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Abstract:

Natural convection in a heated two-dimensional rectangular vertical enclosure is
investigated wwnericaily and experimentally for different dual heater configurations.
The governing couservation eqnations of mass, momentum, and energy for the problem
are solved numerically using the finite difference technique. The study is carried out
for the steady laminar flow of air in an enclosure with constant heat Aux dual heaters at
one adiabatic insulated vertical wall, an isothermally cooled other vertical wall and
insniated horizontal walls. The range of parameters considered is 0.1<8,/H<0.5,
0.158,/H;<0.875, {<A<10. 10%SRa<107 and Pr=0.7. The results show that for the
lower heater 8, and Nu are not affected by the location of the upper heater aud the
aspeet ratio for Az3. For the upper heater, §.,,, and Nu sre independent on the
aspect ratio and the upper heater loeation in the optimum range of the upper heater
loeation 84/Hy<0.6 and A=3. For the optimum ranges of the lower heater location
0.1£8/H<0.5, the upper heater location So/H<0.6 and the enclosure aspect ratio A>3,
Byax and  Nu are cortelated with Rayleigh number as follows:

for bottom heater: B, = 1.055 Ra0-139 Nu = 1.4 Ra0J179
for top heater: Bpax = 1.4 Ra 0153 Nu = 099 Ral 133

Experinental tests were dome for A=2, S/H= 0.2, Sy/H;= 0.29, W/L=2.5 and
Ra=3.2x104,1.23x 105, aud 2.65x10> and show the validity of the aumerical simutatiou.
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Introduction

In recent years, the study of matural convection in enclosures has become
mcreasingly important.  In panticular, within the development of complex, high power
electronics packaging and with the increasing demands on exhausting eaergy supplied,
the understanding of free comvective flows within rectangular enclosures heased by
concentrated  discrete heat sources has become wamranted. In modem electronic
equipments, 2 large number of high power dissipating components such as transistors,
resistors, and power transformers are being packed in modular rectangular enclosures.
The zpplications of these packages are often such that space, weighr, and external
cooling sources are minimal In these cases, the placement of the high power
dissipsting components within an elecironic package shonid be optimired as to
maximize the natural convection heat transfer within the enclosure, thus possibly totally
elimmnating the need for forced cooling,

Extensive surveys of e various miodes of convective heat transfer and relevant
eonfisuratious along with the associated heat transfer and othter correlations bave been
presenzed by Jaluna [1], Incropera [2], Papanicolaon and Jaluria (3] and El Kady and
Araid f4]. Several works i the literarvre are dealing with mixed convection in the
cooling of protrudiug heat sources of electronic components. among them the work of
Habchi and Archarva [5], Kang et. al. [6], Mahaney et al [7], Kim er. al. {8], and
Papanicolaou asd Jaluria {3]. Forced convection has been studied by many authors.
Among them werc Incropera et al. [9], Davalath aud Bayazitoglu [10] and Kim and
Anand [11-153], aud Nakayama and Park [14]. Natural convectica cooling 1echnigues
have distinet advantages because of their low cost, ease of maintenance and absence of
electromagnetic interference and operating noise. Jaluna studied the buoyancy-induced
flow due to isolated chermal sources on a vertical piate {13]. The natural convection
hetween series of vertical plate channels with embedded lime heat sources has heen
studied iu order to meet the relatively Jower operating temperature requirements of
imegrated circuits by Anand et al. [16], and Kim et al [17,18]. Another important
eonbguration involve complete and partial enclosurcs, Such as those thal are
encountered in small electronic devices and persoual computers. Not much work has
becn done on such enclosure flows. But there is a growing intercst in these prohilems.
Kevhani ct al. [19] investigatcd experimentallv natural couvection flow and bheat
transfer characteristics of an array of discrete heat sources m enciosures. and in [20]
they showed the aspect ratio effcet in natural convection. Cannona and Keyhani [21]
showed the cavity width effect on cooling of five flush heaters on one vertical wall of
an enclosure. El Kady and Araid [4] showed the effect of size and Jocation of a surface
heater embedded in the vertical wall of a two dimeusional rectangular enclosure.

