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Radiation-Laminar Free Convection in a Square Duct with 
Specular Reflection by Absorbing-Emitting Medium 
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The purpose of this work is to study the effects of specularly reflecting wall under the 

combined radiative and laminar free convective heat transfer in an infinite square duct. An 

absorbing and emitting gray medium is enclosed by the opaque and diffusely emitting wails. The 

walls may reflect diffusely or specularly. Boussinesq approximation is used for the buoyancy 

term. The radiative heat transfer is evaluated using the direct discrete ordinates method. The 

parameters under considerations are Rayleigh number, conduction to radiation parameter, 

optical thickness, wall emissivity and reflection mode. The differences caused by the reflection 

mode on the stream line, and temperature distribution and wall heat fluxes are studied. Some 

difference~ are observed for the categories mentioned above if the order of the conduction to 

radiation parameter is less than order of 10 -3 for the range of Rayleigh number studied. The 

differences at the side wall heat flux distributions are observed as long as the medium is optically 

thin. As the top wall emissivity decreases, the differences between these two modes are increased. 

As the optical thickness decreases at the fixed wall emissivity, the differences also increase. The 

difference of the streamlines or the temperature contours is not as distinct as the side wall heat 

flux distributions. The specular reflection may alter the fluid motion. 

Key Words:Specular ,  Diffuse Reflection, Radiation, Free Convection, Participating Media, 

Square Duct, Direct Discrete Ordinates Method 
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Length of system, m 

Number of ordinates in one quadrant 
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k,/(4LaZrS), conduction to radiation 
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v /a  (kinematic viscosity/thermal diffusi- 

vity), Prandtl Number 

Dimensionless wall heat flux 
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Q-~q,d ( a Tr ) 
Ra  : g B ( T ~ -  To)L3/ (va), Rayleigh number 

To : Reference temperature for fluid property, K 

Z,- i Reference temperature for radiation, K 

Greeks 
a : Thermal diffusivity 

'. Volumetric thermal expansion coefficient. 

K-t 
e : Wall emissivity 
x : Absorption coefficient, m -1  

v : Kinematic viscosity 

0 " l--e,  reflexivity 
d Stefan-Boltzmann coefficient, W / m a ' K  4 

v xL, optical thickness 

wk k-discrete ordinate weighting factor 

~,,/zj,: y-direction, x-direction cosine 
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Subscripts 
k '. k-discrete ordinate direction 

N,  S, E, W : North, south, east, west 

w a l l  : Wall, w a l t = N ,  S, E,  W 

1. Introduction 

The combined heat transfer of radiation and 

natural convection occurs in many engineering 

applications, such as HVAC, solar energy sys- 

tems, fins, and room fire. Therefore, many previ- 

ous investigations and reports are available in the 

literature. Lauriat (11982) studied the thermal ra- 

diation with laminar natural convection using 

P-I approximation. A gray fluid in a rectangular 

cavity with aspect ratio of 5 to 20 is considered. 

The cavity has two isothermal side walls and two 

adiabatic end walls. The ranges of values of his 

study are Ra upto 106, N from 0.2 to 1, z" from I 

to 2, wall emissivity from 0 to 1. He concluded 

that radiation attenuates the intensity of the flow 

at low Rayleigh numbers and, in contrast, leads 

to an increase in flow strength in convection 

regimes. Tan and Howell (1991) studied the same 

system under consideration using the product-in- 

tegral method and finite difference method. The 

range of Ra studied is 103, 10', l0 s , when N is 

varied from 0 to infinity. Fusegi and Farouk 

(1988) studied numerically and experimentally 

the interaction of laminar/ turbulent  natural con- 

vection in a square cavity filled with a non--gray 

gas. They used the P-I approximation and the 

weighted sum of gray gases model for the non-  

gray gas. The radiation strongly alters the flow 

and temperature fields within a differentially heat- 

ed square cavity. Heat transfer to the isothermal 

walls is greatly enhanced by radiation. 

lwatsu and Hyun (1996) studied the natural 

convection within a square enclosure with large 

temperature differences. They show the discre- 

pancies between the idealized Boussinesq fluid 

model and the actual compressible fluid model of 

their laboratory experiments. Lee and Lee (1988) 

studied the natural convection in a 3-D rectan- 

gular enclosure. The results show that the tem- 

perature disturbances imposed on the end wall 

reinforces the axial flow and magnifies the three 

dimensional effects. Bae, Jung, and Jeong (2002) 

studied the effects of partitions in ventilated sq- 

uare duct by numerically and experimentally. The 

laminar free convective heat transfer is considered, 

but the effect of the radiative heat transfer was not 

studied. The effects of the number and length of 

the partitions on the heat transfer characteristics 

are studied. 

