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Analysis of Transient Conjugate Heat Transfer
to a Free Impinging Jet
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Transient conjugate heat transfer during the impingement of a freejet of high Prandtl number � uid on a solid
disk of � nite thickness is considered. When power is turned on at t = 0, a uniform heat � ux is imposed on the
disk surface. The numerical model considers both solid and � uid regions. Equations for the conservation of mass,
momentum,and energy are solved in the liquidregion, with the transport processes at the inlet and exit boundaries,
as well as at the solid– liquid and liquid–gas interfaces taken into account. In the solid region, only heat conduction
equation is solved. The shape and location of the free surface (liquid–gas interface) is determined iteratively as
a part of the solution process by satisfying the kinematic condition as well as the balance of normal and shear
forces at this interface. Computed results include the velocity, temperature, and pressure distributions in the � uid
and the local and average heat transfer coef� cients at the solid–� uid interface. Computations are carried out to
investigate the in� uence of different operating parameters such as jet velocity, disk thickness, and disk material.

Nomenclature
b = thickness of the disk, m
cp = speci� c heat at constant pressure, kJ/kg¢ K
dn = diameter of the nozzle, m
Fo = Fourier number, a f t / d2

n
g = acceleration due to gravity, m/s2

Hn = distance of the nozzle from the disk, m
h = heat transfer coef� cient, qint / (Tint ¡ T j ), W/m2 ¢ K
hav = heat transfer coef� cient, W/m2 ¢ K:
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k = thermal conductivity,W/m¢ K
Nu = Nusselt number, hr / k f

Nuav = average Nusselt number, havr0 / k f

n = coordinate normal to the free surface, m
p = pressure, Pa
q = heat � ux, W/m2

q̄ = average heat � ux, W/m2

Re = Reynolds number, q f v j dn / l
r = radial coordinate,m
rn = radius of the nozzle, m
r0 = Radius of the disk, m
T = temperature, K
T̄int = average interface temperature, K:
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T j = jet temperature,K
t = time, s
vi = initial velocity � eld, m/s
v j = jet velocity, m/s
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vr = radial velocity, m/s
vt = velocity along the free surface, m/s
vz = axial velocity, m/s
z = axial coordinate, m
a = thermal diffusivity, m2/s
d = height of the free surface from the disk, m
h = dimensionless temperature, (T ¡ T j ) / (qw dn / k f ), K
l = dynamic viscosity of the � uid, kg/m¢ s
q = density, kg/m3

r = surface tension coef� cient, N/m

Subscripts

atm = atmospheric condition
av = average
f = � uid
int = solid–� uid interface
s = solid
w = bottom surface of the disk

Introduction

J ET impingementheat transferis knownfor its ease of implemen-
tation and high heat transfer coef� cients. It has been employed

for the drying of paper and textiles, tempering glass, bearing cool-
ing, turbine blade cooling,and electronicscooling.Although a poor
heat transfer � uid, lubricatingoil is an attractive coolant for aircraft
applicationsbecause it is generally in close proximity to the electri-
cal generating equipment. It is also preexisting in the aircraft and,
therefore, does not require � ight quali� cation, new maintenance
procedures, additional inventory space and logistics procedures, or
additional environmental protection guidelines. These advantages
translate into greatly reducedoperationalcosts,which may far over-
weigh the loss in cooling ef� ciency. Lubricating oils are generally
known for their large Prandtl number and strong dependence of
viscosity on temperature.Alternately, air cooling is generally inad-
equateor undesirablebecauseof the additionaldrag imposedby ram
air heat exchangers.Therefore, the investigationof jet impingement
heat transfer for high Prandtl number � uids taking into account the
effects of propertyvariationwith temperature is of great importance
to the military and the commercial aircraft industry.

Free-surface jets are formed when a liquid issues from a nozzle
or ori� ce into a gaseous environment. The free surface forms im-
mediately at the nozzle exit and prevails through the impingement
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region and into the wall jet region. The shape of the free surface de-
pends on gravitational,surface tension, and pressure forces. The jet
speed, size, and orientationdeterminethe magnitudeof these forces.
In the past, several studies have been carried out on heat transfer
during freejet impingement. Glauert1 considered the � ow due to a
jet spreading out over a plane surface, either radially or in two di-
mensions. Solutions to the boundary-layer equations were sought,
according to which the form of the velocity distribution across the
jet did not vary along its length.

