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Abstract:

Natural couvection in a beated two-dimensional rectangular vertical enclosure is
investigated numencally and experimentally for different single heater configurations.
The partial differensial equations goveming the conservatiou of mass, momentwn-nnder
the Boussinesq assumption- and energy in the problem are solved nunedcally using the
fmite difference technique. The study is carried out for the steady Jamirar natural
convection of air in a verical eoclosure with cousiant heat fAux single heater at one
adiabatic insufated verical wall. an isothennally cooled opposing verical wall and
msulated horizomtal walls. The range of paraweters considered is Pr=0.7. W/L=2.
Ra<107. and A=2.5, 0.1£8/H<0.5 for the effect of heater location and S/H=0.4, H/L=
2. 4. 6 and 8 forthe effcct of heater size  The results show great effect of the heater
location and size on the flow and temperature distribution inside the enclosure and heat
iransfer from it. A best range of leater location aud heater size corresponding to
maximum heat transfer and minnnuim value of surface heater maximum temperature is
determined by 0. 1<5/H<0.5 and H/L>4 with correlations as follows:

Opax = 1.792 Ra 018 Nu =074 Ra0 17
Expertmental tests were conducted for the case of A=2, H/L=3.33. 5/H=0.3,
W/L=1.66 and Ra=7x10% 1.1x107 and 64x105.  The expermental surface
temperature and local Nusselt uumber were compared with the calenlared results for
the same casc 10 show the validity of the aumerical simulation,
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Introduction

One of the serious requirements in the design and operation of modem electronic
technologies has been an efficient thermal control of the system.  For instant, the power
densicies in the state of-the-an electronic computers ate extremely high. Consequently,
unless an effective removal of the excessive heat geuerated within the devices in place,
performance of these sensitive electronic devices deteriorates rapidiy.

Extensive survey of the various modes of convective heat transfer and relevant
configurations along with the associated heat transfer and other correlations have been
presented by Jalura {1], Incropera [2] and Papanicolaou and Jaluria [3]. There are
some work in the literature dealing with mixed convection in the cooling of protruding
heat sources of electronic components, In the work of Habchd and Arcbarya {41, the
cooling of a single electronic module, treated as an isothermal protruding heat source
mounted on the right wall of a vertical chaunel was studied, Kang et. al. {5] obtained
experimental results for the cooling of a protruding heat generating module in a
horizontal plate. Mahaney et al. (6] studied the mixed convective beat transfer from 2n
amray of discrete heat sources iu a horizontal rectangular channel. A comprchensive
analysis is made by Kim et. al. [7] of the flow and heat transfer characteristics of a
mixed convection m a channel with rectangular blocks on channel wall. Papanicolaou
and Jaluria [3] studied oumerically the cooling of heat dissipating elecironic
components. located in a rectangular enclosure, and cooling is affected by extemnally
through flow of air. Forced convection cooling of elccironic equipment has been
studied by many authors. Among them was Incropera et al. [8]. They studied
experimentally the convection heat transfer from a two dimensional flush mountcd heat
sourees. The developing flow and heat transfer between a series of parallel plates with
surface mounted discrete heat generating blocks was studied numerically by Davalath
and Bayazitoglu {9] and Kim and Anand {10-12], while the conjugate hear transfer
from a single surface mounted block to forced air flow was studied experimentally and
analytically by Nakayama and Park [13]. A comprehensive analysis is made by Kim et
al. {14] of the flow and heat transfer characteristics of mixed convection in a channel
with rectangular blocks anmached ou one channel. WNatural convection cooling of
electronic equipment continues (o play a prominent role in the thenmal management and
control of such sysiems. WNamral convection cooling techuiques have distinct
advantages because of their low cost, ease of maintensnce and absence of
electromaguetic interference and operating noise. Jaluria studied the huoyancy-induced
flow due to isolated thermal sources on a verrical plate [15). The natural convection
between series of venical plate channels witl embedded line hicat sources has been
studied in order to meet the relatively lower operating remperature requirements of
integraled circuits by Anand et al [16], and Kim et al. [17,18)]. Another important
configuration involve complete and penial enclosures, such as those encountered in
small electronic devices and personal computers. Not much work has been done on
such enclosure flows, even there is a growing interest in these problewns. Keyhari et al.
[19] investigated experimemally pawral convection fow and beat transfer
characteristics of an array of discrcte heat sources iu enclosurcs. In [20], they showed
the aspect ratio effect. Carmona and Keyhani [2 I} showed the cavity width effect on
coolitg of five flush heaters an one venical wall of an enclosure,
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In general, these studies illustrated the lack in kmowledge abour natural
convection from discrete heat sources in rectangunlar enclosures. So, the present study
supplements results M uatural convection from two-dinieusional heat source in the
rectangufar enclosures.  The effees of size and lecation of a single heater on the
temperature, local and average hear transfer are Hlustrated. The parmmeters
investigated in this study include the Rayicigh nuinher and the heat sonrce location and
size. An experimental test was perfortned to validate the numerical model,

