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Abstract

Mixed convection heat transfer in a two-dimensional rectangular cavity with constant heat flux from partially heated bottom wall while
the isothermal sidewalls are moving in the vertical direction is stidiumerically. The enclosure represents a practical system such as an
air-cooled electronic device, where cooling from the sides is expéateel an efficient electronic cooling option. The heat source represents
a heater or an electronic component located at the bottom in such an enclosure. Several different values of the heat source length, the aspe
ratio of the cavity, as well as symmetric and asymmetric placement of the heat source are considered. All computations are done for a range
of Richardson number from 0.1 to 10. The influence of the Richardsamber, heat source length, placement of the heat source, and aspect
ratio of the cavity, on the maximum temperature and the Nusselt number at the heat source surface is investigated. Results are presented |
the form of streamline and isotherm plots as well as the variation of the maximum temperature and Nusselt number at the heat source surfact
under different conditions. The pressure—velocity coupling in thergavg equations is achieved using the well-known SIMPLE method for
numerical computation. The computational procedure is based on finite volume collocated mesh. The linear algebraic system of equations is
solved sequentially using the strongly implicit procedure (SIP).

0 2003 Elsevier SAS. All rights reserved.
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1. Introduction The problem of convective heat transfer in an enclosure
has been studied extensively because of the wide application

Air-cooling is one of the preferred methods for cooling of such process. Davis and Jones [2] studied the pure natural

computer systems and other electronic equipment, due toCOnvection with uniformly head walls. Papanicolaou and
its simplicity and low cost. It is very important that such Gopalakrishna [3] simulated the natural convection in a
cooling systems are designed in the most efficient way horizontal, enclosed air layer due to a discrete, constant heat

and the power requirement for the cooling is minimized. flux source at the bottpm surfaéﬁdg parameters studied are

The electronic components are treated as heat sourcedhe overall aspect ratio (length/height of the Iaygr), the ratio
embedded on flat surfaces [1]. A small fan blows air at low ©f source length to total length, and the Rayleigh number.
speeds over the heat sources. This gives rise to a situatiof\guyen and Prudhomme [4] studied the free convection flow

where the forced convection due to shear driven flow and " a horizontal rectangular cavity submitted to a uniform heat
the natural convection due to buoyancy driven flow are flux at the horizontal as well as vertical walls. Based on the

of comparable magnitude and the resulting heat transfer"’m"’“yt_iCaI solutions for the flow amplitude in terms of th‘?
process is categorized as mikeonvection. The interaction Rayleigh numbers, the onset and development of convective

between buoyancy-driven and shear-driven flows inside aflow are shown in fjeta_lls. . .
L : : Lo . Mixed convection in enclosures for various different
cavity in a mixed convection regime is quite complex.

boundary conditions has beemdied by Gebhart et al. [5]
and Hasanoui et al. [6]. Papaniclaou and Jaluria [7-10]
* Corresponding author. carried out a series of numerical studies to investigate the

E-mail address: msharif@coe.eng.ua.edu (M.A.R. Sharif). combined forced and naturabnvective cooling of heat-
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Nomenclature
A aspect ratio of the cavityf/ W Re Reynolds number
Cp specific heatofair............... kKL Ri Richardson numbe6r /Re?
d distance from the right edge to the maximum T temperature............. [
temperature on the heating element......... m U dimensionless velocity component in horizontal
ds distance of the midpoint of the source plate direction
fromtherightwall........................ m Up maghnitude of the sidewall velocity . .. .. a7t
g gravitational acceleration.............. -gn2 % dimensionless velocity component in vertical
Gr Grashof number direction
H height of the enclosure.................... m W width oftheenclosure . ................... m
k thermal conductivity of air... ... . ... wh-1.K-1 o thermal diffusivity .. ................. st
L length of the heatsource .................. m B thermal expansion coefficient............ -k
P dimensionless local pressure 0 dimensionless temperature
Pr Prandtl number v kinematic viscosity . ................. Coo
q" heat flux atthe source................ M2 e dimensionless length of the heat sourtg W
dissipating electronic components, located in rectangular
enclosure, and cooled by an external through flow of air. The i /
results indicate that flow patterns generally consist of high- adiabatic
or low-velocity recirculing cells because of buoyancy T N T - -
forces induced by the heat source. Computations for a : : ) " H
turbulent flow in mixed convection in a cavity by—w _—
model were later performed by Papaniclaou and Jaluria [11]. j asishaie P
Numerical solutions were obtained fd®e = 1000 and L :
2000 in the range ofsr =5 x 10’ to 5 x 10%. Iwatsu T ; r—x
et al. [12] performed numerical studies for the flow of 5 T |
a viscous thermally stratified fluid in a square container. heat
Shaw [13] investigated thregimensional mixed convection flux g
heat transfer in a cavity heat from below. The influence
of Reynolds number and Grashof number on the Nusselt W

