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This article is concerned with the conjugate transient natural convection-conduction heat 
transfer for finned packages in a cavity. The situation is commonly found in the cooling 
of very large scalar integration (VLSI) electronic packages in a closed space. The present 
study uses a numerical integration technique with a cubic spline to solve the conjugate 
coupled nonlinear partial differential equations. Results are obtained for a range of values 
of Prandtl and Rayleigh numbers and the fin and fluid thermal diffusivity ratio, The transient 
and steady-state phenomena of the velocity and temperature field and average Nusselt 
numbers on the hot surface, cold surface, and fin are presented. 
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I n t r o d u c t i o n  

Conjugate convection and conduction problems for a vertical 
plate fin have been analyzed by Sparrow and Acharya I and 
Huang and Chen. 2,3 But these studies were restricted to 
steady-state heat transfer and boundary-layer flow field. A 
rectangular cell enclosed by vertical plate fins under isothermal 
conditions is used in many engineering applications, as for 
example, in the cooling of VLSI electronic packages in a closed 
cavity or solar energy collectors for storing solar energy. 
Apparently, no studies report the use of conjugate and con- 
duction theory to analyze the case. In the present investigation, 
attention is focused on the analysis of two-dimensional (2-D) 
transient natural convection head transfer in a rectangular cell 
enclosed by vertical plate fins and hot and cold surfaces, which 
are horizontal and isothermal. 

Because the temperature of the fin is unknown (it is affected 
by the heat transfer coefficient), the heat transfer coefficient also 
depends on the cavity flow. Hence it is necessary to solve the 
conjugate convection and conduction problem, which can be 
separated into two parts: (1) the conservation equations of 
the laminar free convection 2-D Navier-Stokes equations flow 
field; and (2) the energy equations of the fin. Owing to the 
highly nonlinear nature of the problem, an exact solution is 
not feasible. Therefore the spline alternating direction im- 
plicit (SADI) method 4 is utilized to solve the nondimensional 
equations. 

The boundary condition at the fin-fluid interface must satisfy 
the conjugate conditions (the energy fluxes flowing out of the 
fin equals that flowing into the fluid and the temperature in the 
surface of the fin equals that in the surface of the fluid). Thus 
we assume that the plate fin is 2-D. 

With regard to transient heat transfer, at each time step, the 
assumed plate fin temperature distributions serve as boundary 
conditions for the 2-D Navier-Stokes equations. The solutions 
of the instantaneous temperature distributions of the fluid from 
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the Navier-Stokes equations are resubstituted into the conjugate 
conditions of the fin energy equation in search of the new fin 
temperature distributions. These new temperature distributions 
are then imposed as the surface boundary conditions for the 
Navier-Stokes equations. The solutions are used to satisfy the 
updated conjugate conditions until the maximum difference of 
temperature between successive iterations < 10 -4. Then, the 
next time step solutions are calculated. 

Numerical results are presented for the average Nusselt 
number and fin temperature distribution, the average Nusselt 
number for hot and cold surfaces, and the fluid field temperature 
and velocity distributions. 

M a t h e m a t i c a l  analys is  

Governing equation 
Consider a rectangular cell enclosed by vertical plate fins, 
having hot and cold surfaces. The plate fin thickness is 2~ and 
its length is L. The cell width is L'. The coordinates normal 
and parallel to the fin surface are designated x and y, respectively. 
The coordinate system is shown in Figure 1. The following 
assumptions are made to obtain the conservation equations. 

(1) The Boussinesq approximation is used for the fluid. 
(2) The fluid is Newtonian. 
(3) The thermophysical properties, such as viscosity, thermal 

conductivity, and thermal expansion coefficient, are constant. 
(4) The flow is laminar, incompressible, and 2-D. 
(5) The viscous dissipation effect is negligible. 

The governing equations for fluid vorticity and stream 
function are 
a2¢ . a2¢ 

ax ~ ~-~-y~ = - c ~  (1) 

ao~ a~ aoJ [~2oJ 02o~\ aT 

aT OT aT {a2T a2T~ 
13) 
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Figure I 

~ .  L#.-.~ 

The cell x and y coordinates 

X 

where u and v are the x and y direction velocity components, 
respectively; T is fluid temperature; t is time; and the other 
symbols are as given in the Notation. 