Metzger et al.2 presented results for heat transfer characteristics
of a circular liquid jet impinging normally on a plane surface. The
experimentalprocedurewas developedto cover jets formedby water
or synthetic-base lubricating oil and included a signi� cant Prandtl
number range so that extension to other liquids could be made.
Hrycak3 carried out an investigation of heat transfer from a round
jet impinging normally on a � at plate. This study was done for
various nozzle-to-target distances, with Reynolds number varying
from 1.4 £ 104 to 6.7 £ 104 , and for differentnozzle diameters. Liu
and Lienhard4 investigateda circular subcooledliquid jet impinging
on a surfacemaintainedat a uniformheat � ux. They used an integral
method to obtain analytical predictions of temperature distribution
in the liquid � lm and the local Nusselt number. They also carried
out experiments to test the predictions of the theory.

Wang et al.5 ¡ 7 presented an analytical study of heat transfer be-
tween an axisymmetric free impingingjet and a solid � at disk with a
nonuniform wall temperature or wall heat � ux. Stevens and Webb8

carried out an experimental investigation to characterize local heat
transfer coef� cient for a round, free liquid jet impinging normally
over a � at uniform heat � ux surface.Liu et al.9 presentedan analyt-
ical and experimental investigation for jet impingement cooling of
uniformly heated surfaces to determine local Nusselt numbers from
the stagnation point to radii up to 40 diameters. Womac et al.10 ob-
tainedexperimentaldata for liquid jet impingementcoolingof small
square heat sources resembling integrated circuit chips. Both free-
surface and submerged jet con� gurations were studied for a range
of velocities,nozzle diameters, and nozzle-to-heaterdistances.Two
different liquids, water and FC-77, were used as coolants. Elison
and Webb11 studied transport from a small-diameter, fully devel-
oped liquid jet impingingnormallyover a constantheat � ux surface.
Alkam and Butler12 applied an explicit � nite differencetechniqueto
solve the case of transient, forced convective conjugate heat trans-
fer between an axisymmetric incompressible laminar impinging jet
and a solid disk at the stagnation zone. Constant properties were
considered, and no viscous dissipation was taken into account.

Ma et al.13 ¡ 15 performed an experimental study to investigate
the local convective heat transfer from a vertical heated surface to
an obliquely impinging circular free-surface jet of transformer oil.
Lee et al.16 conducteda numerical study to characterize the thermal
behavior of laminar circular liquid jets. The effects of different pa-
rameters investigated included Reynolds number, Prandtl number,
nozzle-to-disk distance, jet velocity, nozzle diameter, and velocity
pro� le at the nozzle exit. Leland and Pais17 performed an experi-
mental investigation to determine the heat transfer rate for an im-
pinging free-surface axisymmetric jet of lubricating oil for a wide
range of Prandtl numbers and for conditionsvarying inside the � uid
� lm. They concludedthat the heat transfersurface con� gurationhas
an important effect on the Nusselt number. The effect of recovery
temperature could be correlated by Pr0.47 . For constant � ow rate
or Reynolds number, larger nozzle diameters were shown to give
higher heat transfer rates.

Even though there has been an impressive amount of research
work on freejet impingement, there has been no attempt to model
numerically the conjugate heat transfer process where heat is trans-
mitted through a solid body from a heat source located on one side
and where � uid is impinging on the opposite side. In addition, the
variation of � uid properties with temperature has not been taken
into account in any previous numerical work and has been assumed
to be negligible in most analytical work. When the lubricating oil
is used as the coolant and temperature difference between the jet
and the disk is large, the property variation within the � ow� eld
can greatly affect the heat transfer process. In addition, transient

Fig. 1 Axial jet impingement.

heat transfer has been considered only in the study of Alkam and
Butler.12 The results of this study are applicableonly in the stagna-
tion zone and limited to negligible property variations. Therefore,
the development of a numerical model for transient conjugate heat
transfer during freejet impingement, taking into account the varia-
tion of � uid properties with location and time, is expected to be a
very valuable contribution to the state of the art of jet impingement
cooling system design for aircraft applications.