number was discussed. Hsu and Wang [14] investigated the
mixed convective heat transfer where the heat source was
embedded on a board mounted vertically on the bottom wall
at the middle in an enclosure. The cooling airflow enters and geometric parameters. It consists of a rectangular cavity of
exits the enclosure through the openings near the top of thedimensionW x H, whose sidewalls are moving downward
vertical sidewalls. The results show that both the thermal with a uniform velocity, Up, and are kept at a constant
field and the average Nusselt number depend strongly on thetemperature]¢. The aspect ratio of the cavity is defined as
governing parameters, position of the heat source, as wellA = H/W. The lower wall has an embedded symmetrical
as the property of the heat-source-embedded board. Aydinheat source with constant heat flu¥,, and lengthL. The

and Yang [15] numerically studied mixed convection heat remaining parts of the bottom wall and the entire upper wall
transfer in a two-dimensional square cavity having an aspectare adiabatic. The enclosure represents a practical system
ratio of 1. In their configuration the isothermal sidewalls of such as an air-cooled elestiic device, where the moving
the cavity were moving downwards with uniform velocity sidewalls are an idealization of the cold airflow along the
while the top wall was adiabatic. A symmetrical isothermal sides of the cavity blown downwards from a fan or a jet at
heat source was placed at thth@rwise adiabatic bottom the top. The flow in the cavity is induced by the combined
wall. They investigated the effects of Richardson number shear force resulting from the movements of the sidewalls
and the length of the heat source on the fluid flow and heatand the buoyancy force resulting from the heat source at the
transfer. bottom wall.

The present study is based on the configuration of Aydin  In the present study, the flow and heat transfer phenomena
and Yang [15] where the isothermal heat source at thein the cavity are investigated for a series of Richardson
bottom wall is replaced with a constant flux heat source, numbers and./ W ratios, which is subsequently designated
which is physically more realistic. The physical model as e. Asymmetric placement of the heat source, where
considered here is shown in Fig. 1, along with the important the heat source is moved towards the right wall is also

Fig. 1. Schematic diagram of the physical system.
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investigated. Aydin and Yang [15] did not investigate the Bottom wall:

effect of aspect ratio on the heat transfer process in the 0, for0<X<(@—¢)/2
cavity. This study includes additional computations for  39/9y ={ —1, for(1—e)/2< X <(1+¢)/2
cavities at various aspect ratios, ranging from 0.5to 2 and 0, for(l+e)/2<X<1

their effects on the heat tramsfprocess is analysed and the
results are presented in terms of the average Nusselt number
and maximum temperature at the heat source surface. Rightand leftwall: =0, U=0, V=-1

The condition 00/0Y = —1 for (1 — ¢)/2 < X <
(1+ ¢)/2 at the bottom wall arises as a consequence of con-
2. Mathematical formulation stant heat flux;”.
We define the local heat transfer coefficient= ¢”/
The governing equations for laminar steady convection, [7,(x) — 7,] at a given point on the heat source surface where
after invoking the Boussinesq approximation and neglecting 7; (x) is the local temperature on the surface. Accordingly
the viscous dissipation, can be expressed in the dimensionthe local Nusselt number and the average or overall Nusselt

U=V =0

less form as number can be obtained respectively as
au av
—+-—=0 1) nu=2W o g
X  aY k 05 (X)
pdU v _ 9P 1 82U+82U @) _ :
X Y 98X Re\dx?2 ay2 Nu = hw_ 1/ ! (5)
2 2 k eJ 65(X)
aVv av P 1 /0cV  09<V Gr 0
Uio+ Vel = (2 )+ 20 (3) | N
X ayY Y Re\dX aY Re? whereé; (X) is the local dimensionless temperature.