Sanchez and Smith (1992) investigated radia- 

tive heat transfer for a two dimensional rectan- 

gular system enclosing a transparent medium 

using the discrete-ordinates method (DOM) (Fi- 

veland, 1984). Byun and Smith (1997a, b, 1998, 

2001) reported that the view factors, the direct 

exchanger areas (DEA), and the total exchange 

areas (TEA) can be calculated accurately by us- 

ing the direct discrete-ordinates method(DS~). 

Maruyama (1993) presented a numerical meth- 

od for predicting radiative heat transfer between 

arbitrary three-dimensional bodies with specular 

and diffuse surfaces. The view factors were com- 

puted by using the ray tracing method. Cai (1998) 

presented a radiative heat transfer model for ar- 

bitrary multidimensional geometry enclosing a 

transparent or emitting, absorbing and isotro- 

pically scattering media with diffuse or specular 

walls. The ray-tracing technique was used and 

the generalized exchange factors were defined 

without using a matrix operation. 

The purpose of this work is to study the effect 

of specularly reflecting walls on combined ra- 

diative and laminar free convective heat transfer 

in an infinite square duct. The parameters under 

considerations are Rayleigh number, conduction 

to radiation parameter, optical thickness, wall 

emissivity and reflection mode. 

Another objective is to show that the direct 

discrete ordinate method can be applied to solve 

the problem with specularly reflecting walls. 

2. Analys is  

2.1 Governing equations 
The system under study is an infinite square 

duct as depicted in Fig. 1 with the coordinate 

system. Some of the walls are diffusely emitting 

but reflecting diffusely or specularly. The medium 
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Fill. 1 System descripuon 

> 

in the system is gray, absorbing and emitting, 

uniform, and in local thermodynamic equilibri- 

um. It is assumed that laminar natural convective 

and thermal radiative heat transfer occur simulta- 

neously. The width of the square duct is L. 

The governing equations are as follows : 

au ~_ av.= 0 (l) 
ax ~y 

[ au , 8 u \  8I), / ~ u  02ux 
 +TT) (2? 

p (  Ov Ov 8p o~v . 8~v x 

+ pgZ( T - To) 

oc(ugT. ,_  S T \  , /O2T , O2T~ ,., (4) 

where u, v, p, T, To are x - ,  y -  direction veloci- 

ty, pressure, temperature, and the reference tem- 

perature for a fluid property, p, c, k, /A /5' are 
density, specific heat, thermal conductivity, vis- 

cosity, and volumetric thermal expansion coeffi- 

cient. By using DOM(Fiveland,  1984) or DSs 

(Byun and Smith, 1997a, 1998, 2001), the source 

function S can be expressed as ; 

S=4pceT4-Lldco=4~zlo-~c ,o) , I ;  (5) 

The discrete ordinates directions are denoted a~ 
ch, and co, is the weighting factor for the k -  

discrete-ordinates direction, Jr is the absorption 

coe~cient ,  and Mo is the number of angular dir- 

ections per quadrant. 

The governing equations are discretized in the 

control volume using SIMPLE methods (Patan- 

kar, 1980; Myung, 2000). The control volumes 

are generated by dividing the length, width by 

n. Subscripts N,  S, E ,  W are assigned for the 

north, south, east, and west surfaces. The radia- 

tive transfer equation (Siegel and Howell, 1993) 

is discretized to find the intensities by the direct 

discrete-ordinates methods (DSr~). if the govern- 

ing equations and boundary conditions are ar- 

ranged in dimensionless form (Tan and Howell, 

1991), the dimensionless variables are Ra ,  /:~r, 

N,  r ,~ .  