Mathematical Model
Consider an axial jet discharging from a circular nozzle and im-

pinging on a uniformly heated solid disk as shown in Fig. 1. The
power is turned on and the heat source starts supplying the heat
after an isothermal steady-state � ow � eld has been established on
the disk. When the � uid is considered to be incompressible with
properties dependent on temperature only, the equations describ-
ing the conservationof mass, momentum, and energy in cylindrical
coordinates can be written as (Ref. 18)
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The variation of thermal conductivitywithin the solid was found
to be signi� cant for some materials such as diamond. Therefore,
consideringvariable properties, the equation describing the conser-
vation of energy can be written as follows:
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Equations (1–5) are subjected to the following boundary condi-
tions. At r =0, 0 ·z ·b:
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At z = b + Hn , 0 ·r ·rn :

vr = 0, vz = ¡ v j , T f = T j (12)

Note that the outer edge of the disk has been assumed to be insu-
lated. The � uid at r =r0 was assumed to have negligibleconduction
in the radial direction (@T f / @r = 0) leaving only convectiveout� ow
at that location. At the free surface, the boundary conditions can be
expressed as follows. At z = d , rn < r < r0:
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Equations (13) essentially indicate the kinematic condition, bal-
ance of normal forces, balance of shear forces, and adiabatic con-
dition at the free surface. These equations were derived from more
general equations presented by White.19 Note that n indicates di-

rection normal to the free surface.The frictional resistanceand heat
transfer to the surroundinggaseousmedium has been assumed to be
negligible. The viscous normal stresses have been neglected in the
balance of normal forces. The negligible heat transfer from the free
surface to the surrounding gaseous medium, including the effects
of radiation and evaporationis quite appropriate for a moderate rate
of heat transfer from the disk to the thin liquid � lm.20 The model
has to be modi� ed for higher rate of heat transfer that results in
evaporationat the free surface by taking into account the latent heat
of evaporation.

The disk and the � uid were assumed to be in an equilibrium
isothermal condition at the start of the transient heating process.
This is expressed as follows. At t = 0:

Ts = T f = T j , v = vi (r, z) (14)

Note that the preceding mathematical model is based on the as-
sumption of two-dimensional axisymmetric � ow and heat transfer.
In practice, such free-surface liquid � ows are often three dimen-
sional, despite the two dimensionality of the jet generation appa-
ratus. The secondary � ows are results of vortices that develop on
stagnationin the � ow, and whose axes extend radiallyoutward from
the stagnation point.

Numerical Computation
The governingequations along with the boundary conditionsde-

scribed in the precedingsection were solved using the � nite element
method. The computation domain was divided into a number of
quadrilateralelements. The dependentvariables (i.e., velocity,pres-
sure, and temperature) were interpolatedto a set of nodal points that
de� ned the elements. In each element, the velocity, pressure, and
temperature � elds were approximated, which led to a set of equa-
tions that de� ned the continuum. To solve the position of the free
surface,a new degreeof freedomat the nodeson the free surfacewas
introduced into the global system of equations. The discretization
of governing transport equations and boundary conditionswas car-
ried out using the Galerkin formulation. The solution of the result-
ing algebraic equations was carried out using the Newton–Raphson
method. Because the solution of the momentum equation required
only two out of the three boundaryconditionsat the free surface, the
third condition was used to upgrade the position of the free surface
at the end of each iteration step.

To determine the initial velocity � eld, vi (r, z), equations for the
conservation of mass and momentum were solved. Once the initial
free-surface height distribution and the � ow� eld for an isothermal
equilibrium condition was established, the power at the heat source
was turnedon.The computationdomaincoveredboth solid and � uid
regions,and equationsfor theconservationofmass,momentum,and
energy were solved simultaneously as a conjugate problem taking
into account the variation of � uid and solid properties with tem-
perature. At each time step, the solution was considered converged
when the � eld values did not change from one iteration to the next,
and the sum of residuals for each degree of freedom was less than
1E -08. Computationwas continuedmarchingforwardwith time un-
til a steady-stateconditionwas reached.Because of large changesat
the outset of the transient and very small changeswhen the solution
approachedthe steady-statecondition,a variable time step was used
for the computation.

