HOKKAIDO UNIVERSITY

Title Digital Simulation of Radiative and Convective Heat Transfer in a Three Dimensional Furnace
Author (s) Taniguchi, Hiroshi; Sugiyama, Ken-ichiro
Citation Memoirs of the Faculty of Engineering, Hokkaido University, 13(Suppl), 117-125
Issue Date 1972-05
Doc URL https://hdl. handle.net/2115/37904
Type departmental bulletin paper
File Information 13Suppl 117-126. pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




117

Digital Simulation of Radiative and Convective Heat Transfer

in a Three Dimensional Furnace

Hiroshi TANIGUCHI
Associate Professor
Faculty of Engineering
Hokkaido University
Sapporo, Hokkaido, Japan

ABSTRACT

The authors make an attempt to analyze radi-
ative and convective heat transfer in e three di-
mensional furnace through digital simulation. The
analysis is developed in the case where furnace
is rectangular solid, it contains two kinds of
rediant media and various regions of wave lengths
are applied for each medium, Furthermore, this
ig also developed in the case where temperature
and absorption coefficient are not uniform in
each part of the media and various temperatures
and emissivities are employed for each wall. The
numerical calculation is conducted by Monte Carlo
method for raiation and finite-difference method
for convection. Its program is coded by FORTRAN
IV for digital computer (HITAC 770E or FACOM 230/
60).

The followings are calculated by the above;
results as affected by furnace size, temperature
and emissivity of wall, results as affected by
fleme shape, absorption coefficient and region of
wave length, and results as affected by convection
are presented in this peper. And, as possible to
calculate each performance of furnace, some ef-
fects in actual operation would be predicted by
this simulation .

1. INTRODUCTION

In order to analyze the heat transfer in a
furnace, some complex conditions must be applied
for this system. The heat transfer between flame
and well is strongly influenced by radiation. But
it is not desiraeBle to omit convection or flow
effect. The furnace contains two kinds of radiant
media {flsme and surrounding combustion ges) and
its wall is constructed by refractory and heating
surface. Many paper have been published on this
analysis under simplified condition in which fur-
nace conteins one kind of radiant medium and bas
uniform temperature, Such study should be applied
for rough estimetion of temperature in furnace
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outlet, but not for temperature distribution and
heat absorption rate. Lately, as en electronic
digital computer have been widely used for each
study, it is possible to obtain a solution of
complex system through numerical or digital simu-
lating method {V~®

The authors make an attempt to analyze the
above-mentioned heat transfer system through this
simulating method in which the furnace is rectan-
gular solid, it contains two kinds of radient
media and has the other actual conditions as re-
quired., Furthermore, this is developed in case
of non-uniform temperature and absorption coef-
ficient of the media. The calculation is conduct-
ed by Monte Carlo method, finite~difference
method and summerized method for each procedure.
Some results as affected by furnece conditions,
characteristics of radiant media, convection and
flow effect are obtained by the simulation in
this study.

2. DIGITAL SIMULATION OF HEAT TRANSFER

A consideration is mede on rectangular solid
furnace which contains two kinds of radiant media
(flame and surrounding combustion gas). The flame
is defined as gray gas with heat source and the
gas is defined as non-gray gas with a certain
region of wave length A, to Aa . Temperature and
absorption coefficient is not uniform in each
part of medie. Another consideration is made on
the case where heat is trensfered by radiation,
convection and flow effect. Various temperatures
and emissivities are employed for each wall. An
emissive power. is defined by

Es=(1-€-%8)6 T for flame
Eg=(1~g-kee) 6 T4R(T) for gas (1)
Fo=£a6T% for wall

vhere E$,Eq, Ew: emissive pover
K¢ ,Kg : absorption coefficient
T ,Tw : temperature
0 : thickness 6w : emissivity of wall
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The following Eq. is obtained for small volume &Y,
in Fig.1l.