Mathematical Formulation and Method of Solution

In order to ionnutete a mathematically tractable problem, a siugle module of
two-dimensional sicady laminar air flow driven by uatwural convection is considered
iuside a vertical rectangnlar enclosure of height H and width W, as illustrated in Fig. 1.
The harzontal surfaces of the enclosurc are adiabatic. Planor fnite-sized heat source,
with uniform hear flux ourput and height L, is focated on a venical adiabatic surface.
while a coustant temperamre boundary is maintaincd at the odier vertical surface,
Assuming that the fluid propertics are constant, except for density i the buayancy term
of the verticat momentuin balance, the governing equations for mass. momentum-with
the Bousinisq approximation-and energy in the enclosure are respectively:

Bwiox + dwdy = 0 (1}

u SWaX + v dwidy = - I/ p.{6PIN] + v.[0Pwiox? +3 Wy (2)

U OviEx + v ovidy = - I/ p.[3PIBY] ~ u.[ON/ER3 +BiGy ] +eB(T-T,,) (3)
0 3TIax + v 3T/dy = o [E2T/axE ~ B2T/dy7] (4)

and the couditions on the boundaries are u = v = 0, ¢{0,y) = constant at the lieat source
surface (the heated secrion) and GT(0,¥)0x=0 for the unheated sections, T(W.y)=T,,,
and GT(QYSy=aT(xHydy=0. where u. v, P, p, u, and « are the velocity in the
horizontal and verical directions x and y, the pressure, the fluid deasity, the Quid
kinematic viscosity and the thermai diffusivity respectively.

Eliminaong the pressure P between equatious (2) and {3), from definitions {=dv/dx-
dwcy. u= dyidy aud v=-8w/Bx and using the nondimensional variables: X=x/L, Y=y/L.
U= nLiv. V= vLiu, o= L%, W=yv md 8 =(T- T, ¥(q.L/k) the dimensionless
form for the goveming equations (1-4) for steady natural convection in a vertical two
dimensional enclosure can be written i terms of nendimensional stream function,
vorticity, horizontal aad vertical velocities and temperature as follows:

U.80/0X + V.0w/aY = Ra/Pr . [86/5X] + [020/0X2 + 82e/5Y ] {3)
- = FWEX +RWPigY? (6}
U.30/8X +V.60/8Y = LPr.[820/0X>-3%8:0Y?) (N

U=3%/3Y and V=- 0W/dX (8)
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and the diuensionless boundary conditions for the preseat system are
U=V =" =0, on all solid bouudaries {9a)
at X=0: 68/3X = -1 on heater surface, (9b}
= 0 elsewhere
X=W/L:06=0 {9c)
Y=0 aud H/L: 20/0Y =0 (9d)

where k is the thermal conductivity, Pr the Prandtie uwuber and Ra the Rayleigh
number

The dimensionless governing equations {5)-(8) and the associated boundary
conditious given hy equation (9) were solved by the finite difference proeedure
discussed by Patanker [22). The domaiy is subdivided into a number of control
volumes, cach associated with a grid point, 2nd the goveming equatiou is mtegrated
over each control volupe resulting in a system of algebraic equations. Both e first
and second order derivatives were discretized using the central difference formulas
except the convection tenms which were diseretized by using the upwind scheme. The
differenec algebraic equations are solved using the Gauss-elimination method. An
iterative sofution procedure was employed here to obtain the steady state solution of
tte problem considered. The ealculations were dome on inereasingly finer grid size
distributions. A 26x31 non-uniform grid with deaser clustering near the walls was
considered to give grid independent results. The convergence criteria used for all field
variables &(= o, ‘F. 8) for every point are as follows:

|euel . :Il‘maxf i‘inﬂ!max <1073

where 1 is the index representing the weration number.