The initial and boundary conditions are 

t <O u=v=O T= T o for all x, y 

t > 0  u = v = 0  T=Tw(y,t) for x=cS, 0<y<L 

u = v = 0  T=Tw(y,t ) forx=U+c~l,O<y<L 

u = v = 0  T = T  o for y=O,f<x<U+c5 

u=v=O T=To+AT for y = L ,  ~<x<_L '+6  

(4) 

where Tw(y, t) is the wall temperature to be determined. The 
no-slip condition is satisfied at the wall. 

The plate fin equation is given by 

aTf //a2 Tf c~2 Tf~ =.,tjz+77) (5) 

where Tf is the fin temperature and ~f is the fin thermal 
diffusivity. The associated initial and boundary conditions are 

t <0  Tf= T O for all x, y 

c3Tr =0  for all x=0 ,  O<y<L 
~x 

TI=  To for all y=0 ,  0 < x < ~  

Tf=To+AT for all y=L, O<x<6 

(6) 

Of particular interest is the thermal coupling between fin and 
fluid. The basic coupling is expressed by the requirement that 

Notation 

g 
h 
k 
kf 
L 
L' 
Lij, Mij 

li,j, mi,j 

Nux 

Nux 

Nufx 

Nu r 

Nuy 

Pr 

Gravitational acceleration 
Heat transfer coefficient 
Fluid heat conductivity 
Fin heat conductivity 
Length of the plate fin 
Width of the cavity 
Spline second derivative in the y and x direction, 
respectively 
Spline first derivative in the y and x direction, 
respectively 
Local Nusselt number of the fluid in the x 

hxL 
direction, - -  

k 
Average Nusselt number of the fluid in the x 

lixL' 
direction, - -  

k 
Local Nusseit number of the fin in the x direction, 

hrxL 

kf 
Local Nusselt number of the fluid in the y 

direction, hyL 
k 

Average Nusseit number of the fluid in the y 

direction,/i'yL 
k v 

Prandtl number, - 
0t 

Ra Rayleigh number, gfl(AT)L3 
VGt 

t Time 
At Time step 
T Fluid temperature 
Tf Fin temperature 
AT Overall temperature difference 
u, v Velocity components in the x and y directions, 

respectively 
x, y Spatial coordinate normal to and along the plate 

fin, respectively 
Greek symbols 

Thermal diffusivity of fluid 
~tf Thermal diffusivity of fin 
fl Volumetric coefficient of thermal expansion 
6 Half-thickness of the plate fin 
p Fluid density 
v Kinematic viscosity 

Fictitious time 
A~ Fictitious time step 
~b Stream function 
co Vorticity 
Superscripts 

n 

s 

Subscripts 
i,j 

W 
f 

Dimensionless parameter 
Index of time step At 
Index of fictitious time step Az 

Index of nodal points in the x and y direction, 
respectively 
Condition at the wall 
Property of plate fin 

30 Int. J. Heat and Fluid Flow, Vol. 12, No. 1, March 1991 



the temperature and heat flux are continuous at the fin-fluid 
interface; that is, 

Tf(y, t )=  Tw(y, t) 

kf 0Tf BT for t>0 ,  x=6, x=L'+6, and O<_y<_L 
- -~xx=-ko-x 

(7) 

The conservation equations can be cast into dimensionless 
form by introducing the length of the plate fin as the reference 
length, appropriate stretched coordinates and normalized 
velocities, temperature, vortieity, and stream function and 
defined as: 

x* =x  y ,=y  co* = 09L2 ~b* =-~ k *=~  
L L ~ ~ k 

~* = °t! u* =uL v* =vL T* - T -  T O 
ct a a AT (8) 

* Tf -  T O tot Ofl(AT)L 3 v 
= t*  = - -  R a  = P r  = -  

T f  AT L 2 va a 

T,w T*-To 
AT 

6 L '  
6 " = - -  L ' * = - -  

L L 

Equations 1-7 may be reduced to the following nondimensional 
forms (for simplicity, we omitted the *): 

02~0 , 02¢ 
~-~ +~-y = -o9 (9) 

0o9 0o9 dw {02o9 02w'\ OT 
- - + u  - - + v  - -  = Pr [ - - ~  + - - - = |  + RaPr - -  (10) 
dt Ox Oy \ dx z Oy2 J Ox 

OT OT OT [02T 02T\ 
- - + v  - - =  - - + - -  - - + "  oy ~,Ox ~ & ) (11) 

OTf {02Tf 02Tf'\ 
(12) 