2.2 Boundary  condi t ions  and wa l l  h e a t  f l u x e s  

No slip conditions are used for the velocity at 

the walls. Constant wall temperatures, and con- 

stant wall emissivity conditions are specified at 

the walls as : 

@ x=0,  0 < y < L .  u=0,  v=0, T=Tw, t=Ew (6a) 

@ x=L, 0 < y < L ,  u=0,  v=O, T=Tr, ~ = ~  (6b) 

y=O,O<x<L, u=O, v=0, T=Ts, E = ~  (6c) 

@ y=L, 0 < x < L ,  u=0,  v=0, 7 '=T~,  e=eN (6d) 

The intensity 1leaving a gray diffusely emitting 

and reflecting wall along the k- discrete-ordinates 

direction is 

+ 1 [6. o.T~ ~ 4u -, 
IL,o = z -  L -- : (7) 

w = N , S , E , W  

where E,o and Pw are wall emissivity and reflec- 

rarity, o" is the Stefan-Boltzmann constant, and 

T,~ is the absolute temperature of the wall. The 

directional cosine is denoted as c ,  where c~=,u,  

for the N,  S wall, Ck=~h for the E,  W wall. 
The procedures for computing the values of 

c~ and caA are described in Sanchez and Smith 

(1992) and also in Byun and Smith( 1997a, 2001). 

The intensity leaving and arriving at the control 

volume are denoted by the superscript + and --,  

respectively. 
The intensity leaving a gray diffusely emitting 

but specularly reflecting wall along the k-dis-  

crete-ordinates direction is 

Copyright (C) 2003 NuriMedia Co., Ltd. 
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+ + - 
1,;.= = ed~.. . . ,  p.oli..~ (8) 
w = N , S , E ,  W 

where lbh,~ is the wall blackbody intensity. 

The wall heat flux at each boundary surface, 

q,o, is assumed to be the same as the sum of the 

conductive and radiative heat flux leaving the 

surface. 

OT 4 N  + -~ 
qw= -k-~-- . +'~c.to,(I~ -I~., (9) 

w = E ,  W , N , S  

Weights and directions by Sanchez and Smith's 

(1992) are used for this study. The procedures for 

obtaining numerical solutions are the same as 

used for the standard DOM procedure (Fiveland, 

1984). For  specular reflection, a special care is 

taken to follow the computation order. There 

are four quadrants to scan through for the com- 

putation. The computation order between qua- 

drants is specified for this research if there is a 

specutarly reflecting wall. If the kth-directions in 

the quadrant is such that incident on the spec- 

ularly reflecting wall, then the next quadrant is 

chosen such that contains the directions that 

leaving the specularly reflecting wall after finish- 

ing the previous quadrant  scanning procedure. If  

negative intensities occur during the computation 

then the intensity f ix-up process is used by setting 

these as zero (Byun and Smith, 1998). 

3. Results and Discussion 

The following accuracy check has been per- 

formed. At r : 0 ,  the view factors are obtain&l 

using the current code. For  absorbing and 

emitting medium, DEA and TEA are computed 

by the current code. These results match well with 

the previous results by Byun and Smith (1997a, 

1998). The results satisfy the symmetry, recipro- 

city, and enclosure relations. Not only pure con- 

duction but also combined conduction and radi- 
ation results agree well with the results by Byun 

and Han (2001).. The results without radiation 

are verified by MDmg (2000). Compaq SMP 

system with fg0 FORTRAN compiler was used 

for numerical calculations. The number of the 

spatial divisions n used for the results is 100. The 

number of the directions per quardrant Mo used 

is 128. 

In Figs. 2(a) and 2(b) ,  the stream lines and 

temperature contours are presented under the fol- 

lowing conditions. The medium of optical thick- 

hess r----I is enclosed by four opaque and black 

walls. The length of the wall is denoted by L 
and is 0.1 m. The Rayleigh number specified are 

Ra=0 .92•  Ra=0 .18•  for Figs. 2(a] 

and 2(b),  respectively. The south wall tempera- 

ture is Ts---310 K and Ts=302 K for Figs. 2(a) 

and 2(b) ,  respectively. All the other walls are at 

the same low temperature of T = 3 0 0  K. The fluid 

properties are evaluated at 7"o=300 K and P r =  

0.71, but the parameter N i s  calculated at T,  = Ts. 