U— +V— _—t — 4
+ X2 + Y2 )

X Y  PrRe
where U and V are the velocity components in thg
and Y directions, respectivelyP is the pressure, and The set of governing equations are integrated over the
6 is the temperature. Here,lalistances are normalized control volumes, which produces a set of algebraic equa-
by W, all velocities are normalized b, and pressure is  tions. Central differencing is used to discretize the diffu-
normalized by,oUg; p being the fluid density. The cavity ~Sion terms whereas a blending of upwind and central dif-
width W is chosen for norma“zing the distances since the ferencing is used for the convection terms. The convective

20 0 1 <329 329)
3. Numerical procedure

dimensionsH and L are varied while keepingV fixed fluxes at the control volume faces are calculatedFas
for varying the aspect ratiod, and the normalized heat F* +n(Ff — FL)°d where the superscripts and H im-
source |ength)8_ The temperature is normalized s= ply that the fluxes are calculated by the lower order UpWind

(T — T¢)/ AT whereAT is the temperature scaling defined differencing and higher ordexentral differencing schemes,
asq”W/k; k being the thermal conductivity of the fluid. ~respectively. The value of the blending factpin the right-

The dimensionless parameters appearing in Egs. (2)—(4) ardand side ranges between 0 and 1 and the superscript ‘old’
the Prandtl numbePr = v/«, the Reynolds numbeRe = indicates the value at previoiteration level, which is cal-
UoW /v, and the Grashof numb@r = g8AT W3/v2, where culated explicitly and added to the source terms. The source
v is the kinematic viscosity of the fluidy is the thermal ~ terms in the governing transport equations are not func-
diffusivity of the fluid, 8 is the thermal expansion coefficient  tions of the respective transported variables and are calcu-
of the fluid, andg is the gravitational acceleration. The lated explicitly. The algebraic equations are solved sequen-
ratio Gr/Re? in Eqg. (3) is called the Richardson number, tially using the strongly implicit procedure (SIP) proposed
Ri, which represents the relative magnitude of the free by Stone [16]. The pressure—velocity coupling is achieved
convection to the forced convection and plays an important Using the well-known SIMPLE method [17] where the ve-
role in designating the convection flow regimes. When locity components are first solved using an assumed pressure
Ri ~ 1 both free and forced convection are equally dominant field (or the pressure field from previous iteration). A pres-
and the flow regime is designated as mixed convection. If Sure correction equation is then solved whose coefficients
Ri > 1 then free convection is dominant whereas forced are functions of the calculated velocity components. The
convection is dominantwheRi < 1. Many of the electronic ~ Pressure and velocity fields are then corrected based on the
component cooling processes are operated within mixedPressure correction values. This sequence is repeated until

convection regime, which is the topic of the present study. the residuals for all equations are negligible. The computa-
The boundary conditions for the present problem are tional procedure is based on collocated mesh where the ve-

specified as follows: locity components, pressure, and other scalar variables such
as temperature are all stored at the same location (cell cen-
Topwall: 90/0Y =0, U=V =0 ter). To avoid the possibility of checkerboard pressure varia-
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tion, the mass fluxes across the cell faces are corrected usingit a representative value ef= 0.4. Fig. 2(a) shows the
the pressure gradient across the cell faces. The details of theeonvergence of the average Nusselt numidér, while
computational procedure can be found in [18]. The conver- Fig. 2(b) shows the convergence of the temperature profile
gence of the sequential iterative solution is achieved whenalong the vertical mid-plam with grid refinement. It is
the sum of the absolute differences of the solution variables observed that grid independence is achieved with a 50
between two successive iterations falls below a pre-specifiedgrid. This grid resolution is therefore used for all subsequent
small number, which is chosen as<3L0~° in this study. computations forA < 1. For taller cavities withA > 1,

a proportionately larger number of grids in the vertical
direction is used while keeping the number of grids in the
horizontal direction fixed at 50.

