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(ABSTRACT)

Methods for the removal of heat from a sphere, via jet impingement by single
and multiple jets was documented experimentally. Average heat transfer rates
from a sphere maintained at constant temperature, by means of an internal
electronic heater, and subjected to single or multiple jet impingements were
obtained and related to the exit conditions of the impinging air jet(s) and to
geometric parameters. The heat transfer rate was found to be insensitive to
small changes in geometry. The heat transfer rate was found to increase with
an increase in mass flow rate. The impingement of two jets was found not to
be as efficient as a single jet using the same mass flow rate. Compressibility
was found to decrease the heat transfer rate at high values of the Mach num-
ber. Attempts to increase the heat transfer rate by increasing the entrainment
of the jet by acoustic or mechanical excitation or by the use of an elliptic orifice
meet with no success. The decrease in velocity due to the increase in
entrainment cancelled any benefit that was gained by increasing the

entrainment of the jet.
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1. Introduction and Literature Review

1.1 General Introduction

Of all the problems that an engineer or applied scientist can encounter
while attempting to apply the principies of fluid mechanics to a given technol-
ogy, turbulence is perhaps the most difficult. Turbulence has successfully
evaded an adequate theoretical description from even the most talented minds
of the Twentieth century. The physicist Werner Heisenberg once remarked that
the problem of turbulence is just simply too difficuit and turned his attention
to quantum mechanics and nuclear physics [1]. With such a formidable barrier
on the theoretical frontier, the importance of experimentation to document the

characteristics of turbulent flows cannot be understated.

One of the areas where turbulence is an advantage is in heat and mass

transfer. The extensive mixing found in turbulent flows enable them to carry
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heat and/or mass from a surface or area of concentration far more efficiently
than a similar laminar flow, which relies on molecular diffusion and conveclion
for the transport of these properties. One of the most efficient uses of the tur-
bulent advantage is the turbuient jet impinging upon a heated surface for the
transfer of heat away from the surface. The rate at which the heat transfer
takes place is a function of impingement process and the ratio of the area
available for heat transfer to the area associated with the impingement proc-
ess. If all the area of the surface is assumed to be involved in the impingement

process, an average rate of heat transfer can be evaluated based on that area.

1.2 Theoretical Introduction

Once a heat transfer rate is known, it can be nondimensionalized into the
Nusseit Number. The Nusselt Number is formed by the temperature difference
between a body and its environment, the heat transfer rate, the thermal
conductivity of the fluid and a characteristic length of the body, in the present
investigation the diameter of the sphere. If the heat transfer rate is an average
rate, then these values are combined in the average Nusselt number, which is

defined as follows:

AvNy = 1B [1.1]
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where h is the average film coefficlent which is defined as
g=hA(T,-T,) [1.2)

and T, and 7, are the temperatures of the sphere and the environment, re-
spectively, g is the average heat transfer rate, D is a characteristic length of
the body, and A is the surface area available for heat transfer [2]. Thus an
alternative definition of the average Nusselt number is given by

qD

AVNU = ———. 1.
A(Ts - Ta)k [ 3]

The properties of the flow field associated with a turbulent jet contributes
to the determination of the film coefficient and the observed heat transfer.
Since the jet is turbulent, the impingement process and the boundary layers
that are established on the surface are also turbulent. Thus the film coefficient
is best described in terms of a slatistically stationary value which should be

related to the exit conditions of the jet.

A jet can be created by a pressure difference between two bodies of fluid
separated by a wall. If an orifice, essentially a well contoured hole, is present,
the fluid in the high pressure region will flow to the low pressure region, es-
tablishing a jet. This model of jet flow is often called the “leaking wall” [3].
Since the jet flow is established by a pressure difference and is initially
laminar, the velocity of the jel can be determined by Bernoulli’s equation,

which when solved for velocity reads,

1. Introduction and Literature Review 3




2AP [1.4]

where AP is the pressure difference across the wall, p is the density of the
fluid, and V, is the jet’s velocity at the exit plane. This value of the velocity is
accurate to about 2% across the entire exit plane and is known as the core
velocity [4]). This approach is valid, if and only if the flow can be considered
incompressible, i.e. the Mach number, defined as Mz%, where a is the
thermodynamic sound speed, is less than or equal to 0.3. For jets where

compressibility has to be taken into account, the velocity can be determined
by

P —1
- =0+ -92—)- M2y =1) [15]

where y is the ratio of specific heals of the fiuid, P, is the stagnation, i.e. the

plenum, pressure, and P is the ambient pressure [5).

