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Abstract

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

Keywords: Numerical heat transfer; Confined slot jet; Jet impimget cooling; Constant heat flux; Mixed convection

1. Introduction The heat transfer process in impinging jet cooling may
fall in the forced or mixed convection regimes depending
Impingement cooling is an effective way to generate a On the relative strengths of the inertia/viscous forces and the

high cooling rate in many engineering applications. Imping- Puoyancy forces involved. The parameter that defines the
ing jets are often used in heating, cooling, and drying of Convection regime is the Richardson numidr, which is
surfaces. They are employed in paper and textile industries,{h€ ratio of the Grashof number and the Reynolds number
for cooling of electronic components and turbine blades, SAuared. If the forced convection process is dominant then
drying of veneer, thermal treaent of materials, etc. In steel R <1 whereas for dominant natural convectign;> 1. If

or gas industries impinging jets are used to cool down the R| is of the order of 1, then both forged and natural convec-
products after rolling. In some circumstances drying rate 0N are comparable and the resulting heat transfer process
may be increased by an order of magnitude compared tofalls mtp th_e mlxeq conveptlon regime. In many applications
contact drying. In laser or plasma cutting processes, theo_f th_]? |mp|ng|dng Jet (cj:oollng th_e buoyancy effectsb may b%
application of jet impingement cooling can reduce thermal S'9™ icant and mixed convection process must be consid-
deformation of products. The impinging jet cooling is an ered for the flow and heat tramsfanalysis. The interaction
efficient approach for the removal of high power densities between the shear driven and buoyancy driven flow makes

encountered in microelectronic devices. In case of a multi- thel\;eSlt“t'P?hheatgl?':ffgr F:r(()j?ess \r/]e_r)f[ Cir?qmialexh nt |
chip module, uniform cooling, ease of fluid introduction, and . ost ot the published studies on Jet impingement Cool-

. . : ing considered forced convection cases [1-3] without taking
removal of fluid from the module in smallest volume are im-

. . N . . into account of the buoyancy effects. There is very few re-
portant, which can be achieved by impingement jet cooling. . . S . .
ported works in the literature considering mixed convection

effects in confined slot jets for impingement cooling. Satya-
* Corresponding author. narayana and Jaluria [4] found that when a heated fluid is
E-mail address: msharif@coe.eng.ua.edu (M.A.R. Sharif). discharged at a downward inclination in a laminar slot jet,
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Nomenclature
Dy, hydraulic diameter Re Reynolds number
Gr Grashof number Ri Richardson number
k thermal conductivity q” heat flux per unit area
Ly non-dimensional length of the impinging plate in T temperature
the x-direction U non-dimensional velocity componentin the
L, non-dimensional distance between nozzle exit x-direction
and impingement plate % non-dimensional velocity componentin the
e non-dimensional length of the heat flux portion y-direction
Nu Nusselt number X non-dimensional coordinate
P non-dimensional local pressure Y non-dimensional coordinate
Pr Prandtl number 0 non-dimensional temperature

the jet would eventually have a flow reversal if the exit buoy- nent on a circuit board. Wadsworth and Mudawar [1] and
ancy were sufficiently large. The downward penetration of Wolf et al. [2] reported that the high power electronic chips
the jet is found to increase with increasing flow inclination, may dissipate as high as 1-4 M2 of heat energy. The
with decreasing jet exit buaycy and with increasing flow  resulting flow and thermal fields as well as local and overall
rate. Chen etal. [5] found that the buoyancy introduces a lon- heat transfer coefficient (dselt number) will be different,
gitudinal pressure gradient, which modifies the flow. Mori it ot significantly, than the isothermal hot surface condition.