He = Hgq + Wr + He for flame and gas (2)
where |-g: emissive power Hq : heat generation
by : heat transfered by radiation

He: heat transfered by convection and
flow effect
Then, the following Eq. is obtained for AWw
Ha=Hw ~ (He + He) for wall (3)
where Hg: heat absorption Hw: emissive power
The calculation is conducted by Monte Carlo
method for radiation and finite~difference method
for convection or flow effect. A concept of ener-
gy bundle should be applied to employ Monte ggg(]i?
method and another concept of imaginary thickness
may be employed to simulate each emission of
medis end wall by a common procedure. This thicke
ness has the following characteristics.
(1) The thickness is connected to 0 °K black sur-
face and has zero absorption coefficient.
(2) A energy bundle is rflected by boundary of
thickness and media.
(3) A direction of bundle through thickness is
perpendicular to boundary.
In Fig.1l, the futnace with imaginary thickness
is subdivided into Mx,mY and ME for each axis.
An equivalent intensity J of bundle from a¥
is obtalned by

T=CsQsFITY/N + CsQs{1 - F(TII/N (W)
vhere N : number of bundles
Qs: heat generating rate
Cg = ( Heg+ Hv +He) /(He+H): correction factor
for convection and flow effect
In Fig.2, en emitting probability RV],RQ in each
direction of media is obtained by

o 2T " 2% (5)
Transforming the ebove to normal coordinstes

(1sindl _ 1~ Cosh 9de B
?‘i“so_ 3 = "—‘2 , Re’}

Fig.2 __«
Flame or Gas

Fig.3 Wall FPig.h

Re=1=2Ry, Rx={T-RI(052TRe, Ry=2v1-RISIN2NRe  (6)
where Rz, Ry, R, : emitting probability in each axis
Then, an intensity T of bundle from A<y is
obtained by

T =EabTEF(TIAAL/ N +Ea6TE 11~ FiN ) aw/N (m

where AAw: small area of AVw

In Fig.3, an emitting probability Rq,Re in each
direction of wall, applying lambert's cosine law,
is obtained by

Rq=5325inqcosndq=1«cos’n,Refo—dZ%vQ% (8)

Transforming the above
Re=/T=Rn ,Re= V1= ¥ COSMRy, Ry=/T-RESINAMRG  (9)

An absorbing probability Re is applied for bundle
absorbed at distance

Re=i- @ LXbe J=F Kial= - Doge(1-Re) (10)
where Ky : Ksor Kg L3 : optical thickness
When the bundle reaches boundary of imaginary
thickness, a passing probability Rg is obtained

b;

v Re=fw (11)
Furthermore, each volume must be distinguished
between flame, gas and imaginary thickness. A
control variatle I3 may be used for this purpose.

Is21~6 ror wall Xs=Tfor gas, Ts=8for flame(12)
Thus, in order to simulate the heat trans-

fer, a passage of energy bundle should be deter-
mined by the following procedure. At first, Cs
and F(T) may be assumed to determine intensity
of the bundle, which is emitted from center of
AV, through Eg.(L4), and direction, ebsorption
and passing conditions are calculated by Eqs.{6),
(10) and (11). A flow of calculation can be con-
trolled by Ig . And, the same items for the
other bundle, which is emitted from aVw, are
calculated by Egs.(7)},(9) ,(10) and (11). Next,
when each bundle is reflected by boundary of the
thickness or re-emitted after absorbed by these
media, a passage can be determined by the same
way as the above. Then, if the bundle passes
through the boundary , & history of the bundle
is terminated-and new history of another bundle
may begin in accordance with the same procedure.
Summing up total energy bundles, a total equive-
lent absorbing energy in AVe is obtained by

CiHsTET(CiQRSTITIAT + CsQsRysr { 1-FN} 4V
+ T T[E6 TARusFMAAGY £.0 T4 Rusr 11 -FD)8A)
for flame (13a)



CsHr=LLECiQs RigF(T) AVHES Ewb T RwgFIT) 8 A
(13b)
HeoELE(CsQeRF (NAT + C4 QRswrl 1-F(T ) 4T )
+LE(EpB TE R FITAT + 46T Ruwr {1- H(T)} AT ]
for wall (1h)
R#s, Reg, Ry, Rus,Rug,Rww : absorbing
probability for region of wave length
Arto Az, Rysr, Rwsr, Riwv, Rwsr: absorbing
probability for region exept Aqto Az

