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INTRODUCTION

Air cooling is still the most attraciive method for compurer systems and other
electronic equipment. due to its simplicity and low cost. Thermal enginecrs in the
electronics industry are always trying 1o achieve the hicst possible perfornance out of
air cooling. In this effort, the need for understanding the variety of flow phenomena
and convective heat 1ransfer mechanisms that are present in air-cooled elecironic
systeis 1s obvious,

Extensive survevs of the various modes of convective heat transfer and relevant
configurations zlong with the associared heat transfer correlations have heen presented
by Jaluria {1}, Papanicolaou and Jaluria [2], and El Kady [3]. Large number of
practical situations involve mixed comvective heat transfer in which both inodes of
forced and uatural copvection effects are dominant and hoth modes are significant.
Such circumstances arise when a fluid flows over a heated surface with relatively low
velocily. The effect of the incorporation of both trausport mechanisms on the heat
transfer rate is particularly important in the desipu of thermal systems, such as
electrouic circuitry and furnaces. In the work of Hebchi and Archarya [4] a numerical
study was done for mixed convection of air in a vertical channe! containing parvial
rectangular blockage on one chaonel wall The wall coutaining the blockage was
assumed to be heated while the other wall was assumed to be adiabatic or heated.
Maughan and Incropera [5] made experimental measurements i the thermal ewry for
various chaonel inchpations. Kang et. al [6] obtained experimental results for the
cooling of a protruding heat generating module on a horizontal plate in an externaify
induced forced flow. Mahaney et al. [7] studied the mixed convective heat transfer
from an array of discrete beal sources in a horizontal rectangular channel, An analysis
is made by Kim et. al. [8) of the flow and heat transfer characteristics of a2 mixed
convection from multiple-layered boards with c¢ross-streamwise periodic boundary
conditions. Papawicolaou and Jaluria [2] studied numerically the combined forced and
matural couvective cooling of bear dissipating surface electronic comnponents. localed in
the walls of a rectangular cavity, and cooled by an upper external through flow of air.

These studies dlustrated the lack of Xnowledge in mixed couvection from
protruding heat sources. The present study is directed 10 develop numerical model 1o
mvestigate the Huid flow and heat transfer characteristics due to the mixed convection
from proiruding heat source in rectanguiar chanuels. The dependence of thie heat tow
charactcristics on the distance of the heater from the inlet section of the air flow is
investigated. The ranges of the natural conveciive dominated flow, transient and forced
convection donmtinated flow are determined as a function of the srength of the mixed
conveciion Riehardson number Gr/Re?, Cormelations for the average Nusselt number
aud maximum hcater surface temperature are developed as a function of Gr/Rel.
Experimental res1 was done and the results were used to vatidate the numerical model.

MATHEMATICAL FORMULATION AND METHOD OF SOLUTION

A lanniuar mixed couvection air flow is considered m a horizowtal chanpel of
hetght H.  The chanuel contains a protruding beat source of lewgth L and heiglit b with
output uniform heat flux ¢, placed on the lower horzontal channel wall, as illustrated in
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Fig. 1. External air enters the channel with uniform velocity u, and constant ambieat
temperature T, The horizontal surface carrying the heat source is maintained adiabatic.
while the top chaunel surface is maintained at the ambient air temperature T, Assuming
thet the fluid properties are constant except for density, the governing equations for
mass, momentumn with the Bousinesq approximation and energy in the channel are:

duwiox + iy = 0 1))

u dwdx + v dwdy = - U/ p.[0P/Ex] + v.[0M/dx? +O/By?) {2)

u OV/BX + v /By = - V p.[OPI3Y] + v.[8Pviox? +D2v/ay?] +gB(T- T,) (3}
u dT/idx + v 0T/dy = & [02T/ox2 + 32T/dy?) (4)

wherew, v, P, T, p, u, B, and & are the velocity in the horizontal and vertical directions
x and y, pressure, fuid temperature, the fuid density, the fluid linematic viscosity ,
fluid coefficient of thermal expansion and the thermal diffustvity respectively.
Eliminating the pressure P between equations (1) and (2), from defmitions S=dv/dx-
Bw/dy, u= dy/éy and v=-0y/dx and using the nondimensional variables: X=x/L. Y=y/L,
U= wu, V= viu, o=G.L%v, ¥=y/v and B = (T- T,)}{(q.L/k) the dimensionless form
for the goveming equarions (1-4) can be wrilien in terms of nondimensional stream
function, vorticity, borizontal and vertical velocities, and temperature as foilows:

U.8av8X + V.0w/dY = 1/Re. [2w/dX2 + 32a/8Y 2] + Gr/Re? . [80/0X] (%)