[6] analytically predicted the effects of buoyancy for lami- A sysiematic comprehensive study for mixed convective
nar flow over a horizontal surface. In each case of induced ;

decel g h ; imit of th ed jet impingement cooling by confined slot jets for a wide
ece erating flow there is an upper Imit o t. € mixed con- range of jet exit Reynolds number and domain aspect ratios
vection parameter beyond which the flow will reverse. His

results show that the local wdtiction coefficient increases have not been done yet, specially for the case when the hot

sharply in response to a favourable pressure gradient. I:Orsurface has constant heat flux condition. Whenever there is a

the adverse induced pressure gradient, due to negative buoyl—arg(_e temperature dlfferend:xetwggn the working fluid and
ancy, the skin friction drops sharply. It is to be expected that ("€ impingement surface containing the constant heat flux
the strength of adverse longitudinal pressure gradient will Source and the flow velocity is not significantly high, there
ultimately prompt flow separation. In the study of the buoy- might be some effect of thermal buoyancy force. Since many
ancy effects on forced laminar convection flow, the effects impingement jet-cooling processes may operate in the mixed
on transition and the nature of secondary flows were indi- convection regime, it is important to understand the effects
cated to be closely linked. None of the above-mentioned of buoyancy in the resultingdat transfer and flow physics
studies [4-6] address the effects of buoyancy on the localfor designing the cooling system. This is the main motiva-
wall friction and heat transfer of an impinging jet. Yuan et tion and objective of this study.

al. [7] showed the relative importance of buoyancy on the  The rectangular slot in this study is assumed to be large in
local wall friction and heat transfer for an impinging jet. the spanwise direction. Hence the flow configuration can be
Their results also showed the relative importance of buoy- considered as a two-dimensional planar jet. Slot jets provide
ancy on the flow structure, ¢hstreamwise variati_on of the 3 |arger impingement zone and lead to a uniform coolant
flow energy and the surface transport characteristics for the giaction after impingement. A schematic diagram for the
case of two-dimensional laminar impinging jets. Chou and 1 1em configuration is shown in Fig. 1. Due to symmetry
Hung [8] performed numerical calculations to explore the of configuration about the verticataxis, only the right half

effects of jet Reynolds number, ratio of separation distance of the domain is considered. A downward directed slot jet

to jet width, and j?t exit velocity profile on stagnation line of width W is placed symmetrically at the middle of the
boundary layer thickness and local heat transfer character-

istics on the isothermal heated surface in confined slot-jet top surface of.the dpmam. The rest of the top surfage IS
impingement problems without including the buoyancy ef- adiabatic. All dl_mepsmns of the ﬂow _domam are normalized
fects. They proposed new Nusselt number correlations for PY the hydraulic diameteD;,, which is equal to ® for a -
predicting stagnation line boundary layer thickness and lo- two-dimensional slot with infinite expanse in the spanwise
cal heat transfer characteristics. direction. The bottom wall is maintained at a constant heat
Most of the above mentioned studies considered the hotflux condition from the symmetry line up to a distarcd he

surface to be cooled as isothermal. In many applications therest of the bottom wall is adiabatic. The length of the domain
hot surface may be emitting constant heat flux instead of is L, while the height isL,, which signifies the separation
being isothermal, for example, embedded electronic compo-distance between the jet exit and impingement plate.
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Fig. 1. Schematic diagram of thegtrlem configuration and a representative grid for aspect ratio 4.

2. Mathematical formulation The boundary conditions at the jet exit are specified as
U=0,V =-1, and6d =0, and for the rest of the adia-
The non-dimensional mass, momentum, and energy con-batic top wall the conditions are specifiedlas= V =0 and
servation equations for steady, two-dimensional, laminar, 99/9Y = 0. At the constant heat flux part of the bottom im-
incompressible flow with constant fluid properties, after pingementwall, 6 X < e (half of the symmetrically placed
invoking the Boussinesq approximation and neglecting vis- constant flux heat source)) = V =0 anddd/dy = —1.

cous dissipation and radiation effects, are written as This latter condition for dimensionless temperature gradi-
U 9V ent at the impingement wall is a consequence of defining
—+ == 1) the characteristic temperature differenad” = ¢” D,/ k,
X dY . . .
3U 3U 9P 1 /92U 82U which also leads to non-dimensional heat flux at the surface
U— V-t = 4 _<_2 + _2> 2) to be equal to A(RePr). For the rest of the bottom wall,
X Y X Re\dx< Y e< X <Ly, U=V =0anddf/dy = 0. At the left sym-