An equivalent heat generation of AV, in Fig.l is
obtained by '

for gas

where

CiHo= CsQsAV, for flame, CsHq, =0 for gas (15)
Hw=E,6TE aAw (16)

In order to calculate the correction factor
for convection and flow effect, the following Eq.
is applied for case of steady flow in Fig.h, In
the calculation, mass velocity, specific heat and
equivalent thermal conductivity are uniform in
each part of media, because He is relatively
small to Hr,

Ho=Pyyf Tiase = Tian

for wall

Alyblz+ Eﬁﬁ}#&m&. P
4+ Ti-tm - Tigw ALxAlr + MhALxALy]
ALy Ay

for flame (17a)

+ Wep Tutma=Toin

T T =T
Hc'”PJog[——-——-—TL “J:L:“"'hb\-vb\-ﬂ- "_"—“Mgtx LN

# T Tonap gty + Tearth=Tersaal,y)

by
TL.J,h-i - T(,,J_\q
+WCp R e Ay for gas (17b)
Hez o AT 8Aw for wall  (18)

vhere Pes,Peg : equivalent thermal conductivity
w : mass velocity Cp : specific heat
¢ ! convective heat transfer rate
AT : temperature difference between

wall and outside of boundary layer
Therefore, correction factor C4is decided by the
above value.

Then, a total emissive power of AVo is de-

fined by
He=4Ks8 T*AVe for flame } (19)
He=4 Kg8 T4F(T) &Vo for gas

The following non-dimensional emissive power may
be available to check each results.

Fa= He / ( Qm AVG) (20)
vhere Fa : non-dimensional emissive power
Q= ZEEQEET + TECOTAW |, oo heat

+
generating rate
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Ve =LTLLAV + TE8Awal. : imaginary total volume

An addition of Egs.(13) and (15) makes

CsHr+ C;Hq:% (He+tHr)2He equdl to (2)

A subtraction of Eqs.(1d) and (18) from Eq.{(16)
makes

Hw-= (Hr +He) = Ha equel to (3)

3. PROGRAM FOR DIGITAL SIMULATION

In order to apply the above method to digi-

tel computation, a program is coded by FORTRAN IV
through a flow chart in Fig.S5. However, as Cs and
F(T) are employed for correction of convection
and wave range, it is necessary to apply trial

‘and error method. This program is tg)olgl)structed by

& main. program and seven subprograms (generation
of random number, direction of energy bundle, ab-
sorbing length for region of R} toR2, absorbing
length except R1 to R2, heat flow by convection
and flow effect, and symmetrical conversion of
three dimensional matrix). Main parts of the pro~
gram sre shown in Fig.6 and the following input
data are used for this calculation.

(1)

(6}

N : number of bundles D

MX,MY,MZ : number of meshes

MFX,MFY ,MFZ : number of meshes of flame
MZ1,MZ0 : position of flame and air intake
AKF ,AKG : absorption coefficient qj%

Rl, R2 : wave length p

ALX,ALY,ALZ : furnace dimension 4y

QF : heat generating rate in flame Keal/qi%h

CP : specific heat Keal /Kg °K

W : mass velocity Kkg/gm2n

PRF,PRG : equivalent thermal conductivity
keall/ Mn°K

HC, HO : convective heat transfer rate
Keal/ 2h oK

Fl~E6 : emissivity of wall

Tl~T6 : temperature of wall °K
TOF,TOG : temperature of air and recirculat-
ing gas °K

4. NUMERICAL CALCULATED RESULTS

The following examples are calculated by

computer (HITAC 5020E or FACOM 230/60); results
as affected by furnace size, temperature and
emissivity of wall, results as affected by flame
shape, absorption coefficient and region of wave
length, and results as affected by convection and
flow effect are presented.