- = MW/PX2 +o2¥ DY (6)
U.00/0X +V.00/0Y = 1/(Pr.Re) . [020/0X>+020/2Y2) (7
U=0%¥/Y and V=- J¥/8X (3)

where Grashof number Gr = gP L* ¢ /ku2, Reynolds number Re = u, L/u, Prandtl
number Pr = v/ and k is the fluid thermal conductivity.
The dimensionless boundary conditions can be expressed as:

aX=0U=1,v=0,8=0 (9a)

8t Y=0, 0<X< L /L. I+L A<X<IHL+LWL: U=V =0, 30/3Y =0 (9b)
at Y=H/L, 0S X <IH{L,+LVL: U=V =8=0, (9¢)

at X=1+L,+L2)1,, 0SY<H/L: U/3X =aV/3X = 8/5X = 0 (9d)

at heater surface, Y=b/L, L /LsX<IHL /L) U=V=0, 88/3Y = -1 (9e)
at X=L/L, 0<Y<h/L: U=V =0, 38/0X =1 (9D

at X=I+Ly/L, 0sY<b/L: U=V =0, 88/dX =-1 {9)

The iocal and average heal transfer coefficients along the surface of the heater
are presented by means of the Nusselt number and may be expressed m terms of the
measured Bux and temperatures according to the definition used i [4] and [6] as:

Nu=hi/k=(qL/k)/(T-T,) (10}
Nu=(g /I T-Ty) (1
where T is the average heater surface temperature,

The dimensionless governing equattons (5)-(8) and the associated boundary
conditions given by equation (9) were solved by a Anite difference procedure discussed
by Patanker {9]. The domazin is subdivided mto a number of control volumes, each
associated with a grid point, and the governing equation is integrated over each control
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volume resulting in 2 system of algebraic equations which are solved using the Gauss-
Seidel elimination method. An iterative solution procedure was employed here to obtain
the steady state solution of the problem considered. The calculations were done on finer
grid size distributions. A 31x121 uniform grid was considered to give grid independent
results. The convergence criteria used for all feld variables £(= o, ‘¥, 8) for every point

is J(g0+ 150 )/en} <105 where n is the index representing the iteration number.

EXPERIMENTAL WORK

A low speed wind tunpel, with i2x12cm square cross section of wood and 60
cm long is used. The air enters the test secrion (1) shown in Fig. 2 through a bell
mouth (2) and a fine mesh screen (3) to ensure a fairly uniform flow with a negligible
nwbulence in the test section. The local flow velocity is measured by means of a hot
wire anemometer (4) at different locations in both the Y and Z directions at a section
free of the block heater and is integrated to get the average air velocity. A nickel-
chromium heater wire (5) is wrapped at equal pitches over a three sides of backalite
core of 2.2 cm wide, 1.4 cm beight and 12 cm long (6). This core is surrounded by
mica sheets of 0.5 mm thickness (7) and is mserted mside a highly polishied aluminum
channel of 2.7 cm wide, 1.6 cm height and 12 cm long (8) to form the heat source
module {?). Thbe heat source medule is fixed on the floor of the channel which is made
of 5 ¢m thickness wood. The heat wput to the heater is controlled by using an auro-
trapsformer (10) as well as an ammeter (11) and voltmeter {12). The heater surface
terperature is measured by nine copper-constantan thermocouples (13), while the
temperature distribution along the floor is measured hy 15 thermocouples. The
thermocouples are connected to 8 Yokogawa digital temperature recorder with a
seusitivity of 0.1°C.  Nearly one hour was needed 1o reach the steady state condition.

Te¢ validate the numerical calculated results, experimental tests were done for
geometrical dimensions of L/L=11, L4/L=10, b/L=0.6 and H/1-=7.3 and operating
parameters of Pr=0.7, Gr=5.5x105% and Re= 374, §16, 1200 and 1500. Comparisons
are shown in Figs. 3 and 4 hetween the calculated local surface temperature and heater
local Nusselt aumber with the experimental resylts. Fair agreement exists with average
and maximum differences of 6 and nearly 9 percent, respectively,

RESULTS AND DISCUSSION

The dependeace of the beat flow characteristics on tbe distance of the
protruding heater from the inlet section of the chapnel is studied. Also the regions of
the natural convective dominated flow, transient flow and forced convection dominated
flow are determined in terms of the Reynolds number and the mixed convection
Richardson number Gr/Re2. The geometrical particulars were set forth: L=1, b/L=0.5,
0.52L,/L<6, 1<L,/L<6.5, and H/L=2. The operating parameters are Pr = 0.7,
Re<103, and Gr/Re2 up to 104, The results are presented in the form of streamline and
isotherm contours, temperature profiles at the heater surfaces. Heat transfer results are
presented as the local and average Nussek number at the heater surfaces.
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Fig. 2 Schematic diagram of the experimental apparatus
(1) Test section. (2) bell mouth, (3) fine mesh screen, (4 hiot wire anemometer. (5)
mickel-cliromum efectric heater, {8) backalite cove , {7) sheet of mica, (3)Aluiminuim
chaunel, {9) heat source module, (10) auto transformer, (11) voltmeter, {12)
ammeter, {13) copper-constantan thermocouple,  and (14) blower
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Fluid flow Soructure and Isotherms