Vv v AP 1[92V 3%V Gr metry wall,U =0, 9V/3X =0, anddd /3 X = 0. Constant
9X + VW )2 + R_e(ﬁ + ﬁ) + @9 (3) pressure conditions are applied at the right exit boundary
2 2 where other variables are extrapolated from the inside.
a0 a0 1 a0 206 . .
U—+4+V—= <—2 + —2) 4 The local Nusselt number at the hot plate is obtained
X 9y PrRe\dXx= oY asNu(X) = hx Dy/k = 1/0(X)|not plate @nd the average or
whereU andV are the velocity components in thé and overall Nusselt number is obtained by numerical integration
Y directions, respectively, is the temperature, andl is the asNu= ([Oe Nu(X) dX)/e, using the trapezoidal rule.
pressure. The scaling parameters are chosen as the average
velocity at the jet exit,V;, the hydraulic diameter of the
jet, Dy, a temperature difference defined&% = ¢” Dy /k 3. Numerical procedure
where ¢” is the constant heat flux and is the thermal
conductivity of the fluid, andoV? as the characteristic The set of governing equations are integrated over the
pressure. The jet exit Reynolds numbRe, is defined as  control volumes, which produce a set of algebraic equations.
pV;Dy/1, p and p being the fluid density and viscosity, The PISO algorithm developed by Issa [9] and Issa et al.
respectively. The Richardson numbdi, is defined as  [10]is used to solve the coupled system of governing equa-
Gr/Re?, Gr being the Grashof number which in turn is tions. Finite-volume discretization of the governing equa-
defined aSg,BATDf/v2 whereg is the gravity directed in  tions produces a set of algebraic equations, which are solved
the negativeY direction, 8 is the coefficient of thermal  sequentially by the ADI method. Second-order upwind dif-
expansion, and is the kinematic viscosity of the fluid. The ferencing scheme is used for formulation of the convection
Prandtl numbeRr, is defined as /o wherex is the thermal contribution to the coefficients in the finite-volume equa-
diffusivity of the fluid. tions. Central differencing is used to discretize the diffusion
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terms. The cell center values of the diffusion coefficients are Re is based on that suggested by Gauntner et al. [11] and

linearly interpolated to getell face values. The computa-
tion is terminated when all of the residuals get below 310

Gardon and Akfirat [12] for laminar flow. They reported that
the critical value ofRe (based on jet width and velocity)

The calculations are done using the CFD2000 commercialfor transition to turbulenceot impinging slot-jet is about
code where the temperature source term in the momentum2000. Other researchers [8,13,14] have used similar range

equation is incorporated through user subroutines.

4. Resultsand discussion

of Re for laminar flow analysis of impinging jets. At each
Reynolds number, the Richardson number is varied from 0 to
10, thus encompassing a wide range including purely forced
convection cas€Ri = 0) to dominating buoyant convection
case. The discrete values of the Richardson number at which

For the computations, the jet widtiy, is taken as
0.5 so that the hydraulic diameteB;,, becomes 1. The
dimensionless domain length,, is taken as 10 while the
height, L, is varied. Four different values df,; 1, 1.25,
1.67, and 2.5 are considered. This gives the domain aspect
ratios,AR, defined ad., /L, of 10, 8, 6, and 4. The working