Experimental Work:

In order to validate the program developed for this study, au experimental study
for the air flow in a rectangular enclosure is carried out, A schematic dingram of the
apparatus is shown in Fig. 2. The two dimensional reetangular enclosure used was 100
o height and 50 wun width with an aspeci tatio A=2. The enclosure was 300 mm in
the spanwise directiou ensurivg two dimensionality of the flow and heat transfer. The
riglt vertical wall of the enclosure was held at approximately uniform temperature by
fitting a copper counter-flow heat exchanger (7)in which the city water was used as
the coolant liguid. The temperature of the coolant is controiled by a constant
temperature bath.  Three copper-coustantan thermocouples (8) were embedded in the
copper wall o mounitored and emsure a uniform tewmperature distribution. The
maximum temperatlure vaviation was found to be 0.3C across the copper wall. The two
Lorizoutal surfaces were maintained pearly adiabatic by constructing them of closed-
pore extruded polyurethare insulation with 50 mm thickuess
The left wvemical wall of the enclosure was made of the closed-pore extruded
polystyrene insulation (5) of 50 mum thickness. Aun electric heater (4) with dimnensions of
30 rom height, 2.3 mm thickness, and 300 mm long (spaowise leugth) was embedded in
the left venical adiabatic wall to make the heater face m the same vertical inside plane
of the wall.  The heates face is made of polished stainless steel sheet (9) with 0.5 mm
thickness. This sheet was heated electrically by an electric heater. A nickel-chromium
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wire (11) was wounded around a mica sheet (10) 0.5 mm thickness and then was
sapdwiched between two other mica sheets{10). The temperarure distributiou along
the heated and unheated paris of the vertical wall was measured by 14 copper-
constantan thermocouples. Twelve thermocouples were fixed in the middle plane in the
spanwise direction as shown in Fig. 2. The other 2 thermocouples were fixed m the
middle height of the stainless sheet at 100 mm distance on hoth sides from the middle
plape.  The thermocoup'ss were connected to a digital temperature recorder. The heat
input 1o the heater was controlled by using an auto-transformer (1), au ammeter (2) and
volumeter (3).  Nearly three hours were needed to reach the steady stare conditios.
The steady state condition was recognized when tbe temperature reading did not
change with time for about 15 minutes.

Results and Discussion

The effect of location and size of a single heater in a two dimensional rectangular
enclosure is studied. The parameters considered in the numerical study are Pr = 0.7,
W/L=2, Ra<107, A=2.5 and 0.1<S/H<0.9 for the effect of heater location and S/H=0.4,
H/L= 2, 4, 6 and 8 forthe effect of heater size. The values of the parameters in the
experimental study are Pr=0.7, A=2, $/H=0.5, W/L=1.666 and Ra=7x10%, 1.1x105 and
6.4x10°.  The results are presented in the form of streamline, isotherm contours of the
air in the cavity and temperature profiles in the heated wall. The heat transfer results
are prescated as local and average Nusselt oumbers versus Rayleigh number,