The stream lines are presented with a step of 

0.0003. Relatively strong fluid circulation is ob- 

served at the higher Ra.  Thus, the same dimen- 

sionless temperature contours move farther tO- 

ward the cold walls at the higher Ra .  

In Fig. 3, dimensionless temperature profiles 

along the x / L = 0 . 5  lines are presented at differ- 

ent optical thicknesses. Temperatures specified 

are Ts=310 K and T^,= T~: T w : 3 0 0  K. The 

fluid properties are evaluated at T o : 3 0 0  K and 

P r = 0 . 7 1 .  All the walls except the north wall 

are black in this case. The north wail emits dif- 

fusely but reflects either diffusely or specularly. 

(a) Ra=0.92• s, Pr=0.71,  N=0.039, r= l .0 ,  
A~k=0.0003, A T = I  K 

< ) 

ib) Ra=0.18•  ~, Pr=0.71,  N=0.042, r= l ,0 ,  
ALP=0.0002. A T = 0 . 5  K 

Fig. 2. Stream function and temperature contours 

Copyright (C) 2003 NuriMedia Co., Ltd. 
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The upper groups are the results for the com- 

bined radiation and laminar free convection case 

at /?a--=-0.92• 106. The conduction to radiation 

parameter for this case is N=0.039  that is ev- 

aluated at the reference temperature, T~--'-310 K. 

The lower groups are for the combined con- 

duction and radiation case. The lower groups are 

shifted downward by 0.02, and the scale appear 

on the righthand y-axis. 

Without the fluid motion, as the optical thick- 

ness increases from 0.1 to 1, the gas temperature 

profiles for the inner region flattens. The slope of 

the gas temperature becomes steeper at the hot 

south wall and declines at the cold north wall. As 

the optical thickness is increased farther, the tem- 

perature profile approaches to pure conduction 

profile. Thi.~ tendency can be observed by com- 

paring the result for r----0.1 with r = 1 0  in Fig. 3. 

Thus, as the optical thickness increases from 0.1 

to 10, the tendency changes around at r----I. 

With the fluid motion, the temperature gradient 

near the hot and cold wall becomes steep. It is 

steeper especially near the cold wall than at the 

hot wall. The temperature profile for the inner 

e 0 . 5  
l . O  ' " ' ~ I '~ : "' ' " 1 . 2  

�9 

0 . 9 8  - 1 . 0  

N = 0 . 0 3 9  "C ~N 
[", . \ \  - 1 0 1 . 0  i" 

---X.\ . . . . . . . . . . . . . .  1 .0  1 .0  
o .1  1 . o  e~ 

o.s~ - ~ ' ~  - 0 0.1 0.5~ o.gs 

0.94 i i i ,  ' I , ~ , , ~ n t 9 6  

0 0 . 5  
y ~  

Fig. 3 Dimensionless temperature profiles along the 

center of the x-axis (Pr=0.71. N=0.039) 
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region is rather flattened. At r==0.1, the effects of 

the north wall reflection mode on the gas temper- 

ature profiles are presented at e~----0.5. All the 

other wails are black. Whether the north wall 

reflects diffu~ly or specularly, the middle gas 

temperature level is higher than the black wall 

case due to the north wall reflection. Thus, the gas 

temperature slope at the hot wall decreases. Not 

much difference in temperature profile along the 

center line is observed whether the reflection 

mode is diffuse or specular. It is observed nearly 

the same stream lines and temperature contour 

plots for diffuse or specular case. Thus, the results 

are not presented. 