It is important 10 determine the extenr of the wake region ahove the isolated
heat sources, so that other components and surface hcaters may be located without
substantially reducing the heat transfer from them. The present study is directed to
develop pumerical model to mvestigate the hear transfer characteridtics due to the
natural conveetion from two-dinensional discrete heat sources embedded in the verical
wall of the rectangular enclosures. It concentrates on the effect of the locations of the
two hicat sources, the eaclosure aspect ratic and Rayleigh number on the surface
temperature of the hea sources and the local and average heat transfer from them.
Experimental test was done and the results were used 10 validate the numerical mode!.
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Mathematical Formulation and Numerical Praocedure

Two-dimensional steady laminar natural convection air flow is considered inside
a vertical rectaugular enclosure of height H and width W, as illustrated in Fig. 1. Two
flat heat sources, with uniform heat Aux input ¢ and height L, are Jocated ou vertieal
adiabatic swrface.  The equations describing the problewn are the Navier-Stokes
equations for the fluid. wath buoyancy effects taken into account and using the
Boussinesq approxwations, as well as the the evergy equation, which describes the
temperature vanation through the enclosure (fluid and solid walls). With the
introduction of e stresm function and the voricity as the independent variables, the
nondimensional equations can be written as :

Yorticity Eq.: U.de/dX + V.60/dY = 32w/dX? + 320/8Y? + Ra/Pr.(80/3X] (1)

Stream function equation: - =3M/EX? +FYI5Y2 (2)
Energy equarion: U.e8/8X +V.08/0Y = L/Pr.[570/8X+5-0/8Y3) (5}
wlhere U=3¥/3Y and V=- oW/5X (4)

o i¢ the dimeasionless voricity {w=8V/OX-U/GY), ¥, 8, U, V, and v are the
dimensionless strearn finction. dispensionless temperature, dimensiorless velocity in the
dimeusionless honzontal and vectical directions X and Y, and the fluid kinematic
viscosity, respectively.

In the nondimensionalization, the height of the heater L, is taken as 1be
characteristic length scale.  The velocity scale is the L/v, and tbe teinperature seale is
AT= q.L’k. Tbe dimensionless parameters are the Prandi) number Pr =v/u and the
Ravleigh mumber Ra = of L# q/(kcxv). Where k, o, and f§ are the thermal conductivity,
thermal diffusivity, and thermal expansion eoeffieient, respeetively. More details for
the fonmlation can be found in E! Kady and Araid [4].

The dimensionless boundary conditious for the present system are

U=V =¥ =0, on all boundaries (5a)
at X=0: £0/6X =-1 at heater surface, and 88/3X = 0 elsewhere {5b)
0=0 at X=W/L. and £0/8Y =0 at Y=0or H/L {5¢c)

The local aud average heat transfer coeffieients along the surface of the heater are
presented by meaus of Nussell number and average Nusselt mumber according to its
definition for isoflux heating as:

Nu=hL/k={qL/k)/(T-Ty) {6
Nn = (g L/ k)X T-Ty) (7)
where T, and T are the cooling wall temperature and the average heater surface
temnperature, respectively. Nu and Nb are the reciprocal of the dimensionless surface
local and average temperatures, respeetively.

The dimensionless goveming equations (1)-(4) and the associated boundary
conditions given by equation (5) were solved by a finite difference procedure discussed
by Patanker [22]. Both the first and second order derivatives were discretized by using
eentral ditfercnce formulas except the couvection terms which were discretized by
using the upwind scheme. The difference algebraic equations are solved using the
Gauss-climuation wethod,  An iterative solution proeedure was employed hercto
obtain the steady state solution of the problem cosnsidered, A non-uniform grid with
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Fig. 1 Physical model, coordinate
systert and boundaries H

< frr e "_—_i

o —— —

— &
3 ~
N oo - ?10
SONN SN SN N N
—=12

Section in heater

Fig. 2 Schematic diagram of the experimentzl] apparatus

(1) aute transformer, {2} ammeter, {3) voluneter, (4) electric heaters, (5) Polystyrenc
insulation, (6) inlet and outlet cooling water tubes, (7) Heat exchanpger, (8) copper-
canstantan thermacouple, (9) stainless sheet plate, (10} shear of mica, (11) nickel-
chromium elcctric hicater, {12) Thermal jusulation layer
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denser clustering near the walls was considered to give grid independent results. It
varies from 41x41l for A=! to 21x101 for A=10. The convergence criteria is atramned
when the relative error between two successive iterations for the field varables o, ‘¥,
or B is less than £=10"

Experimental Work:

To validate the program developed in this work an experimental study for the
afr flow in a rectangular enclosure is carried out. A schematic diagram of the designed
and consructed apparatus is shown in Fig. 2. The used two dimensional rectangular
enclosure is 100 mu height and 50 mm width and 300 wm in the spanwise direction.
The right vertical wall of the enclosure was held at constant temperature by friing a
copper counter-flow heat exchanger (7) in which the city water was used as a coolant
liguid. The two horizontal surfaces were maintained adiabatic by eonducting them of
closed-pore extruded polystyrene ibsulation with 50 mm thickness. The left venical
wall of the enclosure was made ofthe closed-pore extruded polystyrene insulation (35)
of 50 nun thickness. Two electric heaters (4) with dimensions of 20 mm height, 2.5
mm thickness, and 300 mm long was embedded in the left vertical adiabatic wall to
make the heater face m the same vertical inside plane of the wall. The vestical distances
between the two heaters was 10 mm, between the bottom horizontal wall and the tower
heater was 10 mun and berween the upper heater and the top horizonral wall was 40
mm EBach heater face is made of polished stainless steel sheer (9) with 0.5 mm
thickness. This sheet was heated electrically by an electric heater. A nickel-chrominm
wire {11) was wounded around a mica sheet (10) of 0.5 inm thickness and then was
sandwiched hetween other two mica sheets (10). The heat input to the heaters was
controlled by using an auro-transformer (1), an ammeter (2} and voltmeter {3).

The temperature distribution along the heated and unheated parts of the vertical wall
was measured by 24 copper-eonstantan thermocouples. 20 thermocouples were fixed
in the middle plane of the spanwise as shown in Fig. 2. The other 4 thermocouples
were fixed in the middle height of each stainless sheet at 100 mym distance in bosh sides
from the middle plane of the spanwise. Two thermocouples {8) were embedded in the
wall of the heat exchanger (7) and monitored to ensure a uniform temiperature
disiribution.  The thennocouples were connected to digital temperature recorder.
Nearly three hours were needed to reach the steady state condition which was
recorded. as thie temperature reading did not change within 2 time of about 15 minutes.

Results and Discussion

A careful cxamination of the model equations and the associated houndary
conditions reveals that the independent parameters are the {luid Prandtl numbher Pr, the
Rayleigh number Ra, the aspect ratio A<H/W, the loeation of the lower heater §,/H,
and the wake distance between the upper and iower heater, S,/H,. El Kady and Araid
{4) concluded that the optimum location for a single healter m a vertical enclosare
corresponding to maximum hbeat transfer and mininoum surface temperature lies in the
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range of 0.]55,/HSQ.5, ie. i) the lower half of the enclosure. Therefore, the location
of the lower heater is chosen to be in this optiomm range in the present siudy. For (he
s> of Pr=0.7, iic present study concentrates on the effect of the variation of the
upper heater location (wake distance between upper and lower heaters)
0.125<8,/H,<0.875, the variation of the aspect ratic 1€A<]10, and the variation of
Rayleigh number 104<Ra<107 on tbe flow and heat tronsfer characteristics to get the
optituum pasition for the upper heater corresponding 1o " - naxynum heat transfer aud
minitmum heater surface lewperatures and correlations » - describes these variables.

Effect of the uaver scuter location

The hew mrnaber Gom the heaters and the surface temperatures of them depend
majuly on the ~lwet. aod lemperalure of the air flowing in the adjacent houndary
Javer. So. the oo sl s the behavious of the streamlines and the isotliermal
contours inside v+ sictoside 15 NECcessary

Figure % presem e streamlines and temperature comours for S /H = 0.1667,
Ra = 107 with rhe .7 -znon olthe upper heater location relative 10 the lower heater
SaHp= 0.2, 07 4nid 0.8, Near th. heated seetion aloug the hot wall and
the opposing veriwad i ouivk layers of primary flows are obscrved i Fig. 3a.
Between these i ere e, . ong core flow, The core flow starts from the low region
of the lower hearer w0t zuus near the top surface of the enclosure. For §2/H= 0.8 the
upper heater munes penrwr 1o the top of the enclosure, secondary cell in front of the
upper heater exists, swhich m rums causes a decrease in the maximum stream function
aud the flow velocity n Tont of the upper heatey, As shown i Fig, 3b, 2 growth of the
thermal boundary laver siony the rwo hearers exists. The temperature distribution for
the core fluid and the uold .1l is nearly constant with the exception of the top section
of the enclosure. In the top wection of the enclosure the temperature increases as the
upper heater moves lownran e top horzontal adiabatic surface. The teruperature in
front of the lower aeates -~ eariv coustamt and  Undependent on the location ot the
upper heater.