Results and Discussion
The simulation was carried out for three different materials,

namely, copper, diamond, and constantan. The working � uid used
for the simulation was Mil-7808, which is a lubricating oil used in
aircrafts.The relevant � uid propertieswere calculated from the fol-
lowing correlatingequations,which are valid for 303 < T f < 390 K:
cp f = 903.8 + 3.332T f , k f = 0.18 ¡ 1 £ 10 ¡ 4T f , q f = 1181 ¡
0.708T f , and l = 0.941 ¡ 5.07 £ 10 ¡ 3T f + 6.87 £ 10 ¡ 6T 2

f .
The range of Prandtl number encountered in the present investiga-
tion was 169–384. The distance of the nozzle from the disk (Hn =
0.0085 m), diameter of the nozzle (dn = 0.0017 m), and radius of
the disk (r0 =0.0065 m) were kept constant during the simulation.
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Fig. 2 Dimensionless temperature at the interface for different num-
ber of elements in axial and radial directions (Re = 1100, Tj = 348 K,
b/dn = 2:94, Hn/dn = 5, copper plate, and qw = 63 kW/m2 ).

Fig. 3 Dimensionless temperature variation for different time steps
(Re = 550, Tj = 310 K, b/dn = 2:94, Hn/dn = 5, copper plate, and qw =
63 kW/m2 ).

Fig. 4 Free surface height distribution for different Reynolds num-
bers.

To determine the number of elements for accurate numerical so-
lution, computationwas performed for several combinationsof grid
distribution in the horizontal and vertical directions covering the
solid and � uid regions. The results for these simulations are plotted
in Fig. 2. The solid–� uid interface temperature at the � nal steady-
state condition is plotted against the downstream distance from the
center of impingement.Note that the solution changes with number
of elements in the horizontal and vertical directions. The solution
became grid independentwhen the number of divisions in the hori-
zontal direction was increased to 28, and at least 36 divisions were
used in the vertical direction. There is practically no difference be-
tween resultsobtainedwith 28 £ 36,42 £ 36, and56 £ 36 divisions.
Therefore, all further computations were carried out using 42 £ 36
elements. Computations were also performed to calculate a suit-
able time step to determine its sensitivity on the transient solution.
Figure 3 plots the variation of maximum temperature at the inter-
face with time for differentvalues of time increments. Note that the
simulation is not very sensitive to the size of the time step. A time
increment of 1 s was selected to ensure a smooth variation.

Figure 4 presents the free-surfaceheight distributionfor different
jet Reynolds numbers as the jet strikes the impinging surface. This
free surface was obtained at steady-state condition. It was found
that the height of the free surface did not change signi� cantly dur-
ing the transient process. Because of high Prandtl number, the ther-
mal boundary layer is thin compared with the total height of the
free surface. Therefore, signi� cant property variation because of
temperature rise with time was limited to a small region near the
solid–� uid interface.The velocity in this region changed with time,
but did not exert any noticeable in� uence on the overall height of
the free surface. To validate the present � uid � ow model with pre-
vious experimental and theoretical research, computation was car-
ried out for a jet of water impinging perpendicularly at the center
of a circular disk. The free-surface height distribution is shown in
Fig. 5. The present results compared quite well with the experimen-
tal dataofStevensandWebb21 and theanalyticalresultsofWatson.22

The maximum deviation of test data from theoretical results is
seen in the transition region between the stagnation zone and the
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Fig. 5 Comparison of free surface height with previous investigations
by Stevens and Webb21 and Watson22 using water as the working � uid.

Fig. 6 Dimensionless local heat � ux distribution at the interface
(Re = 550, Tj = 310 K, b/dn = 2:94, Hn/dn = 5, copper plate, and qw =
63 kW/m2 ).

boundary-layer � ow. The computed maximum velocity at the free
surface also compared within 4% of the value reported by Stevens
and Webb.21

A key parameter for understanding the transient heat transfer
process is the local heat � ux imparted to the jet at the solid–� uid
interface and the total rate of heat transfer from the heat source to
the coolant. These are important variables in assessing the thermal
response of solid materials to the turning on of power of the heat
source located on one surface and a coolant jet impinging on the
opposite surface. The local heat � ux distributionfor different times
is presented in Fig. 6. Because of initial isothermal conditions, the

Fig. 7 Dimensionless local temperature distribution at the interface
(Re = 550, Tj = 310 K, b/dn = 2:94, Hn/dn = 5, copper plate, and qw =
63 kW/m2 ).