fluid is air with Pr = 0.71. The computations are done for y=
3 different jet exit Reynolds numbers (100, 300, and 500), |1 g
which is defined in terms of the hydraulic diameter and @ _
uniform exit velocity of the jet. The upper limit of 500 for OC
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Fig. 2. Convergence of average Nusselt number with grid refinement and
comparison of the computed stagnation line Nusselt nunigr, between
the present study and those of Chou and Hung [8].
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5
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Fig. 3. Streamlines (left) and isotherms (right) for aspect ratio 4.
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the computations are done are 0, 0.1, 0.5, 1, 5, and 10. Thuss refined. Fig. 2 as well as Table 1 show the convergence
calculations are done for a total 72 different cases. of the average Nusselt number at the heat flux surface
The mesh is uniformly spaced in thé direction and with grid refinement from which it is observed that grid
also for the heat source part of the bottom surface inhe level 5 (grid 5) produced almost grid independent solutions.
direction for 0< X < 2. ForX > 2, the mesh is stretched in  This grid resolution is therefore used for all subsequent
the X direction with an expansion factor of 1.65 towards the computations.
domain exit. A representative mesh is also shown in Fig. 1. Due to the lack of suitable experimental data on the
A systematic grid refinemerstudy, according to a grid  particular problem along with its associated boundary condi-
refinement scheme shown in Table 1, is conducted to obtaintions investigated in this study, validation of the predictions
grid independent solutions. Computations are done for against experiment could not be done. However, the numeri-
aspect ratio 4 and 10 & = 500 andRi = 1 while the grid cal results of the study by Chou and Hung [8], whose geome-

Re :'100

300

Re

500

Re =

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 4 451 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

try and flow parameters are quite similar to the present studyface condition is compared with the calculations of Chou
are reproduced using the present computer code. Chou anénd Hung [8] in Fig. 2. The agreement is found to be very
Hung [8] used a different computational procedure (stream good which indicates the validity of the present computation
function-vorticity method with SIMPLEC algorithm). The to some extent.

Nusselt number at stagnation line predicted by the present The predicted streamlines @nisotherms at different
computer code for zero buoyancy and isothermal hot sur- Reynolds and Richardson numbers for domain aspect ra-
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Fig. 6. Streamlines (left) and isotherms (right) for aspect ratio 10.

tios of 4, 6, 8, and 10 are shown in Figs. 3-6, respectively. lem. The length of the primary vortices decrease asAiRe
From these figures it is observed that, at any particular as-is increased for the range of tiiRe andRi considered. For
pect ratio and Reynolds number there is a marked changea givenAR it can be observed that the centers of both the
in flow patterns and isotherms as the flow regime changesprimary and secondary vortices move downstrearReas

from dominant forced convectiotRi ~ 0) to increasing increased. For all the aspect ratios and range of Richardson
buoyancy with increasing Richardson number. As the jetim- numbers considered, flow separation at the bottom surface
pinges unto the bottom plate a counterclockwise primary occurs at larger Reynolds number due to the secondary vor-
vortex is generated near the upper plate adjacent to the jetices. For a particular aspect ratio and a Reynolds number the
due to entrainment. As the Reynolds number is increased aeffect of buoyancy is distinctly observed. As the Richardson
clockwise secondary vortex is generated near the impinge-number increases the strength and length of the secondary
ment plate, which is smaller than the primary one and it vortices reduces as shown in the streamline plots.

is also weaker in terms of rotational intensity. With the in- For the isotherm plots, it is observed that for a particular
crease in Reynolds number the size of the secondary vortexAR and Re, the isotherms become denser towards the heat
also increases. There is some flow reversal at the domain exitsource portion as th& (the buoyancy effect) increases.
for higher Reynolds number and Richardson number for as- The temperature gradient decreases away from the region
pect ratio 4. Since constant pressure condition is imposedof impingement until the last part of the heat flux portion
on that boundary, this did not produce any numerical prob- where it is slightly increasedt is also noticed that for a
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Fig. 7. Variation of the local Nusselt number and skin friction coefficient at

the bottom surface fdrRe = 100. . o o o
Fig. 8. Variation of local the Nusselt number and skin friction coefficient at

the bottom surface fdrRe = 300.

givenAR andRe, the average temperature of the flow domain
decreases & increases making the domain cooler. that the surface temperature is minimum aroune= 0.1