Since the jet is a free shear layer, the hydrodynamic properties of the jet
are dominated by viscous forces and therefore the Reynolds number comes

into play. The Reynolds number is defined as

v,d
£ [1.6]

Re =

where d is the diameter of the jet, and v is the kinematic viscosity of the fluid.
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As a Jel Issues Into the environment, the boundary layers between the swift
moving jet and the stationary fluid environment grows towards the jet's
centerline. The region of fluid trapped within the growing boundary layers is
called the potential core and has the characteristics of the core velocity. This
can be seen schematically in Fig. 1. Once the boundary layers close com-
pletely around the core, the flow is referred to as fully developed, quite similar
to flow in a pipe. Generally before the flow becomes fully developed, turbu-
lence appears in the outer edge of the boundary layers, and shortly thereafter

the entire jet will, from that station forward, go turbulent.

It is important to note that turbulent jets have some interesting properties
that are well documented experimentally. All turbulent jets, which are allowed
to develop naturally, spread at a half angle of 13° [6] (See Fig. 1). This result
is independent of the Reynolds number. What does change with the Reynolds
number is the scale of the fully turbulent portion of the jet. The larger the
Reynolds number, the smaller the scale of the turbulence [7]). Another inter-
esting feature of jet flows, be they laminar or turbulent, is the fact that the
momentum integrated along any plane perpendicular to the centeriine of the
jet is a constant and this constant is the same for all planes including the exit

plane. The momentum integral is expressed as,

J= .[ pU°dA = constant [1.7]

— Q0
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where U Is the mean velocily as a function of position across the jet. Hence any
attempt to spread the jet, by artificial means, to a half angle larger than 13°
will entrain more mass but the momentum as expressed Equation [1.7] wil!
have to remain constant, i.e. even though more mass is moving with the jet it

will be moving at a lower mean velocity than in the natural case.

1.3 Literature Review

The cooling of a surface by a jet is not a new engineering device. For many
decades, jets have been used in cooling glass, textiles, electronic components
and in many other useful applications. But a detailed knowledge of the mech-
énisms of the heat transfer and the heat transfer rates that could be expected
have, unfortunately, been restricted to the case of jet impingement cooling of
a flat plate. The contributions of many investigators, notably Schauer and
Eustis [8], Vlachopoulos and Tomich [9], and Diller and Striegl! [10], have pro-
vided designers with ways of estimating heat transfer rates, while also pro-
viding researchers with valuable insight into the physical process of
impingement heat transfer. Also, extensive work recently has been done on
other configurations which relate to flat plate impingement as Refs. 11-13 at-

test.
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But what of a geometry other than the flat plate? A geometry of just as much
engineering importance, and the topic of this investigation, is that of a sphere.
The cooling of a sphere by jet impingement has been relatively unexplored.
Walts and London {14] examined the case of a jet inpinging on a sphere of a
diameter only slightly larger than the diameter of the jet itself. These diameter
ratios, sphere diameter to jet diameter (%), ranged from 1.66 to 3.10. Due to
turbulent entrainment and spreading of the jet, at any station away from the
orifice the sphere sees the jet as a turbulent stream on the same scale as its
diameter. The experiments of Walts and London were obtained by heating the
sphere to 100°F above the ambient. The temperature history of the cooling
process was recorded, via a thermocouple and chart recorder, and the aver-

age film coefficent deduced.

The work of Walts and London concludes that the effect of target to orifice
distance, nondimensionalized by the jet diameter, is to have the highest rates
at the smallest distances, followed by a constant value, and then additional
decay. The constant value was observed in the range of 3.0 to 4.5 nondimen-
sional length units. increasing the target size, i.e. the diameter of the sphere,
increased the heat transfer for small distances and decreased the rate for in-

creased distances.

But what of the case where the diameter of the sphere is much larger than

the diameter if the jet impinging upon it. What of %=12, 24, or 327 Investi-

gations of ratios on this order are non-existent. It is therefore the goal of this
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investigation to examine the heat {ransfer in these cases. In the present in-
vestigation, the sphere sees the jet as a disturbance about its stagnation point.
The plan of attack was 1o heat a spherical model to a constant temperature by
means of an electrical resistance heater contained in the modei. While a
thermocouple-based feedback loop holds the sphere at constant temperature,
a jet impinges upon the model. The feedback loop reacts to an increase in
cooling by increasing the voitage available to the heater and the loop reacts
in a similar fashion to a decrease in cooling rate by decreasing the voltage.
The average voltage required to hold the sphere at constant temperature,
squared and divided by the electrical resistance of the heater is the electrical
energy input into the model and dissipated into heat, or the average heat
transfer rate. An energy balance indicates that this input must be balanced by
the energy stored in the model, i.e. the temperature distribution within the
structure of the model, and the energy loss by the transfer of heat out of the
model to the environment. Once the ability o measure the average heat
transfer is established the effect of the different geometric relationships and

different dynamical configurations can be investigated.

