE AN

M 2011 45 , A SCE KR (RIS 6 i P B 20 28 5 e 3R B2 S W B K S04 43 23R PACS AURS X o i 1

M2, “PACS® ” Hi “Physics and Astronomy Classification Scheme ® ”

JE3R E Y YA M RAR.