Due to the lack of experimental data on the particular
The FORTRAN computer code of Ferziger and Peric [18] Problem along with its asstated boundary conditions
was modified and used for the computations in this study. investigated in this study, validation of the predictions could
The working fluid is chosen as air with Prandtl number, not be done against experiment. However, the case of Aydin
Pr = 0.71. The normalized length of the constant flux heat @nd Yang [15] with symmetric isothermal heat source at the

source at the bottom walk, was varied to be 0.2, 0.4, 0.6, bottom wall was reproduced. A owarison of the variation
and 0.8. For each value ef computations were performed ©Of the Nusselt number along the isothermal heat source at
atRi = 0.1, 0.2, 0.5, 1, 2, 5, and 10 keeping the Reynolds the bottom wall and the’ velocity components along the
numberRe, fixed at 100. horizontal mid-plane, predicted by Aydin and Yang [15]

In order to obtain grid independent solution, a grid and this study, is shown in Fig. 3 where the agreement is
refinement study was performed for a square cajdty= 1)

4. Resultsand discussion

45¢ : 3
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Fig. 3. Comparison of the Nusselt number variation along the isothermal
Fig. 2. Convergence of the average Nusselt number and the temperatureheat source at the bottom amdvelocity components along the horizontal
profile along the vertical mid-plane, with grid refinement.

mid-plane predicted by the preseiide with those of Aydin and Yang [15].
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found to be excellent. Aydin and Yang [15] validated their the dimensionless source lengths 0.2 and 0.6, are shown
result against experimental data. Thus the validity of the in Figs. 4 and 5. Plots are shown only for four different
present computational process is indirectly established tovalues of the mixed awvection parameteRi = 0.2, 1, 5,

some extent. and 10, for each case. Plots for the whole rangRiainde
investigated are available in [19].
4.1. Sguare cavity (A =1) The solution is symmetric about the vertical midline due

to the symmetry of the problem geometry and boundary con-
The flow and temperature fields in terms of computed ditions. In each case the flow descends downwards along the

streamlines and isotherms fowd representative values of ~moving sidewalls and turns horizontally to the central region

Ri=10 Ri=10

Fig. 4. Streamlines and isotherms for mixed convection caseswitld.2. Fig. 5. Streamlines and isotherms for mixed convection caseswitld.6.
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after hitting the bottom wall. The flow then rises along the
vertical symmetry axis and gets blocked at the adiabatic top
wall, which turns the flow horizontally towards the cold side-
walls. Thus a pair of counter-rotating rolls is formed in the
flow domain. Visual examination of the streamlines does not
reveal any significant difference among the different cases.
However, noticeable difference is observed in the isotherm
plots. The convection region adjacent to the heat source be-
comes thinner and denser producing higher temperature gra-
dients with increasingri. Similar behavior is also observed
for cases with other values efandRi for which the plots
are not presented here for brevity.

The mixed convection regimmbecomes more discernible
with the increasing because the energy transport increases

Nu
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Fig. 7. Variation of the local Nusselt number at the heat source surface.
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Fig. 8. Variation of the average Nusselt number and maximum surface taetuggeat the heat source with Richasdsiumber for different heat sourcentgh.
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due to the increased area of the heated part. Increasing thaurface. This trend keeps on growingRigncreases. When
value of ¢ makes the range of mixed convection regime Ri > 5, buoyancy becomes dominant in the heat transfer

larger. Since the isotherm plots change whnchanges,
it is the parameter of focushithe analysis for all cases.
At low values of Ri (< 0.5), the shear force plays the
main role in the heat transport. FBr > 0.5, the buoyancy

mechanism and most of the heat transfer phenomenon takes
place near the heat source surface. Based on these behaviors,
a regime classification foRi can be made as follows: the
forced convection regimeR{ < 0.2, with negligible natural

begins to influence the heat transport and the isothermsconvection), mixed convection ®< Ri < 2, comparable
with high values tend to concentrate near the heat sourceforced and natural convection), and natural convection

T
T
S
(=]

o
<
o
1

2
2

ds/W =0.1

(Ri > 5, with negligible forced convection).

The temperature profiles along the vertical middle section
of the cavity for a range of heat source lengthatRi =1
are shown in Fig. 6. It is noticed that the temperature
decreases from the bottom to the top along the centreline
of the cavity for a particular value of. At a fixed height,
the temperature increases as the heat source lergyhws.

The temperature profiles clearly enunciates the heat transfer
behaviour expected from the isotherms given in Figs. 4
and 5, where the most intensive heat transfer region is
located near the heat source surface due to the presence of
large temperature gradients. The temperature gradients of
the cooling air decrease as it ascends from the bottom. When
the heat source lengthincreases, more heat is transferred
into the system, thus the whole temperature level in the
cavity is upgraded.

