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Abstract

The flow and heat transfer characteristics in the jet impingement cooling of a constant heat flux surface have been investigated numeri
Computations are done for vertically downward directed two-dimensional confined slot jets impinging on a constant heat flux s
the bottom. The principal objective of this study is to investigate the associated heat transfer process in the mixed convection re
computed flow patterns and isotherms for various domain aspect ratios and for a range of jet exit Reynolds numbers (100–500) and
numbers (0–10) are analysed to understand the mixed convection heat transfer phenomena. The local and average Nusselt numb
friction coefficients at the hot surface for various conditions are presented. It is observed that for a given domain aspect ratio and R
number, the average Nusselt number at the heat flux surface increases with increasing jet exit Reynolds number. On the other
given aspect ratio and Reynolds number the average Nusselt number does not change significantly with Richardson number ind
the buoyancy effects are not very significant on the overall heat transfer process for the range of jet Reynolds number considered in
 2004 Elsevier SAS. All rights reserved.
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1. Introduction

Impingement cooling is an effective way to generat
high cooling rate in many engineering applications. Impi
ing jets are often used in heating, cooling, and drying
surfaces. They are employed in paper and textile indust
for cooling of electronic components and turbine blad
drying of veneer, thermal treatment of materials, etc. In ste
or gas industries impinging jets are used to cool down
products after rolling. In some circumstances drying r
may be increased by an order of magnitude compare
contact drying. In laser or plasma cutting processes,
application of jet impingement cooling can reduce therm
deformation of products. The impinging jet cooling is
efficient approach for the removal of high power densi
encountered in microelectronic devices. In case of a m
chip module, uniform cooling, ease of fluid introduction, a
removal of fluid from the module in smallest volume are i
portant, which can be achieved by impingement jet cooli
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,

The heat transfer process in impinging jet cooling m
fall in the forced or mixed convection regimes depend
on the relative strengths of the inertia/viscous forces and
buoyancy forces involved. The parameter that defines
convection regime is the Richardson number,Ri, which is
the ratio of the Grashof number and the Reynolds num
squared. If the forced convection process is dominant
Ri � 1 whereas for dominant natural convection,Ri � 1. If
Ri is of the order of 1, then both forced and natural conv
tion are comparable and the resulting heat transfer pro
falls into the mixed convection regime. In many applicatio
of the impinging jet cooling the buoyancy effects may
significant and mixed convection process must be con
ered for the flow and heat transfer analysis. The interactio
between the shear driven and buoyancy driven flow ma
the resulting heat transfer process very complex.

Most of the published studies on jet impingement co
ing considered forced convection cases [1–3] without tak
into account of the buoyancy effects. There is very few
ported works in the literature considering mixed convect
effects in confined slot jets for impingement cooling. Sat
narayana and Jaluria [4] found that when a heated flui
discharged at a downward inclination in a laminar slot
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Nomenclature

Dh hydraulic diameter
Gr Grashof number
k thermal conductivity
Lx non-dimensional length of the impinging plate in

thex-direction
Ly non-dimensional distance between nozzle exit

and impingement plate
e non-dimensional length of the heat flux portion
Nu Nusselt number
P non-dimensional local pressure
Pr Prandtl number

Re Reynolds number
Ri Richardson number
q ′′ heat flux per unit area
T temperature
U non-dimensional velocity component in the