The corresponding initial and boundary conditions of the 
fluid are 

t_<0 u = v = 0  T = 0  for all x, y 

t > 0  u=v=O T=Tw(y,t) f o rx=b ,O<y<l  

u = v = 0  T=Tw(y,t) forx=L'+6,  O<y<l 

u = v = 0  T = 0  f o ry=O,b<x<U+6 

u = v = 0  T = I  fory=l ,  6 < x < U + 6  

(13) 

The corresponding initial and boundary conditions of the fin 
are 

t_<O Tf=0 for all x, y 

0Tf=0 for all x=O, 0_<y_<l 
0x 

Tf=0 for all y - 0 ,  0_<x_<6 (14) 

Tf=l  for all y =  1, 0_<x_<# 

The corresponding fin-fluid interface conditions are 

Tf(y, t)= Tw(y, t) 

_ k  OTf= OT for t>O,x=~,x=L '+6 ,  andO<_y<_l 
Ox Ox 

(15) 
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From Equations 9-15 it is evident that the important 
parameters of the problem include the Prandtl (Pr) and Ral~i~a 
(Ra) numbers and the ratio of fin and fluid thermal diffusivity 
(~t) and the thermal conductivity (k). The physical quantities 
of interest include the local and average Nusselt numbers. These 
values are then expressed in dimensionless form: 

Nux = - (16) 
w 

Nu, = -  ~ X .  

, 
Nux = - ~  dx (18) 

Nu, =- ~x dy (19) 

Nu,.= -\-~y /. 

In this study we obtained Prandtl numbers of 0.711 and 7.0, 
Rayleigh numbers of 8.317 x 103 and 8.317 x I0 s, and fin-fluid 
thermal diffusivity ratios of 4.36223 and 436.223. 

N u m e r i c a l  so lu t i on  

The conjugate coupled nonlinear partial differential Equations 
9-12, subjects to Equations 13--15, were solved by a numerical 
technique using cubic splines. The principal advantages of using 
a cubic spline procedure are the following: 

(1) The requirement of a uniform mesh is not necessary. For 
a uniform mesh, however, the spline approximation is 
fourth-order accurate for the first derivative but is only 
third-order accurate for a nonuniform grid. The second 
derivative is approximated to second order for the uniform 
as well as the nonuniform grid. 

(2) The value of first or second derivatives may be evaluated 
directly, so boundary conditions containing derivatives may 
be directly incorporated into the solution procedure. 

(3) The governing matrix system obtained with the implicit 
formulation is always tridiagonal, thus facilitating the 
inversion procedure. The matrix system obtained may be 
reduced to a scalar set of equations that either contain 
values of the function itself, its first derivative, or its second 
derivative at the node points while maintaining a tridiagonal 
formulation. 

For solving partial differential equations with two space 
dimensions such that 

ut=f(u, Ux, up Uxx, uyy) (21) 

an SADI formulation is utilized. The two-step procedure, 
with quasi-linearization or some other iterative process used 
for nonlinear terms, is 

• Step 1 : 

uin;l/2_un A t  ¢ / i d n + l / 2  mS+U2 ""i,jA'l"+l/2, l.~.,.j, , 
- -  i , ) T T J ~  i , j  , i , j  , L i j  ) (22a) 

• Step 2: 

Uin,; 1 . . . .  + 1/2 d.. A t  f ( "  + 1/2 _ ,  + l/, ~.. + 1/2 t, + 1, L ~  1X22b) 
H'l,j , *u  i , j  , "i,j  , - -  ~i, j  - -  T J ~ l d  , 

where li, J and Lid are the spline approximations to (uy)i,j and 
(u,)~.j, respectively. 

Solutions are obtained by the iterative SADI procedure. The 
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SADI system representing Equations 9-12 is given in two steps 
for the stream function, vorticity, and energy equations. The 
stream function is 

~/", +, I's+ I/2 =d:. +. Ls + AT r~Lf, ~n+ l's+ l/2 " [~:t# ~n+ l . . . . . .  +l"l  
' "  " " J  2 cx j .  7 - ,= . . , j i  7- ~'i j J 

(23a) 

~ n +  I J +  1 - -  ~l,n+ 1.S+ 1/2 ~_ A~" F I I ~  ~n+ 1 s+ 112 
i , j  -- '~'l.j T T L~L' I 'J !  " 