At first, numericel calculations are per-

formed in case of rectangular solid furnace which
is filled with flame and has no convection and
flow effect. Then, Figs.T to 9 show distributionsa
of non-dimensional emissive power, temperature
and heat absorption under influence of furnace
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MAIN PROGRAM —1 1

START PASSAGTE OF BUNDIE BICEPT RITORT)|
READING OF INPUT DATA [3] BROUTNE DIRECTION
l SETTING OF INITIAL CONDITION SLUBROUTINE su,fg{)o
T

F
ASSAGE OF BUNDLE INRITOR2

SUBROUTINE DIRECTION

UBs00
SUBROUTINE S N%\N
N0 ;:223
f\%’— (SUBROLTINE SYMMETRY )
I3
[CALCULATION OF TEMPERATURE]

SUBROUTINE SUBT00

CALCULATION OF CF
ABSORBING HEAT FLOW BY CALCULATION OF TEMPERATURE
LENGTH CONVECT{ON
AND FLOW
SUB 700,
[ FLOW EFFECT
AT {SUBROUTINE F(M )
5 SPFSD
{ SUBROUTINE HEAT BALANCE;
WRITING OF QUTPUT DATA{
Fig.5 Flow chart m
34 D0 60 IToisMX —
DO 60 Jisl.MY
DO _60 KTaleMZ

TodeRIVBBURCTgokY 7~ 70 777777 T
10 60 . .

1)=0.5)

(H=0.53)
2aDLZ#(FLOATC(K)=04+5)
151=15C1 4 Jk)

41 SGCIvJiKI=SG(IvJsK)+50
CALL SUB900 (NRANRAN)
SU==AL 0G (RAN) N

42 CALL SUB4OO(NRANSPAI+1S1.RXsRY.RZ)

CA SUBB00 (MX yMY +MZ s ALK ALY ALZ +AKP DL XDLY oDLZRXsRYRZ
1 15,181 SUTvJoKeXv Y, 2

IFCISL.LE.6) GO TU a3

S8aS@uDUMCL v JsK) )

GO TO 41 o

43 CALL SUB9OOCNRANSRAN)
IFCRANGTE (L2 JsK2) GO TO 42

o SGLLs K ®SG (10 JeK) =58
IF(NTLLT.N) GO TO a0

44 NT=0

50 lelY
J=JT e
i . et e e e e e s

.. . SBR=GRC] s JKI EDUMC s J1K) —
1F (SOR.E0.0.) GO TO 54
_NTsNTel

XaDLX# (FLOATC13=0,8) " "7 777 T T e e e

18121501 e JsK)

517856 JvKI=8G (T

A
Alm=ALOG(RANI 7AKF =~ 77 e
32 CALL SUB4OO(NRANIPAI«IS14RXRYRE)
CALL "SUB6OO (MR oMY o142 s ALX VALY v ALZ DLX BLY
R YT - T1 12 T V.S KIIT.A2. 55 £Y 9)
TFUI51=7) 3545658 T
53 SGR=SER#DUMCledoKd
50T e e
53 CALL SUB90OCNRANSRAN)
IFCRANCGTLELTUeK)) 6O FO 837
. 856419JsKI=SGC] 4 JeK) =SOR .
PFRTLLTON DY SO TO 80 7 ~ 7 T e
54 NTTaNTTeN



60

57
58

61

63

64
62

CONT INVE' T R T
FINAL POINT OF INNER LOOP OF CALCULATION
ANHN ) o T oo

JF(IXY<EQ.0) GO TO 38

CALL SYCO(SGvMXWMYoMECTZY ™
DO 61 I=lsMX

DO 61 J=1iMY ’ . ' TN T T e e e
DO 61 KmioMl

SGC1eJikIaSGC1oUsK) /AN T T T e e
DO 70 [m24MX=1
DO 70 Jm2omy=l"
DO 70 Ks2¢MZ=1
IFESGCI v JWK) LT 0.) GO TO-T0 T mmmm e e e
IF(DGE.E@.0.) GO TO 63

TFCISCadeK) o £0.T) GO TO 64
TCeJaKI=m(SGCLaJrK)#QM/ (4 PAKP (11 J1K)#5)) 820,25
a5 185 Lot sKI#@M/ (40 BARF (T4 ). 5)) 020,23

IFCF (1K) (EQ.0:) GO TO 70

TCaJakYatS6 Ly JyRI#OMI (4o AKP (2 Jak)BF (14 20k 26) I 000,25 7
DUMF=F ([ +JoK)