Fluid flow Swructure

The stream function was calculatcd 1o visualize the flow feld within the
cnclosure, The streamline cotitours are presented in Fig, 5 for the heat source locations
S/H=0.2, 0.4, 0.6, and 0.8, A=2.5, W/L=2 aud Ra=10>. The streamlines werc assumed
zero on the solid boundaries. The fluid is heared at the heater location, and rises due Lo
the buoyaucy force. The warmed fluid is tumed by the adiahatic ceiling of the
enclosure and descends along the cooled wall, completing a recirculating flow pattern
that occupies the entire enclosure. The negative sigu for W indicates clockwise
circulation.  As the heater is moved down along the heated wall a growih of the
recirculating eddy occurs and a larger portion of the enclosure is affected by the
buoyancy driven flow and the center of ihe cell moves down from y/H=0.84 at $/H=0.8
1o nearly y/H=0.412 at §/H=0.2. The larger recirculating cell indicates that more of the
cooled wall is thermally active. This is dlustrated by the predictions of the maximum
stream fimction ‘Mo, versus hester locaton S/H. The maximum stream function
reflects the intensity of the mass flow in the primary recirculating cell. The predicted
¥ nax! for S/H= 0.2, 0.4, 0.6, and G.8 were found to he 41.57, 41.87, 54.06, and 22.6
respectively.  For S/H=0.2, 0.4, and 0.6, a secondary recirculation zone was predicted
in the upper lefi comer (which is not shown o Fig. 3 hecause of its small intensity),
indicating a separation of the flow originatmg from the heater and rising along the
remainder of the adiabatic wall. This separation from the heated wall with subsequent
movemett toward the isothermal wall seems to be the best flow structure.

For the effect of the heater size, Fig, 4 shows the variation of the streamlines
for constant heater location S5/H=0.4, width ratio W/L=2 and different ratios of the
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§/8=0.6

Fig. 3 [nfluence of heater location ratio S/H on the stream
lines for A= 2.3. Pr=0.7, W/L=2, H/L=5, and Ra=10°

Fig. 4 Inlluence of heater size ratio H/L on the stream
lines for A=2.5 P=0.7. W/L=2, §/HH=0.4. and Ra~103
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S/H=0.2 8/R=0.4 S/H=0.8

Fig. 5 Influence of heater location ratio 5/H on the temperature
contours for A=2.5, Pr =0.7, W/L=2, F/L=5 and Ra=10°

B/T=4

g/L=6

Fig. 6 [Influence ofheater size ratio H/L on the temperaure
contours for A=2.5, Pr=0.7, W/L=2, §/H=0.4, and Ra=10>
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enclosure height to heater leagth H/L=2, 4, 6, and 8 for Ra=10°, For the square cavity
where, H/L=2, one recirculating ccll including two honizontal smaller eddies occurs in
the enclosure. With the increase of H/L ratio, the active height of the isothermal cold
wall increases and the intensity of the mass flow increases to traosfer more heat fom
the hester to the cold wall. Also, scparation of the flow originating from the heater and
rising along the remainder of the adiabatic wall increases with the increase of H/L ratio.

Isotherms

Figures 5 and 6 present dimensionless teperatures on the same format as the
streamlines. In interpreting these diagrams, it should be remembhered thart the cautour
value ar the isothermal cooled vertical wall equals zero. In Fig 5, the effect of heater
location is presented while Fig. 6 shows the effect of heater size. The isatherms are
characterized with the preseace of a thermal boundary layer with dense isothermns
clustered gear the region of the high heat transfer aloog the heater for all beater
lacations and sizes. InFig. 5, as the heater moves down along the wall, the more the
length of the c¢ooled isothermal wallis active, and the central region of the enclosure
exhibits isothermally stahle siratification. In Fig. 6, with the increase of H/L ratio and
due to the increase of mass flow inrensity, inore Leat transfers from the heater to the
isothennal cooled wall and the surface heater temperature decreases.