Figs. 7-9 show the variation of local Nusselt number, (not at the stagnation line), and then increases along the
Nu(X), along the heat flux part of the impingement plate surface.
for the whole range of parameters considered in this study. In a jet impingement flow buoyancy affects both the
It is observed that for & X < 2 the effect of buoyancgRi) heat transfer coefficient andkin friction coefficient on
on the local Nusselt number is insignificant for the range of the impingement surface. As a part of investigation, it is
Reynolds number considered. However, from the figures it desired to show the effect of Richardson number on skin
is evident that for low Reynolds numbéRe = 100) and friction coefficientCy. Figs. 7-9 also show the variation
higher Richardson number the Nusselt number decreasesf C;, multiplied by the Reynolds number, along the hot
very slightly. This effect is diminished as the aspect ratio surface for the range of parameters considered. The local
and Reynolds number are increased. For a particular aspecskin friction factor increases sharply from zero at the
ratio, at higher Reynolds numbers the local Nusselt numberstagnation point to a maximum value in a short distance
increase slightly to a maxiom and then decreases along near the impingement region and then decreases with the
the surface. Since the local Nusselt number is reciprocal streamwise distanceX. For the case of downward facing
of the dimensionless surfacemperature, this indicates jet the buoyancy forces work against the flow. For large
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Fig. 10. Close-up view of the variation of local Nusselt number near the
L impingement region.

15 2
A close-up view of the variation of the local Nusselt
number along the heat source at the impingement region is
AR=5; Re=500 shown in Fig. 10 for a representative aspect ratio of 6 for
77777 Ri0 the range oRe andRi considered. It is observed that for a
ST Rie0s particular Reynolds number, the Nusselt number decreases
- in the region 01 < X < 0.2 starting with a higher value

very close to stagnation lindhis is because of the high
convection process going on at the impingement region.
This process gradually besres weak and the local Nusselt
number almost stays the same. HoweverRer= 300 and
500, with an increase iRi there is a slight increase in the
AR=10, Re=500 Nusselt number at the jet impingement region. This trend
Riz0 is reversed towards the end of the heat source, which is not
Ity shown in the above figure. Similar trend is also observed for
' AR=4, 8 and 10.

Fig. 11 shows the variation of overall or average Nus-
selt numberNu at the heat source with Richardson number
10 for the different aspect ratios and Reynolds numbers con-

sidered. It is observed that the overall Nusselt number
Fig. 9. Variation of the local Nusselt number and skin friction coefficient at increases significantly with Reynolds number. It is how-
the bottom surface fdRe = 500. ever, also observed thhlu decreases slightly with increase
in Richardson number for any particular set of aspect ra-
Richardson numbers the impinging velocity is reduced, as tio and Reynolds number considered. This indicates that the
is the wall friction. As the value oRi becomes sufficiently  effect of buoyancy on the overall heat transfer process is in-
small, Cy is slightly reduced. As the secondary vortex is significant for any specific set of aspect ratio and jet exit
created the flow separatiomkes place and hence local Reynolds number even though the evolution of the flow and
skin friction increases with increase in Richardson number thermal field for the whole domain with increasing Richard-
making the effect of buoyancy noticeable. Towards the son number is noticeable. Ehrather unexpected finding
outflow theCy values becomes almost independent of the can be attributed to the constant flux boundary condition
Richardson number. This trend is observed as the distanceat the heated surface and the range of relatively higher
between the isothermal plate and jet exit is reduced. Anotherjet exit Reynolds number (100-500) investigated in this
important point to be noted is negative values Gf study. The effect of the buoyancy on overall Nusselt num-
occur indicating the condition of flow recirculation. For a ber is not significant at these higher Reynolds number. It
particular aspect ratio the value of skin friction coefficient may be significantly noticeable for low exit jet Reynolds
increases with increase in Reynolds number. ForadReen  number. In order to verify this statement, simulations are
the peak value o€ ; also increases with increase in aspect repeated at a jet exit Reynolds number of 30 with aspect
ratio. ratio 6 and varying Richardson number from 0 to 10 and