x-direction
V non-dimensional velocity component in the

y-direction
X non-dimensional coordinate
Y non-dimensional coordinate
θ non-dimensional temperature
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the jet would eventually have a flow reversal if the exit bu
ancy were sufficiently large. The downward penetration
the jet is found to increase with increasing flow inclinatio
with decreasing jet exit buoyancy and with increasing flow
rate. Chen et al. [5] found that the buoyancy introduces a
gitudinal pressure gradient, which modifies the flow. M
[6] analytically predicted the effects of buoyancy for lam
nar flow over a horizontal surface. In each case of indu
decelerating flow there is an upper limit of the mixed co
vection parameter beyond which the flow will reverse. H
results show that the local wallfriction coefficient increase
sharply in response to a favourable pressure gradient
the adverse induced pressure gradient, due to negative b
ancy, the skin friction drops sharply. It is to be expected
the strength of adverse longitudinal pressure gradient
ultimately prompt flow separation. In the study of the buo
ancy effects on forced laminar convection flow, the effe
on transition and the nature of secondary flows were i
cated to be closely linked. None of the above-mentio
studies [4–6] address the effects of buoyancy on the l
wall friction and heat transfer of an impinging jet. Yuan
al. [7] showed the relative importance of buoyancy on
local wall friction and heat transfer for an impinging je
Their results also showed the relative importance of bu
ancy on the flow structure, the streamwise variation of th
flow energy and the surface transport characteristics fo
case of two-dimensional laminar impinging jets. Chou a
Hung [8] performed numerical calculations to explore
effects of jet Reynolds number, ratio of separation dista
to jet width, and jet exit velocity profile on stagnation lin
boundary layer thickness and local heat transfer chara
istics on the isothermal heated surface in confined slo
impingement problems without including the buoyancy
fects. They proposed new Nusselt number correlations
predicting stagnation line boundary layer thickness and
cal heat transfer characteristics.

Most of the above mentioned studies considered the
surface to be cooled as isothermal. In many applications
hot surface may be emitting constant heat flux instea
being isothermal, for example, embedded electronic com
r
-

-

nent on a circuit board. Wadsworth and Mudawar [1] a
Wolf et al. [2] reported that the high power electronic ch
may dissipate as high as 1–4 MW·m−2 of heat energy. The
resulting flow and thermal fields as well as local and ove
heat transfer coefficient (Nusselt number) will be different
if not significantly, than the isothermal hot surface conditi

A systematic comprehensive study for mixed convec
jet impingement cooling by confined slot jets for a wi
range of jet exit Reynolds number and domain aspect ra
have not been done yet, specially for the case when the
surface has constant heat flux condition. Whenever there
large temperature differencebetween the working fluid an
the impingement surface containing the constant heat
source and the flow velocity is not significantly high, the
might be some effect of thermal buoyancy force. Since m
impingement jet-cooling processes may operate in the m
convection regime, it is important to understand the effe
of buoyancy in the resulting heat transfer and flow physic
for designing the cooling system. This is the main moti
tion and objective of this study.

The rectangular slot in this study is assumed to be larg
the spanwise direction. Hence the flow configuration can
considered as a two-dimensional planar jet. Slot jets pro
a larger impingement zone and lead to a uniform coo
rejection after impingement. A schematic diagram for
problem configuration is shown in Fig. 1. Due to symme
of configuration about the verticaly-axis, only the right half
of the domain is considered. A downward directed slot
of width W is placed symmetrically at the middle of th
top surface of the domain. The rest of the top surfac
adiabatic. All dimensions of the flow domain are normaliz
by the hydraulic diameterDh, which is equal to 2W for a
two-dimensional slot with infinite expanse in the spanw
direction. The bottom wall is maintained at a constant h
flux condition from the symmetry line up to a distancee. The
rest of the bottom wall is adiabatic. The length of the dom
is Lx while the height isLy , which signifies the separatio
distance between the jet exit and impingement plate.
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Fig. 1. Schematic diagram of the problem configuration and a representative grid for aspect ratio 4.
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2. Mathematical formulation

The non-dimensional mass, momentum, and energy
servation equations for steady, two-dimensional, lami
incompressible flow with constant fluid properties, af
invoking the Boussinesq approximation and neglecting
cous dissipation and radiation effects, are written as

∂U

∂X
+ ∂V

∂Y
= 0 (1)

U
∂U

∂X
+ V

∂U

∂Y
= −∂P

∂X
+ 1

Re

(
∂2U

∂X2 + ∂2U

∂Y 2

)
(2)