Heater Surface Temperature

For thermal design engincers in the electronics imdustry, the predicrico of
maximum surface temperature is important. The mamtenance of a proper operating
temperature prolongs the life of mauy components and enhances their reliability. The
focation of the heat source in the enclosure is determined corresponding to both the
maxiium heater surface temperature 8y . and to the maximum heat transfer \’umax
The temperature results at Ra={0° for the heared and unheated sections of the wall
carrying the single heater are shown in Fig. 7 for different hearter locations §5/H= 0.2,
0.4, 0.6 and 0.8 and in Fig. § for different heater size H/L=2. 4, 6 aud 8. The surface
Temiperature is characlerized by gradual increase up to the surface heater, sharp rise i
the surface heater temperature due to the beat input. and follawed by gradual decay
downstream.  For all S/H values (heater locations) in Fig. 7, and all H/L values (heater
sizes) in Fig. 8. the Jocal beater surface temnperature 8y, is seen to rise with mcreasing
distance from the Jeading (lower) edge: i.e. the maxiinum beater surface temperature
Oy max occurs nearly at the trailing (upper) edge. The variation of the maxirmnn heater
surface temperaure 8y, o with SH ratio is shown in Fig. 9, and with H/L ratio is
shown in Fig. 10 for different values of Rayleigh number. The heater Jocation
correspouding to the minimum value of 8, .o, differs with Ra as shown in Fig. 9. For
Ra=100, the oplimum heater location is mnearly in the middle of the enclosure height
whiere 5/H=0.5; i.c. nearly conduction heat flow occurs. With the increase of Raylcigh
nomber this Tocalion moves down iy the lower enclosure half towards the battora. At
Ra210% the minimwn values 0f Oy, g OCcurs in the range of 0.1<S/H<0.5 and 8y, .
mcreases with the increase of S/H for S/H >0.5: ie. the optimum location of the fheat
source can be ar any positiou in the lower half of the enclosure. In Fig. 10. for the
range of H/L<4, 8, ;,, decreases for all values of Rayleigh number with the decrease
of e heater size: i.e. increase of H/L ratio, doe to the relative increase of the active
sizc of the isothermal cooled wall. For H/L24. 8y, ., is nearly constans and takes the
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minimum values.  For the optimum range of heater Iocation and size 0. 1<8/H<0.5 and
IWIL24, the variution of @y 5, with Ravleigh aumber is presented in Fig. 11 and
correiamed by

Bax = 1.792 Rar0-18
Heat Transfer

The heat and fluid flow structures elaborated in the foregoing sections can be
further inferred from the surface temperature of the constant heat flux surface heater.

The local heat transfer coefficiont along the surface of the heater is presented by
mcans of the Nasselt number accerding to

Nu=hL/k=(qL/k}/(T- Ty) (10)
which is the reciprocal of the surface local dimensionless temperature. The average
lheat transfer coefficient aloug the surface of the heater is presented by means of an
average Nusselt nnmber according to its definition for isoflux heating as:
Nu=(gL/ky( T;- T, {1
which is the reciprocat of the dimecusiouless average temperature of the snrface, where
T, is the average heater surface temperature.

The distribution ofthe local Nusselt qumber along the surface heater is shown
in Fig. 12 for Ra=105, W/L=2. and differeat heater locations. Fig. 13 presents the local
Nu for H/L=0.4, Ra=10°and different heater sizes, Because the fluid approaches the
leading edge of the heater source at a lower temperature. the maximum value of the
focal Nu occurs at the leading edge of the heater. The local Nu decreases as the
distance from the leading edge increases. The heater surface local Nusselt number
increases with the movemeur of the heater towards the bottom of the enclosure; i.e. the
decrease of 5/H ratio, and as the heater size decrenses (with the inerease of FI/L ratio).
This is due to the ircreased inlensity of natural convection flow in the enclosure which
is reflected from the increase of ¥ ,,,. As observed in the stream function eontours
and W, .. data. the increased mass movement with the increase of F/L. and decrease of
S/H ratios, causes more interaction with the cooled isothermal wall aud also, increases
the active length of the isothermal cooled wall. The fluid appreaching the bieater is thus
at lower temperatures which results in more effective cooling of the heater.

The average heater surface Nusselt number Nu which is calculated according
to Eq. {1 is shown in Figs. 14 and 15, Figure 14 presents the influeuce of the heater
location on Nu for W/L=2 and different values of Rayleigh uumber. Nu increases
with the increase of Ra. For Ra =102, where nearly conduction takes place, Nugiax
occurs at $/H =0.5. With the increase of Rayleigh number this location moves down in
the lower porrion ofthe enclosure. At Raz103 the maximum values of Nu occurs in
the range of 0. 125/H<0.5 and Nu decreases with the increase of S/H for $/H >0.5; i.e.
the opthuum localion of e heat source can be at any position in the lower half of the
enclosure. Fig. 15 presents the iufiuence of the heater size on Nu for $/H=0.4, W/L=2
and Ra=103 101105106, In Fig 13, for the range of H/L<4, Nu increases for ail
values of Rayleigh aumber wirh the decrease of the heater size: i.e. mcrease of F/L
ratio, duek 1o the relative mcrease of the active size of the isothennal cooled wall. For
H/L24, Nu is nearly constant and takes the maximur valucs. For the optimum range
of heater location and size 0.{<S/120.5 and W/124, the varation of B max With
Ravleigh number is presented i Fig. 16 and correlated by