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

14 14 14
B Lt S B 121
[ e g g -
ok ok Re=500
777777 BT oA A oA G N S N 12M
| 28 | 28 o100
—e— = ——&—— Re= -
oL AR=4 | =T Reii0 sl AR s Re=300
——.g-—— Re=500 —-=¢-—-— Re=500
v e 10 L
oy aF ] I Re=300
25 m
" sl el AT il | L L ul TR
f07 107 . 100 10° f07 107 . 10° 10" S
14 Ri 14 Ri | Z8 B
12F 12| - —F— Ri=0
v v v SNt Attt el i 6 - — A — = Ri=1
o for —-—-5-—— Ri=10
,,,,,,,,,,,,,, 4
24 7 SRRRRITEEC PSR L Re=100
AR=6 ——&—— Re=100 ——a&—— Re=100 w — .
— _a—-— Re=300 AR=10 |- _a_- - Re=300 = —_—r Tt .
6 " 9" Re=500 6 9" Re=500 4 B VoTTE s T 7
= 8——8— 4F |
for 10 10' f07 T REET: 10' 2 : I L :
14 1 Ri 1 1.5 L 2 2.5
12} 12k Yy

Fig. 12. Variation of overall Nusselt number at the hot surface with

——a8—— Ri=0
- —-4A-- Ri=
-~ Ri=10

iRY 5. Conclusions

——v-—— Ri=10

Laminar mixed convective cooling of a constant flux
hot surface by confined slot jet impingement is studied in
detail through two-dimensional numerical simulation for
a wide range of domain aspect ratio, jet exit Reynolds
number, and Richardson number. The mixed convection
effect, characterized by the Richardson number, increases
as the Richardson number is gradually increased from zero

%00 200 300 400 500 %00 200 300 400 500
Re Re

6 T EEU (purely forced convection). Pdécted flow and thermal fields
w are presented in the form ofreamlines and isotherms. The

. . . . \ . variation of the local and overall Nusselt number and skin
foo a0 o a w0 Foo 200 gy a0 S0 friction coefficient at the hot surface is presented for the

range of parameters considered.

There are noticeable changes in the flow and thermal
fields as the Richardson number changes for a particular set
of jet exit Reynolds humber and domain aspect ratio. Flow
it is found that the overall Nusselt number decreases by separation along the impingement surface occurs for small
41%, whereas at higher Reynolds number (100-500) the Richardson number depending on the aspect ratio and jet
change in overall Nusselt number is found to be less than Reynolds number.

3% when the Richardson number is varied from 0 to 10.  The local Nusselt number along the hot plate varies
On the other hand, when simulations are done for a higherslightly with Richardson number for a particular set of
jet exit Reynolds number of 300 with a very high Richard- domain aspect ratio and jet Reynolds number. However, the
son number of 100, the overall Nusselt number changes byoverall Nusselt number at the hot plate does not change
only 2%. significantly with Richardson number for the range of

It is also of interest to investigate the effect of the jet exit Reynolds number considered, despite noticeable
separation distance from the jet exit to the impingement changes in the flow and thermal field in the whole domain.
plate, Ly, on the heat transfer process. The variation of The insignificant effect of the Richardson number on the
the overall Nusselt number has been plotted agdipstn overall Nusselt number is attributed to the constant flux
Fig. 12. It is observed that for higher Reynolds numiar boundary condition at the heated surface and the range of
increases slightly witlL . It is also observed that the effect jet exit Reynolds numbers (100-500) that are considered
of Richardson number is more noticeable at lower Reynolds moderately high. At low Reynolds numbére = 30), the
number. effect of Richardson number variation is significant.

Fig. 11. Variation of average Nusselt number at the hot surface with
Richardson number and Reynolds number.
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The skin friction coefficientricreases rapidly from zero layer flow on a horizontal plate, J. Heat Transfer 99 (1977) 66-71.

at the stagnation line to a peak very close to the stagnation [6] Y. Mori, Buoyancy effects in forced laminar convection flow over a
horizontal flat plate, J. Heat Transfer 83 (1961) 479-482.

line and then drops quickly, which is typical for impinging _ _
. . . . .. . . . [7] T.D. Yuan, J.A. Liburdy, T. Wang, Buoyancy effects on laminar
jet problem._ Sl!ght vanlatlon. of the skin friction coefficient Is impinging jets, Internat. J. Heat Mass Transfer 31 (1988) 2137—2145.
observed with increasing Richardson number and decreasing [g] v.J. chou, Y.H. Hung, Impingement cooling of an isothermally heated
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