U
∂V

∂X
+ V

∂V

∂Y
= −∂P

∂Y
+ 1

Re

(
∂2V

∂X2
+ ∂2V

∂Y 2

)
+ Gr

Re2
θ (3)

U
∂θ

∂X
+ V

∂θ

∂Y
= 1

Pr Re

(
∂2θ

∂X2
+ ∂2θ

∂Y 2

)
(4)

whereU andV are the velocity components in theX and
Y directions, respectively,θ is the temperature, andP is the
pressure. The scaling parameters are chosen as the av
velocity at the jet exit,Vj , the hydraulic diameter of th
jet, Dh, a temperature difference defined as�T = q ′′Dh/k

where q ′′ is the constant heat flux andk is the thermal
conductivity of the fluid, andρV 2

j as the characteristi
pressure. The jet exit Reynolds number,Re, is defined as
ρVjDh/µ, ρ and µ being the fluid density and viscosit
respectively. The Richardson number,Ri, is defined as
Gr/Re2, Gr being the Grashof number which in turn
defined asgβ�T D3

h/ν
2 whereg is the gravity directed in

the negativeY direction, β is the coefficient of therma
expansion, andν is the kinematic viscosity of the fluid. Th
Prandtl number,Pr, is defined asν/α whereα is the thermal
diffusivity of the fluid.
ge

The boundary conditions at the jet exit are specified
U = 0, V = −1, andθ = 0, and for the rest of the adia
batic top wall the conditions are specified asU = V = 0 and
∂θ/∂Y = 0. At the constant heat flux part of the bottom im
pingement wall, 0� X � e (half of the symmetrically place
constant flux heat source),U = V = 0 and∂θ/∂y = −1.
This latter condition for dimensionless temperature gra
ent at the impingement wall is a consequence of defin
the characteristic temperature difference�T = q ′′Dh/k,
which also leads to non-dimensional heat flux at the sur
to be equal to 1/(Re Pr). For the rest of the bottom wal
e � X � Lx , U = V = 0 and∂θ/∂y = 0. At the left sym-
metry wall,U = 0, ∂V/∂X = 0, and∂θ/∂X = 0. Constant
pressure conditions are applied at the right exit bound
where other variables are extrapolated from the inside.

The local Nusselt number at the hot plate is obtai
asNu(X) = hXDh/k = 1/θ(X)|hot plate and the average o
overall Nusselt number is obtained by numerical integra
asNu = (

∫ e

0 Nu(X)dX)/e, using the trapezoidal rule.

3. Numerical procedure

The set of governing equations are integrated over
control volumes, which produce a set of algebraic equati
The PISO algorithm developed by Issa [9] and Issa e
[10] is used to solve the coupled system of governing eq
tions. Finite-volume discretization of the governing eq
tions produces a set of algebraic equations, which are so
sequentially by the ADI method. Second-order upwind d
ferencing scheme is used for formulation of the convec
contribution to the coefficients in the finite-volume equ
tions. Central differencing is used to discretize the diffus
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terms. The cell center values of the diffusion coefficients
linearly interpolated to getcell face values. The comput
tion is terminated when all of the residuals get below 10−5.
The calculations are done using the CFD2000 comme
code where the temperature source term in the momen
equation is incorporated through user subroutines.

4. Results and discussion

For the computations, the jet width,W , is taken as
0.5 so that the hydraulic diameter,Dh, becomes 1. The
dimensionless domain length,Lx , is taken as 10 while th
height,Ly , is varied. Four different values ofLy ; 1, 1.25,
1.67, and 2.5 are considered. This gives the domain as
ratios,AR, defined asLx/Ly , of 10, 8, 6, and 4. The workin
fluid is air with Pr = 0.71. The computations are done f
3 different jet exit Reynolds numbers (100, 300, and 50
which is defined in terms of the hydraulic diameter a
uniform exit velocity of the jet. The upper limit of 500 fo

(a)

(b)