Nu = 0.74 Ral 17
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To validate the numerically calculated results, experimental tests were done for
A=2, H/L=3.35, W/L=1.66, §/H=0.5, Pr=0.7 and Ra=7x10%, [.1x10° and 6.4x10°,
Comparison is shown in Fig. 17 between the calculated local surface semperature of the
heated asd unheated parts of the wall and the experimental results. Fig. 18 presents a
comparison between the local heater surface Nusselt number and the experimeutal
results calculated from the experimental data according to Eq. 10. Fair agreement
exists berween the predicted and experimental results. The average and maximum
difference between the predicted and experimemal data are 7 aud nearly 9 percent.
respectively.

Conclusions

The effect of location aud size of a single heater in a bwo dimensional rectangular
enclosure is studied numerically. The values of the parameters considered arg Pr=20.7,
W/L=2, Ra<107, and A=2.5, 0.1<S/H<0.9 for the effect of heater locatiou and S/H=0.4.
H1l= 2, 4, 6 and 8 for the effect ofheater size. The values of the parameters for the
cxperimental study are Pr=0.7, A=2, 8/H=0.5, W/L=1.66 and Ra=7x10¢ 1.1x10°, and
6.4x105. The results show the following conclusions:

The local heater surface minimum tcmperature and the maximun value of the
local Nu occurs at the leading (lower) edge; and the maximum heater surface
temperature 8y, ..., occurs at the trailing (upper) cdge.

As the size ofthe heater decreases, or the heater movces down along the wall, a
larger ponion of the enclosure is affecred by the buovancy driven flow, the intcnsity of
nnural couvection flow in the enclosure increases, ¥, increases causing an increase
of the active length of the 1sothermal cooled wall, a growth of the recirculating cddy and
secondary recirculation zone occurs in the upper left corner causing a separation of the
flow originating from the heater, and the heater local Nusselt uumber imcreases.

With the increase of Rayleigh pumber, both Nu and B max increnses, the
location of the heater corresponding to Nuy,, and minimum 8y, 0, Moves from the
middle towards the lower portion of the enclosure. For Ra2}03, the optinum location
and optimuim size of the heater corresponding 1o both Nu,,,. and miuiowm 8y, 5, lics
in the range of 0.1<8/H<0.5 and H/L24. In this range both Nuand Gy, ., are
correlated with Raylcigh pumber as follows:

Bax = 1.792 Ra-0.18 Nu = 0.74 Ra0-17

Nomenclature

aspect ratio, H/'W

gravilational acceleration, m's?

cnclosure height, m

fluid thermal conductivity, W/mK

heater height, m

local Nusselt sumber on the heater surface, Eq. (10)
u average Nusselt number, Eq. (11)

pF TR
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pressure, Pa
fluid Prandle number, v/o
heat flux on the heater surface, W/m?

fluid Rayleigh number, Ra = g f L# ¢ /(kaw)

height of heater center, in

remperature, K

air veloeity in the x direction. m/s

non-dimensional air veloeity in the X direction, u /v
air velocity m the v direction. mv/s

non-dimensional air velocity in the Y directiou, v L/'v
enelosure width, m

distance in horizourtal direction, m

dumensionless distanee in x directiun, x/L.

distauce in vertical divecuion, nt

dimensionless distanee ln y direction, y/L

fluid thermal diffusivity, m2/s

volumetric coefficient of thermal expansion, /K
dunensionless temperawre, (T-Ty Y(q.L/k)

stream: fuuction, m2/s

noundimensional stream function. y/v

vorticity, 1/s

nondimensioual vortieity, {L2/

fluid kinematic viscosity, m3/s -
fluid density, kgiw?
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