+ tM,  ~.+ 1.s+ t +~,+ lq 1.1~ ~.~ ~ (23b) 
where Ax is a fictitious time step and x =sAx. Solutions to 
Equation 9 are obtained as the steady-state limit (x--, ~ )  of 
Equations 23. The notation L~t and M~l denote the spline 
approximation to dZA/dy ~ and ffZA/~x2, respectively, with the 
superscript q/implying that A = ~b. First derivatives ~ = u and 
~ , ~ = - v  are represented by /~d and m~j, respectively. The 
vorticity equation is 

~/2 ~ At F - 
wT.~ = ~°i'# +-2  L- ~#(m~.ff' + m[](i~.#y' + ~/2 + Pr(L~.ff' + 1/2 

/ ~ T \  "+ ~-! 
+ Pr(M~.ff' + RaPr t~-x)  J (24a) 

co':.~t =ro~,~ ~,2 + ~ [_~.j(m~j).+l +m~.j(l=,.i)s. ,,2+ ,r(L~./)" t,2 

/'c3T\. + ~-I 
+ Pr(M~.,)" + ' + RaPrt~-x) J (24b) 

The bar over superscript ¢, in the spline derivatives denotes an 
average of values at time steps n and n + 1. Superscript co denotes 
co spline derivatives. The energy equation is 

+ 1/2 --n At 
Y i J  ~ t i 'J  dl- '2 L --l~J(~tlTJ)n . . . .  h" mfj(l~j) n+ 1/2 all. ,(Lri,j!~n + 1/2 

+(M~.~)'] (2Sa) 
+ m~a(l,.ff, ± err  ~ + x/2 ~ ' + ~ - - ~ ' :  ~2L- "j~ i j~ - r +~/2 T ~z-.,i.j! 

+ (M,.~)" + t ]  (25b) 

The heat conduction equation is 

T" + At= ~ L r , ~  * ~/2 + , M r ,  wq Tn+fi.jl]2---- fi.j T k ~" i , j /  ~. , ,p.] (26a) 

T. + ~ - "r. +:/2 ~_ Atg r l t y ~  + t/2 -L I ~ucTt~ + 11 fi,j - -  "fi ,J - - - ~ - -  L ~ , j ,  ~ , , . ,~ j ,  _~ (26b) 

In this study, we assumed that the steady-state condition 
existed when the relative maximum change of variables u, v, T, 
and Tf at every node between two time steps was less than 
10-~; i.e., where ~ repre~nts u, v, T, and Tf, 

~+1 a 

<10-~ n + l  

Resu l ts  and d i scuss ion  

Numerical results were obtained for isothermal surfaces, with 
cavity width L'*==0.2, plate fin half-thickness 6*=0.02, Pr of 
0.711 and 7.0, Ra of 8.317 × 10 -~ and 8.317 × 105, and fin-fluid 
thermal diffusivity (~,*) ratios of 4.36223 and 436.223. 

Figure 2 shows the fin temperature distribution for Pr = 0.711, 

Tf 

.?S 

.5 

.2~ 

1 k=O.001 
z t=o.oo,s / / j  // 
3 t=o.ol / / /  / /  

t=o.1 / /  7 / /  
t:o.~ / /  / / /  

 f,f 
i25 .5 .75 

Figure 2 The temperature of the fin with Pr=0.711, Ra=8.317 
x 10 =, =* =4.36223,  and k * = 8 7 9 8 . 7  

. . . . . . . . . . . . . . . .  °. 

. . . . . . .  ....° . . . . .  

b c 

Figure 3 The fluid at t--0.001: (a) temperature distribution; (b) 
~reamlino; (c)  v e l ~ i w  vector, with Pr = 0 .711 ,  Ra = 8 .317  x 10 =, 
• *=4 .36223 ,  and k *=8 ,798 .7  

R a f 8 . 3 1 7 x 1 0  s, ~*=4.36223, and k*=8,798.7. At the be- 
ginning, the fin is at initial temperature; then for t>0 ,  the two 
ends of the fin are kept at hot and cold constant temper- 
atures. The heat flux starts to flow into the fin, causing the fin 
temperature distribution to increase gradually. At t = 0.04 the 
temperature reaches the cold end, and at t = 0.8 the temperature 
distribution approaches the steady state. 

Temperature distribution, streamline, and velocity vector of 
the fluid with the same parameters are shown in Figures 3--6. 
The fluid in the cavity is driven by the hot surface. At the 
beginning, the constant temperature lies are concentrated on 
the hot-surface region and the streamline and velocity vector 
form two small symmetrical vortices. Then the constant temper- 
ature lines slowly move to the cold-surface region, and the two 
small vortices gradually become two large symmetrical vortices. 
In the end, all the phenomena are approaching the steady state. 