Fig. 2. Convergence of average Nusselt number with grid refinemen
comparison of the computed stagnation line Nusselt number,Nus , between
the present study and those of Chou and Hung [8].
t

Re is based on that suggested by Gauntner et al. [11]
Gardon and Akfirat [12] for laminar flow. They reported th
the critical value ofRe (based on jet width and velocity
for transition to turbulence for impinging slot-jet is abou
2000. Other researchers [8,13,14] have used similar ra
of Re for laminar flow analysis of impinging jets. At eac
Reynolds number, the Richardson number is varied from
10, thus encompassing a wide range including purely for
convection case(Ri = 0) to dominating buoyant convectio
case. The discrete values of the Richardson number at w

Fig. 3. Streamlines (left) and isotherms (right) for aspect ratio 4.



D. Sahoo, M.A.R. Sharif / International Journal of Thermal Sciences 43 (2004) 877–887 881

Thu

e
in
the
. 1.

tain
for

nce
face
id
ns.
ent

the
ndi-
ns
eri-

me-
the computations are done are 0, 0.1, 0.5, 1, 5, and 10.
calculations are done for a total 72 different cases.

The mesh is uniformly spaced in theY direction and
also for the heat source part of the bottom surface in thX

direction for 0� X � 2. ForX > 2, the mesh is stretched
theX direction with an expansion factor of 1.65 towards
domain exit. A representative mesh is also shown in Fig

A systematic grid refinement study, according to a grid
refinement scheme shown in Table 1, is conducted to ob
grid independent solutions. Computations are done
aspect ratio 4 and 10 atRe = 500 andRi = 1 while the grid
sis refined. Fig. 2 as well as Table 1 show the converge
of the average Nusselt number at the heat flux sur
with grid refinement from which it is observed that gr
level 5 (grid 5) produced almost grid independent solutio
This grid resolution is therefore used for all subsequ
computations.

Due to the lack of suitable experimental data on
particular problem along with its associated boundary co
tions investigated in this study, validation of the predictio
against experiment could not be done. However, the num
cal results of the study by Chou and Hung [8], whose geo
Fig. 4. Streamlines (left) and isotherms (right) for aspect ratio 6.
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Fig. 5. Streamlines (left) and isotherms (right) for aspect ratio 8.

Table 1
Grid refinement scheme

Grid refinement level Y direction uniform spacing X direction AverageNu

0� X � 2 uniform spacing X > 2 stretched AR = 4 AR = 10

Grid 1 8 8 4 4.51 9.59
Grid 2 16 16 8 8.21 12.33
Grid 3 24 24 12 10.65 12.15
Grid 4 32 32 16 11.87 11.73
Grid 5 40 40 20 12.27 11.43
Grid 6 48 48 24 12.28 11.23
tudy
an

am
e
sen
sur-

ou
ery
tion

t
t ra-
try and flow parameters are quite similar to the present s
are reproduced using the present computer code. Chou
Hung [8] used a different computational procedure (stre
function-vorticity method with SIMPLEC algorithm). Th
Nusselt number at stagnation line predicted by the pre
computer code for zero buoyancy and isothermal hot
d

t

face condition is compared with the calculations of Ch
and Hung [8] in Fig. 2. The agreement is found to be v
good which indicates the validity of the present computa
to some extent.

The predicted streamlines and isotherms at differen
Reynolds and Richardson numbers for domain aspec
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Fig. 6. Streamlines (left) and isotherms (right) for aspect ratio 10.
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tios of 4, 6, 8, and 10 are shown in Figs. 3–6, respectiv
From these figures it is observed that, at any particular
pect ratio and Reynolds number there is a marked cha
in flow patterns and isotherms as the flow regime chan
from dominant forced convection(Ri ∼ 0) to increasing
buoyancy with increasing Richardson number. As the jet
pinges unto the bottom plate a counterclockwise prim
vortex is generated near the upper plate adjacent to th
due to entrainment. As the Reynolds number is increas
clockwise secondary vortex is generated near the impi
ment plate, which is smaller than the primary one an
is also weaker in terms of rotational intensity. With the
crease in Reynolds number the size of the secondary vo
also increases. There is some flow reversal at the domain
for higher Reynolds number and Richardson number for
pect ratio 4. Since constant pressure condition is impo
on that boundary, this did not produce any numerical pr
t