CALL SFMOCTCIeJsK) sRLeRZ«F (TvJdei)*

TECF (1K) E@:00) GO TO 70

“DESRBS CCFCIs JTK) =DUMED JF (1 5 dKyy "~ 7o o oms e

10
69

T1
72

by
1F(DUMCIvJ9K) «GT+ 043 GO TO 39

59

65

IF(DF.LE.DGEY GO TO 70

F(l'Jux)n(F(l'JwK)oDUMF)/zn
GO TO 62

CONTINUE .
IF(LS1.€@.0) GO TO 7L

1F(DME-EQ.0.) GO TO 80

Pu0.5 ’

caLL SUBTOO(P.T.|s.Mx.Mv.Mz.MLo.oLx,DLy.DLz.Toa.TOF.QM.cP.w.
PRGPRF s PROYHC s HO - DSG)

no 77 lm2 Mx=1

PO TV JRZGMYSITTT T T T T e e e e e m e e e

DO 77 K=2.MZ=1

TECSG{I4JoK) +£8:04) GO TO 597

1FCCSGCT v JeKI=DSGCI+JeKIIEQ. D) GO TO 59

DUMCT 22K m(SGCT s JeRI+DSG{1 o JakII#PM/SG (T4 JeKI+SG (I VI K2 (1s=PM)
2€S6 L1+ sKI=DSGLIsJsKI)_

PUMCT 2 JeK)aDUMS (19 JsK)

DUMT (1 v JeKIoTCEvJoK)

TELSGCI o JoKI#DUMC1 4 JsKI/DUMS (14 JsK) 26T 04) 60 TO 73
TECR=M20) T7+65.67

IFCISCodsK) e EQT) GO TO 66

TCIv e K= (T (T Ja R +TOFY /23

[13
67
73

75
1

74
T

17
68

78

79

85

DO 78 =2 MX=1 _

60 70 77 o
TV dKI= (T (10 JeK) +TOG) /2.
60 TO 77 . .
TCadoKIa(TCI vk +TCT 0 Jek=1)) 724
6070 7T . ...
1F (DGEED.5.) 6O T6 153
IFCISCIsJok) EQ:T) GO TO 74
TCIVJeKIaCSGCEy JvKIRDUMCT 2+ JoK) /DUMS (1 v Jo kI n@M7 (42 #AKP (10J4K)#5))
#80.25

60 10 77
TFCFCiadeK) EQ.04) GO TO T7

Ty JeKIS(SG(To JoK) wDUMCT I K3 7OUNMS (1< ToK ) woM7 (B BARP (14 2 K) #
FClsJaKI®#§) I #0425

1
DUMF=F (10 J4K)

CALL SFMOCTCsJsK) sRLsR21F (1aJeK))
IEC(F (12 Jek).EQ.00) GO TO 77
(l-J~K)-DUMF)/F(l~J‘K)) -
E) GO To 77
FCloJsK)@(FCIoJoK) $DUMF) /20

60 10 76
GONTINUE
sDT=0.

PO 78 Je2 MYl

PO 78 K=2Ml=1

IFCTClaJek)EQ.0.) GO TO 78

SDT=SDT+ABS (LT (1 +JekI=DUMTCIsJsKII/T (0 UsK))
CONT INUE

SDT=SDT/FLOAT ((MX=2)# (MY=2)#(MZ=2))
iF(EDT.LE.OME) GO TO 85

DO 79 1=2:MX=1

DO 79 J=m2MY=l

DO 79 K=2eMI=1

TCIaJaKI =T I oKD +DUMT(150eKI I /2
Pa0.5+P/2.