In Fig. 4, dimensionless north wall heat flux 

results are presented, where Q = q ~ / ( o T ~ ) .  The 

conditions specified are the same as those used for 

the convection and radiation results in Fig. 3. For  

each set, upper results are for the total wall heat 

flux that is the sum of the conductive and the 

radiative heat fluxes. The lower results are for the 

wall radiative flux. The results in Fig. 4 indicate 

that the central region receives more total heat 

flux than the region near the side wall and the 

variation of radiative heat flux along the north 

wall is small. Thus, the conductive flux is larger 

near the central region and it is because of the 

fluid motion. As optical thickness increases from 

11.15 

s 

&l 

O,  t 5  

o 

F i g .  4 

1.0 1.0 

. . . . . . .  0.1 1.0 
- -  Q ' - -  0 . I  0 . S d  

. . . .  ~ -  - 0 . 1  0 . S s  

N - 0 . 0 3 9  

qt 

/ A  

i / 
~" / I ~ -  1 "  - IP  

- - - -  
_ ~ . . . .  6 , I - . q l - - . - - 4 1 - - - ~ 4  

. . . .  qr 
'W 

, , h . . , , i  ," , ,  

'0.5 
rdL 

Dimer~ionless north wall heat flux 

(iRa=0.92 • 10 ~, Pr----0.71, N---0.039) 
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r = 0 . 1  to 1, both total and radiat ive fluxes de- 

crease at the north wall. The total and radiat ive 

flux results for the specularly reflecting wall 

should be the same as those for the diffusely 

reflecting wall as can be confirmed in Fig. 4. 

In Fig. 5, the dimensionless east wall heat flux 

distr ibut ion is presented. Due to symmetry, it is 

the same as the west wall. The  specular or diffuse 

reflections occurs at the north wall. Tempera-  

tures specified are T s = 3 1 0 K  and T^.- -Te = 

Tw=300 K. The fluid properties are evaluated 

at 7"o=300 K and the reference temperature Tr 

is 310K.  Also,  R a = 0 . 9 2 X 1 0  ~, Pr---=-0.71, and 

N = 0 . 0 3 9 .  Nor th  wall emissivity is e,,-----0.5. The  

results presented are at r = 0 . 1  and r = l . 0 .  Both 

total and radiat ive fluxes are less at r =  1 than at 

r=0 .1  because transmission decreases with in- 

creasing optical thickness. Only the results for 

diffuse reflection case are presented at r = l  be- 

cause the results between two reflection modes 

do not show much difference at r greater than 1. 

Both total and radiat ive fluxes on the east wall 

are less with specularly reflecting north wall than 

v~'ith diffusely reflecting north wall due to the 

geometry o f  the problem. The difference between 

two reflection modes is larger near the cold north 

wall where y / L = I .  The difference diminishes 

ILl 
I: s 

. . . . . .  1 , 0  1 . 0  

- -  0.I 1 . 0  

~r~ o - - . -  0.I 0.5 d 
~ 0.1 0.$ s 

N - O . I k 3 9  
q r  ~ 

| . s .  . ,  

O0 ' ' 0.9 
y/L 

Fig, 5 Effects of refleclion mode on dimensionless 

east wall heat flux (.~a---0.92• ~, /:Xr= 

0.71, N--0_039, r=-0.1) 
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as approaching the hot  south wall where y / L = O .  

In Fig. 6, the stream function and temperature 

contour  plots at the two different reflection mo- 

des are presented under the fol lowing condit ion.  

Temperatures  specified are Ts---827K, TN = 

TE = Tw=600 K, and T r = 8 2 7  K, The  air prop-  

erties at To----600 K are used for the fluid proper-  

ty. Thus, P r = 0 . 6 8  and R a = 0 . 9 2 •  l0 s , and are 

about  the same as for Figs. 3-5 results. However  

N is reduced about  one order  of  magni tude as 

N=0.0037 .  Absorpt ion coefficient is •-----1 m -~, 

L = 0 . 1  m, and thus r=:0.1. Except r  at the 

north wall, all the other  wails are opaque  and 

black. The  north wall emits diffusely but reflects 

diffusely or specularly. The contour  levels for the 

stream function are 0.001. The  temperature con- 

tour levels are 625, 650, 675, 680, 685, 690, 695, 

700, 725, and 800 K. Not  much difference in flow 

characteristics is observed, even though there is a 

slight lift in the streamlines for specular reflection 

case. Except near the central regions, not much 

difference in the gas temperature profiles is ob- 

served. The temperature contours for specular 

reflection advance more to the north wall  and less 

to the sides near the hot  south wall (680 K).  It is 

because specular reflections send more energy 

back to the hot  south wall than the diffuse 

reflections for this geometry. On the other hand, 

the reversal o f  the tendency can be noted near the 

cold north wa11(685 K).  Due to symmetry, west 

wall shows the same tendencies as the east wall. 