interfacialheat � ux is zeroat t =0. Note thatheat � uxat the interface
increaseswith time. A large heat � ux is seen at the stagnationregion
because the cold � uid at the jet strikes that location and maintains
the minimum temperature at the interface. The heat transfer at that
location is highest because of the constant renewal of cold � uid to
carry away the heat. The heat dissipated at the heater is utilized
to increase the temperature of the solid as well as the � uid. As
the temperature rises with time, the thermal storage in the solid
decreases and more heat proceeds to the interface and is dissipated
to the liquid. The interfacial heat � ux increases rapidly with time in
the earlier part of the transient and more slowly as the steady-state
condition is approached.For t > 65 s (Fo > 1.8), the interfacialheat
� ux practically reaches the steady-state distribution. Figure 6 also
shows the average dimensionless interfacial heat � ux at different
time instants.

Figure 7 presents the interfacial temperature distribution at dif-
ferent times. Note that at early stages of the heat transfer process
the temperature at the interface rises uniformly at all locations, re-
sulting in a practicallyisothermal interfacecondition.This behavior
is due to transient thermal storage in the � uid required to develop
a thermal boundary layer starting with an isothermal initial condi-
tion. The thickness of this boundary layer increases with time and
becomes signi� cant only in the later part of the transient. The inter-
face temperature respondsaccordingly.Because the leading edge of
this boundary layer is located at the stagnation point and its thick-
ness increases downstream, it can be seen that in the later part of
the transient the temperature reaches a minimum at the impinging
point and a maximum at the outer edge of the disk. Figure 7 presents
the values for maximum-to-minimum temperature difference at the
interface.As expected, the maximum-to-minimumtemperaturedif-
ference increases with time.

The variation of local Nusselt number with time is presented in
Fig. 8. The local heat transfer coef� cient increased with time in the
stagnation region but decreased with time in the thin � lm region
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Fig. 8 Distribution of local Nusselt number (Re = 550, Tj = 310 K,
b/dn = 2:94, Hn/dn = 5, copper plate, and qw = 63 kW/m2 ).

farther downstream.Because of linear rise of length scale r used for
the de� nitionof Nusselt number, changesin heat transfercoef� cient
are magni� ed at larger distances downstream. The average heat
transfercoef� cient,aswell as theaverageNusseltnumber,decreases
with time and reaches its respective minimum value and thereafter
increaseswith time all of the way to the steady-statecondition.This
undershoot in the average heat transfer coef� cient is a result of a
different rate of increment for interfacial heat � ux and interface
temperature during the transient heating process. The local steady-
state heat transfer coef� cient at the stagnationregion was compared
with the correlation developed by Liu et al.23 for the stagnation
region heat transfer of an impinging jet including the effects of
surface tension. The difference between the present computation
and that predicted by the correlation was found to be around 3.9%.

The variation of maximum temperature in the solid, maximum
temperature at the interface, and the maximum-to-minimum tem-
perature difference at the interface during the transient process are
presentedin Fig. 9 for two differentReynoldsnumbers.As expected,
the temperature increaseswith time starting from the initial isother-
mal condition. A rapid increment is seen at the earlier part of the
transient,and it levelsoff as the thermal storagecapacityof the solid
diminishesand becomeszero at the steady-statecondition.Note that
the time required to reach the steady-state condition is lower at a
higher Reynolds number because a higher velocity of � uid helps to
enhance the convective heat transfer process. The average Nusselt
number variation with time for two different Reynolds numbers is
presented in Fig. 10. Note that average Nusselt number decreases
with time at the early stages of the transient process and after that
increases and reaches the steady-statevalue. Figure 11 presents the
time required to reach the steady-state condition as a function of
Reynolds number. The duration of the transient decreases as the
Reynolds number increases. The time to reach steady state was de-
� ned as the time needed to approach 99% of the steady-state local
Nusselt number over the entire solid–� uid interface.

Another important factor that controls the transient heat transfer
process is the thickness of the disk. Its effect on the maximum
temperature in the solid,maximum temperatureat the interface,and
maximum-to-minimum temperature difference at the interface can
be observed in Fig. 12. As the thickness increases, the time required
to reach steady state increases.This is expected because the thermal
storage capacity of the disk is directly proportional to its thickness.