The variation of local Nusselt numbeNXu, along the
heat source surface defined by Eq. (5), is shown in Fig. 7.
It is to be noticed in these figures that the length of the
heated surface is different for different values «of The
minimum localNu occurs at the centre of the heat source

24
Re=100,Ri=1 ———
0 10.14
£€=0.2 max
20
10.12
16| g
|2 <
10.1
12
~0.08
80 0.1 0.2 0.3 0.4 0.5 0.6
d /W
1
<I0.8-
o6k
0.4 1 1 1 1

0 0.1 0.2 013 0.4 0.5 0.6
d /W

Fig. 10. Effect of the asymmetry of the heating element on the average
Nusselt numberNu, and the maximum source temperatgax (top).

Fig. 9. Streamlines and isotherms for asymmetric placement of the heat The variation of the normalized distan¢#/L) from the right edge of the

sourceg =0.2,Ri =1, Re=100.

heating element to the location @hax on the element witly / W (bottom).
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Fig. 11. Streamlines and isotherms for mixed convection caseswitl0.2
andRi = 1 for different aspect ratiog.

N
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Fig. 12. Streamlines and isotherms for mixed convection caseswitl0.6
andRi = 1 for different aspect ratiog.

A=05

and increases to a maximum at the edge of the heated

surface. Due to the symmetrical boundary conditions, two

symmetric convection cells aregerated and their interface

An important information desired from this analysis is
the identification of the hottest spot on the heat source and

behaves like an insulator. The centre of the heat sourceobtain the associated maximuemperature at that point so
surface becomes the stagnation point of the heat transfeithat detrimental conditions for the electronic circuit board

area, and attains the maximutemperature and minimum
heat transfer rate yielding the minimuxu.

The variation of the average Nusselt numidar, defined
in Eq. (5), againstRi is shown in Fig. 8 for various
values ofe. Concentrating on each plot separately for a
particular value ofs, a trend ofNu increasing withRi, is
observed. WherRi is less than 1Nu grows only slightly
with increasingRi. After Ri is more than 1Nu is found to
increase more rapidly. Sind®e is kept constant the forced
convection effect remains invariant & increases for a
particular case. WheRi > 1, the natural convection aids

can be avoided. The hottest point is obviously at the middle
of the heat source surface, which is a stagnation point due
to the flow geometry, and the convection mechanism there
is very weak compared to the other regions on the surface.
The temperature at this poirttnay, Was obtained from the
solution and is plotted as a functionkif for different values

of ¢ in Fig. 8. An increase ire increases the total heat
transferred, which in turn increases the temperature of the
heat source. This is whipax increases with increasiregfor

any particulaRi. An increase in the value d®i leads to a
decrease iMmax for the sames because natural convection

more and more in the heat transfer process in addition to aids more and more in the heat removal process in addition
the forced convection which results in more rapid increase to the forced convection. The variationémax, however, is

of Nu.

insignificant forRi less than 0.1 if the Reynolds number is
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Fig. 13. Variation of the average Nusselt number at the $@attce for different Richardson number and aspect ratios.

kept constant. This verifies the earlier assertion that forced The maximum temperaturéyay, and the average Nusselt
convection process dominates for Riex 1 regime. number,Nu, at the heat source surface for the asymmetric

The analyses presented iretpreceding section are for configuration is obtained from the computed temperature
the configuration when the heated surface is placed symmetdfield and is plotted in Fig. 10 as a function of thg/ W
rically at the bottom. It is also of interest to investigate the ratio. It is observed thafmax increases andlu decreases
effect on the heat transfer for asymmetric placement of the as the heat source becomes more and more symmetric with
heated surface. For this reason simulations were also perincreasingd;/W. In other words, the closer an electronic
formed for such configurations. The characteristic parame- componentis located adjacent to the sidewalls, the better the
ter for this configuration is the ratid,/ W, whered; is the cooling effect or heat removal is achieved. The normalized
distance of the mid point of the heated surface from the right distanced/L from the right edge of the heating element to
wall. For symmetric configuratiod,/ W is obviously 0.5.  the location ofmax on the element for different values of
The asymmetric configurations were simulated with W ds/W is also plotted in Fig. 10. It is noticed that as the
values of 0.1, 0.2, 0.3, and 0.4. The values of other pertinentheating element is moved towards the right wall, the location
parameters such &g, Ri, ande were chosen as 100, 1, and of Omax Mmoves towards left relative the heating element.
0.2, respectively.