The streamline and isotherm contours are presented i Figs. 5 and 6 for Re=250
and Gr=106. The fluid acts according to two forces, the extemal foreed sir flow
velocity and the buoyancy due to the heat dissipation from the heater, As the flow
approaches the heater, the streamlines are deflected towards the upper horizontal
channel surface. Therefore, the streamlines above heater are more densely packed.
Downstream the heater, the flow separates and reartaches further on the Boor surface
mzking denser flow region near the chamne] floor surface and lower density flow near
the channel upper surface. ln Fig, &, the boundary layer thickness changes rapidly near
the heater because of the influence of the heater blockage on the distortion of the
external flow and on the resulting temperamure distribution in the flow over the heater.
Fig. 6 shows the upsiream penetration and the downstream spread and decay of
thermal effects. Downstream of the heater, the boundary layer thickness keeps on
inereasing gradually, because ofthe wake effect m the flow and owing to the fact that
the thermal buoyancy force is nonmal 1o the external flow direction.

Heater Surface Temperature

The reliabiliry and operation of electronic components depends on the
maximum temperature attained by the component. Figure 7 displays the local
temaperature 6 distribution along the hester surfaces A-B, B-C, and C-D for Re=250
and Gr=105. 8 is minimum at a point nearer to pont B. It increases gradually towards
the bottom comner at point A which has the maximum temperature of the [eft face A-B.
For the purely natural convection case, the Jocation of 8, at the top heater surface
(B-C), is at the center pomt. In the studied mixed convection case, Fig. 7 shows a
deviation of @, location from the heater center, owing to the existence ofthe
external forced air flow. At the vight face O mcreases in the direction towards the
bottom comer due to the flow separation and wake effects making 6., at point D.

The varnation of 8,,, with the L;/L ratio is shown in Fig. 8. } is shown that
Bpax Of the right face (surface C-D) is found to be the largest due to the separation of
the Aow and wake regiou effects near it. While 8,,,, at the left face (surface A-B} is
always found to be the lowest this surface is facing to the external colder flow.

Hent Transfer

The digtribution of the local Nusselt number Nu along the heater surfaces is
shown in Fig. 9 for Re=250 and Gr=10%. Nu is seen to increase up to the top comer of
the leRt face (A-B). A maximum of Nu is observed near this comer, followed by a
gradual decay at the top face (B-C) until the point of maximum temperature, then
followed by another gradual increase until the trailing edge of the top surface. At the
right face C-D, a gradual decrease is observed from the top comer point to the bottom
comer point, making point I} to have the minimum rate of heat transfer.

Nu is shown versus L)/L in Fig. 10. Nu at the lefl face (surface A-B) is found
to be the largest among the three faces since this surface is facing the external air flow.
While Nu at the right face (surface C-D) is the lowest among tbe three fzces due to the
separation of the flow and wake region effects.
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Effect of heater Location

The influence of the heater module location in the channel {the distance
between the heater and the entrance section of the channel L /1) on the flow and heat
transfer characteristics is shown in Figs 3-10 for Re =250, Gr=106, b/L=0.5, and 0.5<
L/L<6. Figures 5 and 6 show no clearly influence of the position of the heater module
Ly/L on the streamline or isotherm contours before, over or afier the heater module.
With the increase of Lj/L ratio, an mcrease of the surface temperature of the lefl
surface A-B which is shown in Fig. 7 and a decrease of the local Nu which is shown in
Fig. 9 for L{/L =1 and 2. For L;/L.>2, uo change in both 8 and Nu exists. With the
increase of Ly/L, small decrease exists in O and increase of the Nu at the top heater
surface (B~C). For the right heater surface (C-D}, both 6 and Nu are insensitive for the
change of the Lj/L ratio. Therato L,/1.<2 is the best region for the location of the
heater module because of the relatively higher values of the average Nusselt sumber for
the threc heater surfaces expressed by (A-B-C-D), as shown in Fig. 10. For L/1.>2,
B ax 35 well as Nu for the right, top and left heater surfaces are nearly constant.