Fig. 9 Variation of dimensionless maximum temperature at the inter-
face, inside the solid, and maximum-to-minimum temperature differ-
ence at the interface with time for different Reynolds numbers (Tj =
310 K, b/dn = 2:94, Hn/dn = 5, copper plate, and qw = 63 kW/m2).

Fig. 10 Variation of average Nusselt number with time (Tj = 310 K,
b/dn = 2:94, Hn/dn = 5, copper plate, and qw = 63 kW/m2 ).
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Fig. 11 Variation of time required to reach steady state with different
Reynolds numbers (Tj = 310 K, b/dn = 2:94, Hn/dn = 5, copper plate, and
qw = 63 kW/m2 ).

Fig. 12 Variation of dimensionless maximum temperature at the in-
terface, inside the solid, andmaximum-to-minimumtemperature differ-
ence at the interface, with time for different plate thicknesses (Re = 550,
Tj = 310 K, Hn/dn = 5, copper plate, and qw = 63 kW/m2).

Fig. 13 Average Nusselt number variation with time for two plate
thicknesses (Re = 550, Tj = 310 K, Hn/dn = 5, copper plate, and qw =
63 kW/m2 ).

Figure 13 presents the average Nusselt number variation with time
for two different disk thicknesses. Over the entire duration of the
transient process, the average Nusselt number is larger for smaller
thickness.The smaller thicknesspresentsa lower thermal resistance
to heat � ux and allows it to reach the interface faster.

The maximum temperatureat the interface for differentmaterials
is shown in Fig. 14. Note that the material with larger thermal diffu-
sivity reaches the steady state faster. The values of thermal diffusiv-
ity for the materials consideredhere at 293 K are a diamond = 1.29e ¡ 3

m2/s, a copper =1.12e ¡ 4 m2/s, and a constantan = 6.12e ¡ 6 m2/s. As ex-
pected, the temperature changes are faster at the earlier part of the
transient and only gradual as the steady state is approached. The
magnitude of temperature nonuniformity at the interface at steady
state is controlledby the thermal conductivityof the material. Note
that constantan with kconstantan = 22.7 W/m¢ K has a maximum-to-
minimum temperature difference of 11.1 K, whereas diamond with
kdiamond =2330 W/m¢ K has only a 0.2-K temperature difference at
the interface. Figure 15 presents the variation of average Nusselt
number with time for different materials considered in this study.
In the earlier part of the transient (before the undershoot), diamond
shows a larger average heat transfer coef� cient compared to cop-
per. However, after the undershoot, all of the way to the steady
state, the materialwith lower thermal conductivityattains the higher
value in the averageNusselt number. A material with lower thermal
conductivity provides a higher thermal resistance within the solid.
This results in a lower temperature at the solid–� uid interface when
the steady-state condition is approached. This, combined with the
changes in local thermal conductivity of the � uid with tempera-
ture, results in a higher Nusselt number. The time required to reach
steady state for different materials and different disk thicknesses is
presented in Fig. 16. As expected, as the thickness increases, the
time to reach steady state increases.

Figure 17 shows thegrowth of the isothermal lines inside the solid
at different time instants for b = 0.005 m (b/ dn = 2.94). Note that at
the beginningof the transientprocess, the isothermallines grow par-
allel to the bottomheatedsurfaceof the disk.As the time progresses,
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Table 1 Comparison between experimental data of Leland and
Pais17 and numerical results obtained in present investigationa

Heat � ux, Average heat transfer coef� cient, kW/m2K Percent
kW/m2 Numerical Experimental difference

Reynolds number 550
63.0 4.43 3.93 11.70
126.0 4.48 4.43 1.00
189.0 4.70 4.73 1.00
252.0 4.97 4.89 1.00

Reynolds number 800
63.0 5.91 5.35 10.10
126.0 6.02 5.73 5.06
189.0 6.15 6.02 2.10
252.0 6.32 6.15 2.70

Reynolds number 1100
63.0 7.49 6.74 11.20
126.0 7.57 6.99 8.40
189.0 7.70 7.32 5.10
252.0 7.95 7.41 7.30

aMaterial, copper; b = 0.005 m, Hn = 0.0085 m.