Figure 7 shows the average Nusseit number Nu= on the hot 
and cold wall, with fin-fluid thermal diffusivity ratios (~*) of 
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l h . , ~ . ~ l l  

~'qlilll~r'_: 

a b c 

Figure4 The fluid at t=O.01: (a) temperature distribution; (b) 
streamline; (c) velocity vector, wi th Pr=0.711, Ra=8.317 x 10 B, 
=*=4.36223,  and k* =8,798.7 

r V l  

~ l tU i l  I J i l l  i l  

' " l t ,  M t l i t  lU  ~ ' "  

' ' " l l L l l t l  l l l i l " " "  

' l ~ l l l l l  I I I I F ' I  

u ~UUll a 
i ; '~tl lUr;i 
i;  llllF;i 
i;2 Ulllr;i 
iDqllllF.;i 
i "llllll";i 
;',lllilp,"_  
f"~lllll~"J 
" ' ~ l l | l l  I I 10  I 

" ' = lM I I  I I I  I b t " "  

" ' ~11111  [ } , I p  ~ 

8 b 
C 

Figure5 The fluid at t=0 .1 :  (a) temperature distribution; (b) 
streamline; (c) veloci ty vector, wi th  Pr=0.711,  R a = 8 . 3 1 7 x 1 0  a, 
=*=4.36223,  and k*=8,798.7  
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4.36223 and 436.223. The average Nusselt number increases 
with decreasing ~* on the hot wall and decreases with decreasing__ 
• * on the cold wall. The average Nusselt number of fin Nuf~ 
on the hot and cold wall with the same ~* has the same results 
(Figure 8). 

Figures 9-12 indicate that the average Nusselt numbers Nux 
and N---~x are less sensitive to Ra and Pr, and Nu increases with 
decreasing Ra or increasing Pr on a hot wall and decreases 
with decreasing Ra or increasing Pr on a cold wall. Figure 13 

'~|UIUI"'. '; 
",LpjIU!8"I 

""~Ulli e''~i 
""~Js~.='.i 

:'sqllU.~'-:i 
, : '~II I IF.;  

' • -e ~f- .. 

r. ~ l l l l l  .v 
i : '~l l l lF~i 
i;i 'qlll l[P'i;i 
• , - t  t - , ,  
, S l i . . l S  , i t  IM |  t l  

i ; " , i l l l i t %  
' ' 1  |t, ~ '  ,. l l l l~ . 
,,~tllleltt.% r', 
"~V I i l I L t . ' t ~  ~ 

b c 

Figure 6 The fluid at t=0 .8 :  (a) temperature distribution; (b) 
streamline; (c) velocity vector, wi th  Pr=0.711, Ra=8.317x105,  
=*=4.36223,  and k *=8 ,798 .7  

15.0  flw , , , f , f , , t w , , ~-~ , , , . ,  e , , , 

, - -  e* = 4.362.]3 i n  t h e  k o t  wa l l  
/ ~ ~ = 4 3 6 . 2 2 3 i n  t h e  ho t  wa l l  

0~ l ' ~  I -~J  , , I ' I I , ' I . . . .  _l : ~ "  J ' ' ' I  ' 

0 o o  0.01 0 .02  0 .03  0 .04  0 .05  
d lm t4a iou l e=  t ime  

Figure 7 The average Nusselt number Nu~, on a hot and cold wall, 
wi th =*=4 .36223  and 436.223, Pr=0.711,  Ra =8.317 x 10 =, and 
k* = 8,798.7 

Int. J. Heat and Fluid Flow, Vol. 12, No. 1, Mamh 1991 33 



Heat transfer of fin array in a cavity: T.-M. Chen and C.-K. Chen 

15.0 ' ' ' ' ' ' ' ' ' i . . . . . . . .  , I , , , , -  

. - - -  ,~ = 4.'~62'23 in the hot  wall 
,T* = 436.~23 in the hot  wall 

= 4,362'23 in the cold wall 
o* = 436 .~ .~3  in the cold wall 

1 0 . 0  

5 . 0  

/, ~ . 
l t l , , , I • . ! I I . . . , i l l , 7 - -  0 . 0 ' '  