Effect of anerating parameters

Figures 11 and 12 present the variation 0f 8, and Nu with Re for the three
heater faces for L /L=2, b/L=0.5 H/L=2, Gr= 109 and 10< Res103. 8y, 2t the right.
top, and left surfaces of the heater decrease as shown in Fig. 12 with the increase of
Reynolds number up 10 Re=70. For 70<Re<140 the changes of B, occur with
smaller rates. This is the transition regiou from a natural convection dowminated flow 10
a forced convection dominated one. The above tragsition in the flow has a big
influence on 8,,,. For Re>140, 8, at the ripht face (A-B}) and lefl face (C-D) of the
heater. increases with smaller rates which makes the values of 8., at Re=107 still less
than its sraallest values at the end of the natural convection dowinated flow region. For
the top surface (B-C), B, decreases with the increase of Reynolds number. Figure
12 shows the behavior of Nu for the three faces of the heater module with the inerease
of Rewvnolds number. In the natural convection dominated flow, Eu for the thres
heater faces increases with increasing of Re. A slowerincreasein Nu is observed
during the transition, followed by gradual increase in the forced convection dominated
region for both the lefl and the top faces and nearly no change in Nu at the right face.
These results indicate that flow velocity that puts the flow in the forced convection
dominated region, just outside the transition region, is recommended.

The variation of8y,, and Nu with Gr/ReZ are shown in Figs. 15 and 14, The
results indicate that the flow is a forced convection dominated Bow when Gr/Re? <51,
transient by 31<Gr/Rel<204 and a narural convection doniinated one when Gr/Rel =
204. To obtain the dependence ofbcth 6, and Nu on Gr/Re?, correlations were
expressed for the three heater surfaces as follows:

O =2 (GReZ®  and  Nu=c (GrRe?)d (12)
where a, b, c. and d are constants shown in the following table.
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Forced convection T Tramsient | Natural convection
heater dominated flow flow dominated flow,
surface Gr/Re? < 51 51< Gr/Re? €204 Gr/Re? 2 204

Y b a b a b
A-B 0165 -0.048 0.13% -0.0021 0.0547 0,173
B-C 0.14 0.03% 0.1621 -0.0022 0.0628 0.171
C-D 0.359 -0.045 0.3356 | -0.03156 0.174 0.111
c d ¢ d ¢ d
A-B 8.143 -0.021 7.769 -0.0085 13.95 -0.109
B-C 7.34 -0.034 6.836 -0.018 18.04 -0.1913
c-D 3814 0.0256 4.823 -0.0352 B.00 -0,133
A-B-C-D 6.676 -0.0213 6.255 -0.0047 12.71 -0.1396
CONCLUSIONS

A numerical procedure wes developed to simulate the mixed convection from a heat
source prouuding from the floor of a horizontal channel The results show the
followmeg:

The thermal boundary layer thickmess increases rapidly before, over, and
downstream of the heater with an upstream penetration and a downstream spread and
decay of thermal effects.

Omay 8t the left and right heater faces occur at the bottom eomer points, while,
its location at the top surface depends on Gr/ReZ. 9, of the right face of the heater
is the largest temperarure, while 8. at the left face is the lowest one. Nu st the left
face of the heater is the largest while, Nu at the right face is the lowest.

The ratio L;/L<2 is the best region for the location of the heater module because
of the relatively higher values of the total average Nu for the three heater surfaces.

The forced convection dommated flow region is determined hy Gr/Re? <51,
the transient regionis determined hy the §1<Gr/Re2<204, while, the narural convection
dominated one is determined by Gr/Re? = 204. For the three regions 8y, and Nu for
the three heater surfaces are correlated with Gr/Re? as:

Bax = 3 (G/Re2)®  and  Nu = ¢ {Gr/Re2)d
where a, b, ¢, and d are constants,

NOMENCLATURE
ab,c,d constants of Eq. (12) u air velocity in the x direction, m/'s
b heater height, m v air velocity m the y direction, m/s
Gr Grashof number, Gr = gP L# ¢ /ku? u,  air temperature at entrance, m's
h convective heat transfer coefficient U,V noo-dimensional air velocity in th
Wim? K X and Y directions, uw/u, and v/u,
H channel height, m x  distance in horizontal direction, m
k fluid thermal conductivity, W/mK y  distance in vertical direction, m
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L heater width, m XY dimenpsionless distance m x and
directions. x/L and y/L
L, distance from the channel inlet, m o fluid thermal diffusivity, m?/s
L, distance from the channel exit, m B fluid volumetric coefficient of
thermal expansioa, /K
Nu local Nusselt number, Eqs.(10) g dimensionless temperature
Nu  average Nusselt numher, Eqs.(11) w  suream function, m2/s
P pressure, I'a ¥  dimensiogless stream haiction, y/u
Pr fluid Prandt] number, u/o & vorticiry, 1/s
q heat flux on the heater surface, W/m? @  nondimensional vonticity, o=CL2ZA
Re fluid Reynalds number, Re = u, L/u u  fluid kinematic viscosity, m?/s
T fluid temperature, K p  fluid density. kg/n’
T, air temperature at cbanne] entrance, K
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