6O TO 72

CALL SUBBOO(SG.Q\T|MX\MVtMZ.MFX»MFV|ALX‘AlV\TOG»TOF\QM.CP.W.QSG\
1

8T« TMIQTG+DAT+D5GDV)
50D=0,
DO 84 [m2sMX=1
DO 84 Jm2.MY=l
DO 84 K=2.MI=1 T
TFCDUM(T1+J¢K)+£8:+04) GO TO 84

1E0.
SOD=SDO+ARS CCOUMCT s JaKI=DUMS (1 30V ) 760M¢T «

121
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84 CONTINUE
SDD=SDO/FLOAT (MY =2) # {MY=2) # (17-23) T T s
IF(SDDLE.DCE) 6O TO 290
1F ((QSG+DOTY+GEL04) GO TO 280 ’ T T
DO B3 l=2.MX=1
DO 83 Js2ymMyY=1 T e e T T e e -
DO 83 K=2sMI-1 o
DUMCI 3 JakI=DUMC1I v sk #(0:5=PD/2.) +DUMS ([ v ok ) # (0 54
83 CONTINUE
PM=PM/3,
.. 60 TO 32
280 1F(PD.GT.0.1) 60770 310 77 e
....290 1F(ABS((@SG+DAT)/DET).LE.DCE) GO TO 80

310 DO 303 [=24Mx=1

DO 303 J=2:MY=1

DO 303 Km24MI=1 T T
303 DUM(I-J«K)-DUM(IvJ‘K)»(l.+(®SG+D@T)/DQT/2.)

“PD=PDa0, 5

60 TO 32 .

80 1F(DFEEB.0.) GO TO 89
SDFmO,

DO 82 leMX1MX2 o - Tt e
DO 82 JmMY1MY2

DDA ReMZIVRAZZT T
DUMT (15 Jok)=F (1 J4K)
CALL SFMOCTC
TFCF(TV o)L EEI0.Y 6O TO B
SOF=SDF+ABSCCF (14 Jek) =DUMT (14 dsKID/F U v Jvk))

82 CONTINUE I
SOF =SDF /FLOAT (MF XaMFYOMF 2)
IF(SDF . LELDFEY GO To 90
DO 87 lwkxloMX2
DO 87 JoMY1eMY2
DO 87 KeMil.MZ2
FCleJoK)=(F (IodoR)+DUMT(IoJeKD) /20

87 ORI sJeKIo@Cledak) B (L F (19 JoK))
GO 10 32

507 1531=§5([Jek)
508 ARPL1sAKP (s k)
TH(RXsGE.U:) WO TU 310
Uhas=(X=DLXaFLOAT (]=1)})#AKM1/0X
Gu TO 511
910 URX={LL x#FLOATUI2=X) 8AKP1/RX
511 IF(RY.GE.Q.) wu 1w 512
UKYm=Cy=DLYSFLOAT (J=1) ) #AKPL/NY
Gu TO 513
512 UKY=(ULY2F|LOAT(J)=Y) #AKPL/RY
513 1F(RZ+GE+V:) GO TU 514
URZme(L=DL 2aFLUAT (k=1) ) aARP L1/l
Gu TO 515
S14 URZ=CDLZSFLOAY (K =) sAKPLI/RZ
515 UnmAMINT(5U,URKURYURZ)
_XeRsURSRX/AKP]
YaV+URaRY/AKPL
IsZsUReRI/AKPL
IF(URCE@.UFX) WO TO 520
IFCURSER.URYY G0 10U 522
IF(UR-LQ.UKZ) GO 10U 5¢s
GU TO 530
520 TH(RX-GF.UW) oL Tu 521
lajel
GO TO 526
521 1=}+1
Gu T0 526
522 TFARYGEV) G0 Tu 525
JoJ=1
GO TO 326
523 JmJgel
Gu TO 526
524 1FCRZAWE0) OU TU 523
Kag=]
Go 1O 526
325 K=K+l
526 Sum§U-UR
IS1a15¢1sJsk)
IF(1S3.6T.0) GV Tu 300