If  the north wall is black with r = l ,  the com- 

putat ion is divergent  or result in unsymmetric 

l / / - ' ~  \ 

Fig. 6 Stream function and temperature contours for 

diffuse(solid line) or specular(dotted line) 

north wall ( / ? a=0 .92 •  10 ~, P r=0 .68 ,  N =- 

0.0037, r=0.1 ,  ~8---0.5, At.=0.001, T--625,  
650. 675. 680, 685, 690, 695, 700, 725, 800 K) 
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contours unless Ra less than about 3 • 10 s. Thus, 

the reflection by the north wall may stabilize the 

flow field and delay the transition to the turbulent 

flow if it is not a numerical error. For the results 

obtained with r =1 at other Ra, the difference 

caused by the reflection mode influences more to 

the contour plots than with r=0.1.  Fi 8. 6 is one 

of the typical plots showing the difference. 

In Fig. 7, the dimensionless east wall heat flux 

distribution along the y.-axis is presented for 

specularly and diffusely reflecting north wall. 

Conditions specified are the same as those for 

Fig. 6. Total (with symbol) and radiative (with- 

out symbol) wall heat fluxes are presented. Ra- 

diative fluxes are always less than the total heat 

fluxes. Wall heat fluxes with specular reflection 

are always less than those with diffuse reflection. 

The difference is larger near the north wall and it 

decreases near the cold wall. The slope of the wall 

heat fluxes is greater for the specular case than for 

the diffuse case. For comparison purpose, the heat 

flux results for r=0.01 with diffusely reflecting 

wall case are presented. Total heat flux is about 

the same as with r=0.1 case, however the radia- 

tive flux is larger for r=0.01 due to decreased 

attenuation by the medium. At r = 0 . l ,  the maxi- 

mum deviations relative to the diffuse reflection 

0.3 

1.2 

Fill. 7 

Am 

~.~,  . . . . . . . . . .  .r = o . l  

�9 .'.:~:~ =o.oi 

�9 ~ _  q t . . . : . . i ~ . .  ~ 
�9 ..:,.~x~, - -  

"".."'~. 4.~ il diffu=r 

r -o oo37 
"~  " ~  

I I , I [ , ~ _ , l , 

1.s 1 
y/L 

Effects of reflection mode on dimensionless 
east wall heat flux (Ra=0.92• P r =  
0.68, N=0.0037, eu=0.5) 

results are 8.7, 8 .2~  for total and radiative 

flux, separately. At r=0.1 ,  the deviations are in- 

creased to 9.1, 9.796 The differences in the total 

heat fluxes arc about the same as those in the 

radiative heat fluxes. At r = 1.0. the differences in 

the wall heat flux between the two reflection 

modes almost disappear. Thus the results are not 

drawn in Fig. 7. Though differences are small at 

r = l . 0 ,  the diffuse reflection case has slightly 

higher values than the specular cases. As optical 

thickness increases from 0.01 to I, the total and 

radiative fluxes near the cold wall decrease. But 

they increase near the hot south wall. Therefore, 

the flux variation along the y-axis increases. 

In Fig. 8, the effects of the north wall emissivity 

on total wall heat flux distribution along the east 

wall are presented for specular and diffuse north 

wall case. Two sets of total heat flux results at 

Ra=0 .92  • 10 e and R a : l  • 10 ~ are presented by 

varying the north wall emissivity to 0.8, 0.5, and 

0.4 

0.3 

0.2 

I 
i 

0.11 

Fig. 8 
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,, , ,, ,, 

- ~  "t -0,I  

"'~i~. A' diffuse 

_ ~ . . ~  - -  Sl~cul~ 

o. ,  

Rm"0"92x10 6 ~ 0.8 

R ~ l x l 0  s N7.0085 ~ 0.3 

O.S 

I 1 I [ | ~ , l p .8  t 
0 . 5  1 

y / L  

Effects of emissivity on dimensionless total 
east wall heat flux (Pr-----0.68, r=0.1) 
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0.3. For  the upper set of  Ra ,  the conditions 

specified are the same as those used for the Figs. 