t

lem. The length of the primary vortices decrease as theAR
is increased for the range of theRe andRi considered. Fo
a givenAR it can be observed that the centers of both
primary and secondary vortices move downstream asRe is
increased. For all the aspect ratios and range of Richar
numbers considered, flow separation at the bottom sur
occurs at larger Reynolds number due to the secondary
tices. For a particular aspect ratio and a Reynolds numbe
effect of buoyancy is distinctly observed. As the Richard
number increases the strength and length of the secon
vortices reduces as shown in the streamline plots.

For the isotherm plots, it is observed that for a particu
AR andRe, the isotherms become denser towards the
source portion as theRi (the buoyancy effect) increase
The temperature gradient decreases away from the re
of impingement until the last part of the heat flux porti
where it is slightly increased. It is also noticed that for a
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Fig. 7. Variation of the local Nusselt number and skin friction coefficien
the bottom surface forRe = 100.

givenAR andRe, the average temperature of the flow dom
decreases asRi increases making the domain cooler.

Figs. 7–9 show the variation of local Nusselt numb
Nu(X), along the heat flux part of the impingement pla
for the whole range of parameters considered in this st
It is observed that for 0� X � 2 the effect of buoyancy(Ri)
on the local Nusselt number is insignificant for the range
Reynolds number considered. However, from the figure
is evident that for low Reynolds number(Re = 100) and
higher Richardson number the Nusselt number decre
very slightly. This effect is diminished as the aspect ra
and Reynolds number are increased. For a particular as
ratio, at higher Reynolds numbers the local Nusselt num
increase slightly to a maximum and then decreases alo
the surface. Since the local Nusselt number is recipr
of the dimensionless surfacetemperature, this indicate
s

t

Fig. 8. Variation of local the Nusselt number and skin friction coefficien
the bottom surface forRe = 300.

that the surface temperature is minimum aroundX = 0.1
(not at the stagnation line), and then increases along
surface.

In a jet impingement flow buoyancy affects both t
heat transfer coefficient and skin friction coefficient on
the impingement surface. As a part of investigation, i
desired to show the effect of Richardson number on s
friction coefficientCf . Figs. 7–9 also show the variatio
of Cf , multiplied by the Reynolds number, along the h
surface for the range of parameters considered. The
skin friction factor increases sharply from zero at
stagnation point to a maximum value in a short dista
near the impingement region and then decreases with
streamwise distance,X. For the case of downward facin
jet the buoyancy forces work against the flow. For la
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Fig. 9. Variation of the local Nusselt number and skin friction coefficien
the bottom surface forRe = 500.

Richardson numbers the impinging velocity is reduced
is the wall friction. As the value ofRi becomes sufficiently
small, Cf is slightly reduced. As the secondary vortex
created the flow separation takes place and hence loc
skin friction increases with increase in Richardson num
making the effect of buoyancy noticeable. Towards
outflow theCf values becomes almost independent of
Richardson number. This trend is observed as the dist
between the isothermal plate and jet exit is reduced. Ano
important point to be noted is negative values ofCf

occur indicating the condition of flow recirculation. For
particular aspect ratio the value of skin friction coefficie
increases with increase in Reynolds number. For a givenRe,
the peak value ofCf also increases with increase in asp
ratio.
Fig. 10. Close-up view of the variation of local Nusselt number near
impingement region.