TFCISCIoJoK) +E@T) GO TO 721
10aTOf

G0 70 722
10=706

DEGC] s JoKIBDSGCT s JsRI*(TO=T(I 2 oK) ICPYL
€0 10 130

DSGC1 v JoKIuDSEGCT e JoRI LT s JoK=1) =T (1 s 4ok Y uCPuZ
S4m)1

Hajel
IFCISCI10.dor)=T) 732,733,734

PRH=HCX
oKIeDSGCIL e JeKISLT Il o JukI =T (Lo 4o KISUPRH
GO TO 735
¢ (] 8 10 734

PRHaPRGX

134
1

3
PRH=PRFX

] a| 1) P
1F(L3%.E@.0) 60 TO 740
LE4aD

736

{iafel
GO _TO 731

140

LSsal
dis.j=d

781
142

1F Q15010 J1 o)) =T) T82,7434744
PRH=HCY

DEGC] 9JL+K)aDBGCT ¢ JL oK) # (TCI9J1sKI=TCI s oK) I PRH
T0 74%

743

4
TF(I8CIeJsK).EQ.B) GO TO Ta4
PRH=pRGY.

744

B0 TO 743
PRHaPRFY

Tas

086 (1 +Jsk)=08G (L ¢ JekICLTCLa L k) =TLLaJ kI IOPRY
1E¢L5%:£8.Q) GO TO 730

L

o

L84a0
Jimgel

750

60 7O 741
CONT INUE

Fig.6 Main part of program
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size. And, Figs.l0 and 11 show the same itemunder
influence of emissivity end temperature of wall.
A level of meen temperature in furnace has
teddency, in Fig.l2, to increase with size and
wall temperature, but decrease with emissivity.

In order to check the other influences of
flame shape, absorption coefficient and region of
wave length, caelculations are also performed in
case of the same furnace which contains flame and
gas and haB no convection and flow effect. Then,
Figs.1l3 to 18 show distributions of temperature
and heat sbsorption under influence of shape and
position of flame. And, Figs.1l9 to 21 show the
game item under influence of absorption coef -
ficient end region of wave length.

Next, the authors study influences of con-
vection and flow effect in case of the same fur-
nace which contains flame and gas with convection
end flow effect. Then, Fig.22 shows distribution
of temperature under influence of flow effect,
and Fig.23 shows distribution of heat absorption
under influence of convection between medis and
wall. A level of mean tempersature in furnace out=
let has tendency, in Figs.2h to 26 ; to increase
with mass flow, but decrease with convection. It
is recognized that heat flow in % axis by flow
effect gives some considerable influence for this
temperature, but heat flow in 3¢ and % axis by
convection gives smaller influence for it. And,
it is recognized that influence of equivalent
thermal conductivity cen be scarcely found in
case of 100 times thermal conductivity.
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From the above-mentioned studies, it is re- g0
cognized that some influences of furnace size, a5 The same as Fig.23
emissivity and temperature of wall, flame shape 600 L L i L '
and position are most important factors, influ- 0 & 60 80 w0
ence of flow effect is next factor and the other Fig.25 C(Conv. transfer rate
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(1) The authors make an attempt to analyze
radiative and convective heat transfer in a three
dimensional furnace through digital simulating
method.

(2) The calculation is conducted by Monte
Carlo method for radiation and finite-difference
method for convection and flow effect. A program
of the above is coded by FORTRAN IV and its main
parts are shown in this paper.

(3) Some calculated results are shown in
this paper. In view of these results, it is re-
cognized that influences of furnace size, emis-
sivity and temperature of wall, flame shape and
position are most important factors, influence
of flow effect is next important factor and the
other influences of region of wave length and
convection are relatively small.

(4) Considering combustion condition and
outlet temperature in furnace, each influence may
be checked by tendency from calculated results.

(5) As possible to simulate heat transfer in
furnace under various conditions, some effects in
sctual operation would be understood by this
study.

The authors appreciate generous instruction
givenby Professor T. Saito end are indebted to
Computer Center in University of Tokyo and
Hokkaido University and also indebted %o Graduate
Student K. Taniguchi for his coorperation.

REFERENCES

J. R. Howell and M. Perlmutter: Trans. ASME,
Ser.C, Vol.86, No.l,Feb., 1964, p.116.

J. R. Howell: ASME paper, 65-WA/HT-54, Nov.,
1965, p.l.

H. Teniguchi: Trans.Japan Soc. Mech. Engrs.,
Vol.33, No.247, Mar., 1967, p.h06

H. Taniguchi: ibid., Vol.3kh, No.261, May,
1968, p.897.

H. Taniguchi and M. Funazu:
No.66, Dec., 1970, p.1h58.
H. Taniguchi: Library Program of Computer
Center, Univ. Of Tokyo (D1/TC/SFMO, F3/TC/
8YCo).

(1)
(2)
(3)
()
(5)
(6)

ibid., Vol.13,