6-7 except for the north wall emissivity. The only 

difference in the conditions specified for upper 

and lower set is the south wall temperature;  

Ts = Tr=827  K for R a = 0 . 9 2 x 1 0  ~, and Ts  = 

T r = 6 2 5 K  for R a = l •  while T s = T s  = 

T~-----600K. The optical thickness is 0.1, and 

P r = 0 . 6 8 .  The results with symbol represent the 

diffuse case and the lines are used for the specular 

case. As before, total wall heat flux for diffuse 

north wall is always larger than that for specular 

north wall. As the north wall emissivity decreases, 

the total heat fluxes on the east wall increase 

mostly due to the increase in the radiative heat 

flux. The increase near the cold north wall is 

larger. Near the south wall, the increase is 

lowered, As the wall emissivity decreases, the gap 

between two reflection modes increases except 

near the hot south wall. At R a = 0 . 9 2 •  I l l ,  the 

0.1 

0.02 L 
0 

Fig. 9 

q t  A diffuse 

specular 

q r  . . . . . . .  specular 

':3 ~176 

~176176 
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Effects of optical thickness on dimensionless 
east wall heat flux (Ra=10  ~, Pr=0.68,  N =  
0.0085, e~ =0.5) 

maximum deviations in the total heat flux for 

diffuse reflection case results are 3.9~, 8.2~ 

9.89~ at e~=0.8,  0.5, 0.3, respectively. The de- 

viations in the radiative flux are 4.3, 8.7, 10.4% 

At / ~ a = 1 0  ~, the deviations in the radiative flux 

are 4.0, 8.0, 9 . 9~  at E~=0.8, 0.5, 0.3, respectively. 

The deviations in the radiative flux are 4.3, 8.4, 

10.3~ in this case. As Ra decreases, the magni- 

tude of total heat flux also decreases. However, 

the percentage deviations are about the same as 

before. The trends observed for R a = 0 . 9 2 •  l l f  

results are still valid. 

In Fig. 9, dimensionless total east wall heat 

fluxes distribution along the y-axis  are presented 

for specularly and diffusely reflecting north wall. 

Solid lines, and symbols denotes specularly, and 

diffusely reflecting case, respectivly. Condit ions 

specified are ; R a = l  • 10 ~, P r = 0 . 6 8 ,  N=0.0085,  

a.v=0.5, and r=0 .1  or r = l . 0 .  For  comparison 

purpose, the radiative fluxes for specular reflec- 

tion are drawn with dotted lines. The same trends 

as observed in Fig. 7 are shown. 

4. C o n c l u s i o n s  

The effect of  specularly reflecting wall on the 

combined radiative and laminar free convective 

heat transfer in an infinite square duct are studied 

by using the direct discrete ordinates method. The 

medium is absorbing and emitting with gray 

properties. One of the wall emits diffusely but 

reflects diffusely or specularly. 

For  the range o f / ~ a  studied, N is an impor- 

tant parameter that tells whether the differences 

can be observed in the streamlines, the tempera- 

ture profiles, and the wall heat flux. The differ- 

ences are indistinguishable unless radiation is a 

dominant mode of  heat transfer such that N is 

about the order of 10 -s or less. 

If radiation is a dominant mode, the optical 

thickness is a parameter that predicts if some 
differences are observed in the wall heat fluxes on 

the wall receiving the reflected energy. For op- 

tically thin systems, the differences caused by 

different reflection mode are observed. The dif- 

ference is decreased with increasing optical thick- 
heSS. As N decreases, the differences are observed 
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at higher optical thickness. As the wall emissivity 
decreases, the differences between these two 
modes of reflections increase. The side wall heat 
fluxe~s with diffuse reflection are always higher 
than those with specular reflection. 

As long as radiation dominates heat transfer, 
the difference still can be observed in the strea- 
mlines or the temperature contours, but it is not as 
distinctive as in the wall heat flux distributions. It 

needs further study. 
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