A close-up view of the variation of the local Nuss
number along the heat source at the impingement regio
shown in Fig. 10 for a representative aspect ratio of 6
the range ofRe andRi considered. It is observed that for
particular Reynolds number, the Nusselt number decre
in the region 0.01 < X < 0.2 starting with a higher valu
very close to stagnation line.This is because of the hig
convection process going on at the impingement reg
This process gradually becomes weak and the local Nusse
number almost stays the same. However forRe = 300 and
500, with an increase inRi there is a slight increase in th
Nusselt number at the jet impingement region. This tr
is reversed towards the end of the heat source, which is
shown in the above figure. Similar trend is also observed
AR = 4, 8 and 10.

Fig. 11 shows the variation of overall or average N
selt number,Nu at the heat source with Richardson num
for the different aspect ratios and Reynolds numbers c
sidered. It is observed that the overall Nusselt num
increases significantly with Reynolds number. It is ho
ever, also observed thatNu decreases slightly with increas
in Richardson number for any particular set of aspect
tio and Reynolds number considered. This indicates tha
effect of buoyancy on the overall heat transfer process is
significant for any specific set of aspect ratio and jet e
Reynolds number even though the evolution of the flow
thermal field for the whole domain with increasing Richa
son number is noticeable. This rather unexpected findin
can be attributed to the constant flux boundary condi
at the heated surface and the range of relatively hig
jet exit Reynolds number (100–500) investigated in t
study. The effect of the buoyancy on overall Nusselt nu
ber is not significant at these higher Reynolds numbe
may be significantly noticeable for low exit jet Reynol
number. In order to verify this statement, simulations
repeated at a jet exit Reynolds number of 30 with asp
ratio 6 and varying Richardson number from 0 to 10 a
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Fig. 11. Variation of average Nusselt number at the hot surface
Richardson number and Reynolds number.

it is found that the overall Nusselt number decreases
41%, whereas at higher Reynolds number (100–500)
change in overall Nusselt number is found to be less t
3% when the Richardson number is varied from 0 to
On the other hand, when simulations are done for a hig
jet exit Reynolds number of 300 with a very high Richa
son number of 100, the overall Nusselt number change
only 2%.

It is also of interest to investigate the effect of t
separation distance from the jet exit to the impingem
plate, Ly , on the heat transfer process. The variation
the overall Nusselt number has been plotted againstLy , in
Fig. 12. It is observed that for higher Reynolds numberNu
increases slightly withLy . It is also observed that the effe
of Richardson number is more noticeable at lower Reyn
number.
Fig. 12. Variation of overall Nusselt number at the hot surface withLy .

5. Conclusions

Laminar mixed convective cooling of a constant fl
hot surface by confined slot jet impingement is studied
detail through two-dimensional numerical simulation
a wide range of domain aspect ratio, jet exit Reyno
number, and Richardson number. The mixed convec
effect, characterized by the Richardson number, incre
as the Richardson number is gradually increased from
(purely forced convection). Predicted flow and thermal field
are presented in the form of streamlines and isotherms. Th
variation of the local and overall Nusselt number and s
friction coefficient at the hot surface is presented for
range of parameters considered.

There are noticeable changes in the flow and ther
fields as the Richardson number changes for a particula
of jet exit Reynolds number and domain aspect ratio. F
separation along the impingement surface occurs for s
Richardson number depending on the aspect ratio an
Reynolds number.

The local Nusselt number along the hot plate va
slightly with Richardson number for a particular set
domain aspect ratio and jet Reynolds number. However
overall Nusselt number at the hot plate does not cha
significantly with Richardson number for the range
jet exit Reynolds number considered, despite notice
changes in the flow and thermal field in the whole dom
The insignificant effect of the Richardson number on
overall Nusselt number is attributed to the constant
boundary condition at the heated surface and the rang
jet exit Reynolds numbers (100–500) that are conside
moderately high. At low Reynolds number(Re = 30), the
effect of Richardson number variation is significant.
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The skin friction coefficient increases rapidly from zer
at the stagnation line to a peak very close to the stagna
line and then drops quickly, which is typical for impingin
jet problem. Slight variation of the skin friction coefficient
observed with increasing Richardson number and decrea
aspect ratio.
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