0.00 0.01 0 , 0 4  0.05 0.02 0.03 
dimensionless t ime 

Figure 8 The average Nusselt number N-uq, on a hot and cold wall, 
with =* = 4.36223 and 436.223, Pr = 0.711, Ra = 8.317 x 10 s, and 
k*=8,798.7 

10,0 , - ,  

5° 8 !I 
0. 

i i i I i i i i i i 1 i i i i i i I i i ! i 

I ~  = 8.317 '. 101 in the hot wall 

/ //-- P~ = 8.317 • 10 l in the hot  wall 

- / - / r ~ = 8317,1o' ia the ~old wall 
Ra ffi 8,317 • 1(~ in the cold wail 

i i i [ i i i i I i i i i I i i i i I i l I I 

0.01 0.02 0.03 0 .04  0.05 
dimensionless t ime 

Figure 9 The average Nusselt number Nu+ on a hot and cold wall, 
with Ra =8.317 x 10 s and 8.317 x 10% Pr = 0.711, =* = 436.223, and 
k* = 8,798.7 

1 .6  1 I I "1  i "  I '1 I I i i i i i i 1 ! i I i i i i -  

~ ~  = 8.317 • 10 3 in the hot wall 

1 . 2  Ra  = 8.317 • 10 i in the hot  wall 

= 8.317 = 10 s in the cold wall 

= 8.317 • 106 in the cold wail 

0 . 8  

O.  i i i i I i J i i I i i i i I i i i i I i i 1 

0.01 0 .02  0.03 0 .04  0.05 
dimensio . less  t ime  

Figure 10 The average Nusselt number Nu~,on a hot and cold wall, 
with Ra = 8.317 x 10 = and 8.317 x 10% Pr = 0.711, =* = 436.223, and 
k* = 8,798.7 

8.0 I '  

6.0 

4.0 

O. 

i l i i i i ! i l i i I i i I i i i I i i i i ~  

/ - - '  P r  = 0.711 in the hot w~ll 
/ / - "  Pr  = 7.0 in the hot wall 

/ / r -  P r  = 0.711 in the cold wall 

i I i I i I I I [ I I I I [ I I I I I t I I 

0.01 0.02 0.03 0 .04  O. 5 
d lm ro , sk ,  n l es . s  t ime  

Figure 11 The average Nusselt number N--u+ on a hot and cold 
wall, with Pr=0.711 and 7.0, Ra= 8.317 x 10 s, =* =436.223, and 
k* = 8,798.7 

1 .6  

1 .2  

lq'~fx 

0 . 8  

0 . 4  

~m-i l i i I i i i i ; l i + i i i i i i I i i i I" ~ Pr  = 0.711 in the hot wall 
Pr  = 7.0 in the hot wall 
Pr  = 0.711 in the cold wall 
Pr  = 7.0 in the cold wall 

0 .0  , i ~ I I I I I I I i t I l l I I t I i i i i 

0.00 0.01 0.02 0.03 0 .04  0.05 
<lilllt~It+IIJllle+~ tiltlt' 

Figure 12 The average Nusselt number Nu~, on a hot and cold 
wall, with Pr=0.711 and 7.0, Ra=8.317x10% =*=436.223, and 
k* = 8,798.7 

10.0 

case  1 

0 . 0  51! 
10  , , j I t I I t I I n i , I . . . .  * ' ' ' r ~  

- " 0.01 0.02 0.03 0.04 v.05 
dimeusiunless time 

Figure 13 The average Nusselt number Nuv on a hot and cold 
wall: (1) Pr = 0.711, Ra = 8.317 x 10 =, a* = 436.223, and k* = 8,798.7; 
(2) Pr=0.711, R a = 8 . 3 1 7 x 1 0  =, =*=436.223, and k*=8,798,7;  
(3) Pr=7.0, Ra=8.317 x I(:P, =* =436.223, and k* =8,798.7; (4) 
Pr=O.711, Ra =8.317 x 10 =, =*=4.36223, and k* = 8,798.7 
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R 

shows that Nuy is also less sensitive to Ra and Pr  but varies 
with different r,*. 

Conclusions 

This article presents the transient natural phenomenon of 2-D 
natural convection heat transfer in a rectangular cell with 
vertical plate fins. From the numerical results, we find that the 
average Nusselt numbers are less sensitive to the Raleigh and 
Prandtl numbers than the fin-fluid thermal diffusivity ratio. 

Heat transfer of fin array in a cavity: T.-M. Chen and C.-K. Chen 
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