Fig. 4 shows lhe Danporature Jisiribution at the kot wall for the lieated and
unheated sections. while e - wresem~ the local Nusselt number for both heaters for

St/H= 01667, Ra = 1t vl v 14 0.6 and 0.8, The abave characteristics
of the stemmlines and  suthe e the enclosure reveals that the air coming
frow the cooled woll uvu cacvie o wing edge of the lower heater is nearly at
constant temperatures lov sl consic: 1w Therefore, the surface temperature and
the lecal Nu ofrthe lower heater 1w nie o tor the four cases, the surface teraperature
of the lower heater Is smaller 1han .« o0 ine apper heater. and the local Nusselt
number for the lower heater is i o that of the upper heater for the four cases

considered iu Figs. 4 and *

The nfluence o the apper heatet wocation (wake distance) 0. 125<8./H;<0.875
on the maximum surl” en cratures ad the average Nusselt number for both heaters
arg presented in Fips v ud 7 The maximum surface temperature 8, for the lower
heater 1s smaller than 1ha1 o¢1he upper heater while Nu is higher than that of the upper
heater. For the lower seaier hoth the wmaximum surface temperature 8,;,, and ihe
average Nussck number  Mnoare not affected by the location of the upper heater (the
variation of S,/Hp). For the upper heater, with the increase of So/H, (Lhe wake



{b} Isotherms Contours

Fig. 3 Stream pattem and isotherm contours for different upper
heater locations, Pr=0.7, §;/H=0.1667. A=3, and Ra=10°
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distance increases), both 6, and Nu are independent on the upper heater Jocation
and are nearly comstant until S+/H, = 0.6. For S5/H; 2 0.6, the upper heater becomes
nearer to the top surface, the maximum stream function in front of it decreases and the
air flow passiug through the adjacent boundary layer becomes slower with increasing
temperature. For those reasons. the maximum surface temperature 8., increases
sharply and the average Nussell number Nu sharply decreases. Therefore, the
optimum_ locarion for the upper heater corresponding to maximum average heat
transfer Nu and minunum surface naximum temperature B lies in the lower half of
the distance above the trailing edge of the lower heater where S,/H,<0.6,

Effect of Aspect Ratio

Figure 8 presents the streainlines and isothermal contours with the variation of
aspect ratio 2SA<8 for Ra = 107, while Figs. 9 and 10 present the variation of the
maximmum surface temperature and average Nusselt number for boch the lower and
upper heaters with the variation of the aspect ratio 1<A<10 for Ra = 104, 103, and 10%.
In Figs 8-10 both heaters lie i the optimum location range with S,/H= 0.1667 and
Sy/Hi= 03 As shown in Fig, 8a. thick lavers of prinary How are observed vear the
hor aud opposing vertical walls.  With the increase of the aspect ratio a long and
narrow core flow  exisis between the priniary flow with disappcaring of the secondary
core flow eells. A secondary recirculating zone with low intensity can be predicted iu
the upper left comer indicating the separation of the flow originating from the top
heater and rising along the vemainder of the adiabatic wall. Although higher maximum
stceamfunctions appear with the mcrease of aspect ratio, the maximnm valnes of
streainfunctions are nearly constant for A>3 in front of each heater which means nearly
constant flow velocity inside the enclosure tn front of each hearer. Fig. 8h shows thar
with the increase of the aspect ratio. the active height of the isothermal cold wall
increases and the chance to transfer more beat from the heater to the cold wall
increases. By the Aspect ratio A23, the temperature of the core flow in front of each
heater and temperature it the boundary layer adjacent to them are nearlv constant. For
the above reasons the air adjacent to the heaters flows with nearly constant velocity and
tewperature, and both the average Nusselt wumher and the maximum surface
tewperatures for both the Jower and upper heaters are nearly constant and independent
on the Aspect ratio for A>3 as shown in Figs. 9 and (0. The same behaviour of the
average Nussell number and maximum surface heater temperatures exist for different
valoes of Rayleigh number: Ra = 104, 103, and 105,

Effect of Ruyleigh number

For constant Rayleigh number, Figs. 7 and 8 sbow that, the maximum surface
temperature and the average Nusselt number of borh the lower and upper heaters are
independent an Sa/H, for the range of $4/H,<0.6, while Figs. 9 and 10 present also
that the maximum surface temperature and average Nussely number of both the fower
and upper heaters are independent on enclosure aspect ratio for the range of A>3,

For the optimum range of the lower heater location 0.1£8,/H=0.5, the optimum
range of upper keater location So/H 0.6 and the optimum range of enclosure aspect

M. 49
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ratio A>3, Figs.1t and 12 present the variation of the meximum surface temperature
and the average Nusselt number ofboth the bottom and top heaters with tha variation
of Rayleigh number 104SRa<107,

Figure 11 shows that the maximum sucface 1emperature of the upper heater is
ahways higher than that of the lower licater. Therclore, the average Nusselt nuwber
for the top heater is always smaller thon (hat of the bootom hearer. Tha maximum
heater surface temperature and the averapge Musselt number for both the upper aud
lower heaters are correlated as a function of Rayleigh number by equations as follows:

{or bottom heater: Opaz = 1.055 Ra0-139 (8)
No = 1.4 Ra0.117% 9
for 10p heater: Bpay = 14 Ra-0.153 (10)
Nu = 0.99 Rp0.135 (1)

To validatc the numerical calculated results, experimental tests were done for
A=2, W/L=2.5, §;/H= 0.2, Sy/H;= 0.29, Pr=0.7 and Ra=3.2x10%,1.23x105, and
2.65x10%, Companison is shown in Fig. 13 between the calculated local surface heated
and unhcated parts of the wall and the experumental resulis. Fig. 14 presas also a
companson betwecn the local heater surluce Nusselt number with the experinemal
results calculated from the experimental data accordmg Lo Ey. 6. Good agrecemem
exists between the predicted and experimental results. The average and waxituam crvor
between the predicted and experimental data are 5 and nearly 10 percent, respeetively.

0.5
3 ical results Numerical rasults ]
3 sooco 'é':g.‘ results RL:J-J.Z:(‘IO‘: {Z 8.0 § 00000 Exp. rasulta Ra=3.2x10!
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Fig. 13 Comparison  between the Fig. 14 Comparison between the numerical
suinerical  and  experimental  surface and experimental heater Jocal Musselt

remperature for A=2, W/L=2.5, Pr=0.7, number  for A=2, W/L=2.5, Pr=07,
§,/H=0.2, §,/H;=0.29 S/H=0.2, So/H;=0.29



Mansoura Engineering Journal, {MEJ), Vol. 23, No. 3, September 1998.

Comlasions

Tue effect of the wake distance between upper and lower heaters, the enclosure
aspect ratio, and Rayleigh number ou the flow, heaters surface temperature and hear
transfer characteristics are studied numerically. The range of parameters considered is
Pr=0.7. lower heater location 0.1<5,/H<0.3, upper heater loeation 0. <S,/H<0.875.
the aspest ratio ISA<IO, apnd 10%<Ra<107. The range of parameters for the
experimental study is Pr=0.7, A=2, $/H=0.2, $;/H;= 0.29, W/L=2.5 and Ra=3.2x109,
1.23x103, apd 2.65x10°. The resnits show the following conclusions:

The avcrage and maximum surfaee tenmperatures of the upper heater are always
higher than those of the lower heater. Therefore, the Jocal and average Nusselt number
for the uppey heater are always souller than those of the lower heater.

For the lower heater both the maximum surface temperature O, and the
average Nusseh nmumber Nu are not affected by the location of the upper heater and
the aspect tatio for A23. _

For the upper heater, 8,,,, and Nu are independent on the aspect ratio for
A23, and the upper heater location for So/H,<0.6 and the optimum location for the
upper heater lies « lbe lower haif of the distauce above the trailing edge of the lower
lieater where 5./H,<0.6 and A>3,

For the optimum ranges of the lower heater location 0.1<S/H<0.3, the upper
heater location S+/H(£0.6 and the enclosure aspect ratio A>3, the maximum heater
surface tewmperature and the avorage Nusselt number for both the upper and lower
heaters are eorrelated with Rayleigh nwinber as follows:

for bottom heater: 8,5, = 1.055 Ra0.13%, Nu = 14 Ra0 1179

for top heater: Bpax = 14 Ra 0133 Ny = 099 Ra0.135
Nowmenclature
A aspeert ratio = H/W
r gravitational acccleration, ovs?
H euclosure height, 1n
H, distanee above the lowes heater, m
k thermal conduetivity, W/mK
L heater heighr, m
Nu local Nusselt uumber along the heater surface, Eq. (9)
Nu average Nusselt number, Eq. {10)
P pressure, Pa
Pr Prandile nuinber, v/
q heat Bux at the heater surface, W/m?2
Ra

Rayleigh number, Ra = g B L4 ¢ /(kav)
the heighr of the lower heater cemter, m

height of the upper heater eeater above the lower heater trailing edge, m
temperature, K

- n
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uv field velocities in the x and y directions, m/s
u,v non-dimensional ficld velocities in the X and Ydirection, nl/v, vLiv
W enclosure width, m

distance in horizontal and vertical dircctions, m

Y
Y dimensionless distance in x direciion, x/L and y/L

thermal diffusiviry eoefficient, m2/s

volunetric coefficient of thermal expansion, /K
diinensionless temperarure, (T-T, }(q.L/k}
stream function, m2/s

nondimensional stream fanclion, yifv

vorticity, 1/s

nondimensional vorticity, CL2/v

Kinematic viscosity of the fluid, m2/s

flutd density, kg/m3
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