Fig. 14 Variation of dimensionless maximum temperature at the in-
terface, inside the solid, and maximum-to-minimum temperature dif-
ference at the interface with time for different materials (Re = 550, Tj =
310 K, b/dn = 2:94, Hn/dn = 5, and qw = 63 kW/m2 ).

the isothermal lines start moving upward like a one-dimensional
heat conduction phenomenon. When the transient isothermal lines
reach the area close to the interface, they start forming concentric
lines around the stagnationpoint. As the time progresses,the effects
of the heat sinkare propagateddown into the solid.An equilibriumis
establishedas the steady state is approached.Note that temperature
over the entire solid domain rises with time. Figure 18 plots the
isothermal lines within the solid for b = 0.0025 m (b/ dn =1.47).

Fig. 15 Variation of average Nusselt number with time for differ-
ent materials (Re = 550, Tj = 310 K, b/dn = 2:94, Hn/dn = 5, and qw =
63 kW/m2 ).

Fig. 16 Time required to reach steady state for different materials and
plate thicknesses (Re = 550, Tj = 310 K, Hn/dn = 5, and qw = 63 kW/m2 ).

The behavior at the beginning of the transient process is similar to
that observed in Fig. 17, but as the transient process progresses, the
concentric isothermal lines around the stagnation point continue to
grow and reach the bottom surface of the disk.

Because of the lack of any experimental information on the tran-
sient phenomenon, the results obtained with the present numerical
model were compared with the steady-state test data acquired by
Leland and Pais17 and Womac et al.10 The average heat transfer
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Fig. 17 Isothermal lines at different time instants for a disk of
b/dn = 2:94 (Re = 550, Tj = 310 K, Hn/dn = 5, copper plate, and qw = 63
kW/m2).

Fig. 18 Isothermal lines at different time instants for a disk of
b/dn = 1:47 (Re = 550, Tj = 310 K, Hn/dn = 5, copper plate, and qw = 63
kW/m2).

Table 2 Comparison between present model
and Womac et al.10 modela

Reynolds Nuav , Nuav , Difference,
Fluid number Womac et al.10 present study %

FC77 1200 181.0 189.0 4.4
Water 1465 199.0 187.0 1.5

aT j = 310 K, b = 0.003 m, Hn = 0.0165 m, copper plate, qw = 63 kW/m2.

coef� cient obtained from the present numerical simulation for dif-
ferent combinations of Reynolds numbers and input heat � ux are
listed in Table 1, where they are compared with the experimental
data of Leland and Pais.17 Note thatnumericalpredictionsare within
11.7% of experimental measurements and that a better correlation
of results is obtained at larger heat � uxes. The measurement errors
are expected to be larger at smaller heat � uxes because of a smaller
magnitudeof temperatureand moreperipherallosses.Computation-
ally,errors can be introducedbecauseof roundoffand discretization.
In addition, the three dimensionality of the � ow due to secondary
vortices in jet generation apparatus may contribute to the discrep-
ancybetweenmodelpredictionsandexperimentaldata.Considering
these factors, the overall comparison with test data is quite satisfac-
tory. A comparison between the present numerical model and the
experimental data obtained by Womac et al.10 is presented in Ta-
ble 2. To carry out this comparison, numerical simulations were
performed using the appropriate test � uids and heat � ux conditions
used in the experiment.Table 2 shows good agreement between the
simulation and the experimentaldata, with a maximum deviationof
4.4%.

Conclusions
A number of important conclusions can be derived from the

present numerical results. The local temperatures in the � uid and
solid regions, as well as the heat � ux at the solid–� uid interface,
increase with time, but at different rates. The average heat transfer
coef� cient and average Nusselt number decrease with time at early
stages of the transient process, after reaching a minimum; they in-
crease to attain their steady-state values. The jet Reynolds number
was foundto be an importantparametercontrollingthe transientpro-
cess. The time required to reach steady-statecondition decreasesas
the Reynolds number increases. The maximum temperature at the
interface and the maximum temperature inside the solid decrease
as Reynolds number increases,whereas the maximum-to-minimum
temperaturedifferenceat the interfaceincreaseswith Reynoldsnum-
ber. The time required to reach steady-state condition increases as
the thickness of the disk is increased. Over the entire duration of
the transient process, the average heat transfer coef� cient is larger
for smaller thickness. The duration of the transient is shorter for a
material with higher thermal diffusivity.
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