The predicted flow patterns and isotherms for the asym- 4.2. Rectangular cavities at various aspect ratios
metric configurations are shown in Fig. 9. In this case also,
two counter-rotating vortices are produced. However, the  The results presented ime preceding section is for a
right hand vortex gets thinner as g’ W ratio is decreased.  square cavity for which the aspect rati, is 1. In order
The isotherms also get skewed and move towards the rightto investigate the convective heat transfer behavior at other
wall as thed;/ W ratio decreases. Thus the significant part of aspect ratios, computations were also done for cavities at 6
the heat transfer is occurring through the right hand vortex additional aspect ratios of 0.5, 0.75, 1.25, 1.5, 1.75, and 2
for the asymmetric configuration. with ¢ = 0.2 and 0.6, keepinBefixed at 100 andRi at 1. The
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Fig. 14. Variation of the maximum surface temperature at & kource for different Richardson number and aspect ratios.

flow patterns and temperature fields foe= 0.5, 1, and 1.5 indicating that the aspect ratio does not play a dominant role
as representative cases are compared in Fig. 14 $00.2 on the heat transfer process at that range.

and in Fig. 12 foe = 0.6. As expected, two counter-rotating From these observations, it can be concluded that the
vortices are formed at all aspect ratios. However, in the overall heat transfer procesmproves as the aspect ratio
convection region adjacent the heat source, the isotherms increases until the cavity becomes square. For taller cavities
become thinner and denser producing higher temperature(A > 1), the improvement in heat transfer process is not
gradients (increasing the overall Nusselt number) with significant.

increasingA, specially until the cavity changes from thin

rectangle to square. This is due to the fact that the cavity

volume increases with aspt ratio and more volume of 5. Conclusions

cooling air is involved in cooling the heat source leading

to better cooling effect. The average Nusselt number and A mathematical model to simulate mixed convective heat
the maximum surface temperature at the heat source ardransfer in a two-dimensional rectangular enclosure and the
plotted for a range of Richardson number and aspect ratiosassociated computer coding has been developed. The model
in Figs. 13 and 14 from which a trend is observed. For a is applied to analyze mixed convection in a square cavity
particular aspect ratio, the average Nusselt number increasesvhere the cold isothermal vertical sidewalls are moving with
while the maximum temperature decreases monotonically constant velocity and a constant flux heat source is placed at
with Ri. On the other hand, when the Nusselt number and the bottom. The moving sidewalls are an idealization of cold
maximum surface temperature are plotted for a particular air jet blown across the cavity. The cooling airflow caused
Ri as a function of the aspect ratio, it is observed that the by the shearing action of the moving sidewalls interacts
average Nusselt number increases and the maximum surfacevith the buoyancy-driven flow due to the heat source at
temperature decreases rapidiith increasing aspect ratio the bottom. The resulting processes are investigated to yield
until A is about 1. ForA > 1 the variation is almost flat  quantitative results regarding the cooling effects. The main
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parameters of interest are mixed convection paramBier, [4] T.H. Nguyen, M. Prudhomme, Bifurcation of convection flows in a
the dimensionless heat source lengthand the aspect ratio rectangular cavity subjected to @mim heat fluxes, Int. Comm. Heat
of the cavity,A. The variation of maximum dimensionless Mass Transfer 28 (2001) 23-30.

temperature and the average N elt number along the [5] B. Gebhart, Y. Jaluria, R.L. Mahajan, B. Sammakia, Buoyancy
p verag uss u 9 Induced Flows and Transport, Hemisphere, New York, 1988, pp. 699—

surface of the heat source is obtained for a rangdRiof 723.

encompassing the forced, neit, and natural convection [6] M. Hasnaoui, E. Bilgen, P. Vasseur, Natural convection above an
regimes. Symmetric and asynetric placements of the heat array of open cavities heated from below, AIAA J. Thermophys. Heat
source are considered. Transfer 6 (1990) 255-264.

Th It fl ists of tw t tati [7] E. Papanicolaou, Y. Jaluria, Mixed convection from and isolated heat
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