Thus the average Nusselt number, in its simplest form, is proposed to be

a function of

AvNu = f'(ReM, G) [1.8]

where G is the effect of geometrical parameters. It is the purpose of this in-

vestigation to document what this relationship is.
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Once the functional form of Equation [1.8] is known, an imporiant question
remains. Can the flow field be changed in a way as to produce more heat
transfer for given plenum pressure or given mass flow rate? |If the jet could
be spread, be made 1o entrain more ambient fluid, the area where the jet im-
pinges upon the sphere, called the strike area, would be larger. This should
be beneficial in increasing the rate of heat transfer. Several investigators have
examined ways to increase the entrainment by using acoustic waves, elliptical

orifices, and mechanical pulsing.

While the turbulence is first appearing within the boundary layers, waves
of instability propagate on the surface of the jet just before the end of the po-
tential core (see Fig.1). These waves and their effect on jet flow was the subject
of an extensive experimental study by Crow and Champange [15]. These
waves are of a single frequency which can be nondimensionalized into the
Strouhal number. The Strouhal number is defined as

St= \’/—‘1' [1.8]
where f is the frequency of the wave structures. This Strouhal number will be
referred to the natural Strouhal number, since it is based on the frequency of
the natural structures. The natural Strouhal number of a jet is approximately
equal to 0.40 over a large range of Reynolds numbers. If the jet is excited in
some way, then another Strouhal number can be defined based on the fre-

quency of the excitation. This Strouhal number will be refered to as the forced
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Strouhal number and will be given the symbo! St Crow and Champange used
hot wire anemometry and flow visualization to determine that a jet would break
up in a more violent fashion, entraining more of the surrounding fluid if the jet
was excited with by acoustic waves from a loudspeaker. A forced Strouhat
number of 0.30 will produce the greatest effect; an entrainment increase of

32% over the unforced case.

A jet with a natural mechanism for increasing entrainment is the small-
aspect-ratio elliptic jet, the characteristics of which were documented by Ho
and Gutmark [16]. As the jet issues from the orifice, the jet retains the ge-
ometric orientation of the orifice. However, the minor axis of the jet, the
shorter of the two axes, spreads faster than the major axis creating a diamond
shaped cross section. The minor axis continues to spread at a faster rate than
the major axis until the two axes have switched identity and the process be-
gins again. During the axis-switching process, ambient fluid is entrained at a

much higher rate, about 42%, than in a equivalent circular jet.

While the elliptical jet has a passive means of increasing the entrainment
rate, the fully pulsed jet has an active means of accomplishing the same goal.
Pulsing the flow, i.e. turning the flow completely on and off, at a forced
Strouhal number much lower than the natural Strouhal number will produce a
large increase in entrainment. Recall that spectra of unforced jets have a na-
tural Strouhal numbers of approximately 0.40. Bremhorst reported a 180%

increase in entrainment, utilizing a St,=0.015, over a jet with steady flow [17].
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2.The Experimental Programme

2.1 Equipment and Facilities

2.1.1 The Models

Two spherical models were used in this study. Both were constructed of

aluminum, one with a diameter of two inches and the other with a diameter of

four inches. Schematics of these two models are shown in Fig.2. The models

were mounted individually on teflon shafts in order to isolate them thermally

from the rest of the test rig. The two models were heated in two different ways.

The larger model had a 1-3/8 inch by 2-3/4 inch cylindrical section cut into the

sphere which contained an oil bath. Into the oil bath an electrical resistance

heater was placed. Connections for the heater were brought out of the model

2.The Experimental Programme
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through teflon shields in order to minimlze conduction to the wires. The
smaller model was heated by a solid cartridge type heater. The surface of the
heater was in contact with the model, in contrast to the other model. Also the
electrical resistances, which are important to the computation of the power
dissipated, of the two heaters differed greatly. This implies that, for a given
situation involving a fixed amount of heat loss, the voltage required to
counteract this loss is very different for each model. Thus the recorded voit-
ages for each model, while under the same thermal load, will be different. But,
the calculated value for the power should be the same. Thus any unwanted

behavior that one heater may have can be detected. form of heater or another.

Each of the models were instrumented with a thermocouple oriented in the
mode! in such a way as to have the measuring volume as close to the surface
as possible. The placement of the thermocouple relative to the placement of
the heater was, in the smaller model, scaled down from the larger model so a

similar temperature distribution could be assumed to be the same in both

models.

The larger sphere was used to investigate the uniformity of the temperature
distribution within the models. Two thermocouples were instalied in the model.
Thus when the model was heated to constant temperature, the temperature at
two points within the interior could therefore be determined. The temperature

was found to be practically constant within the structure, allowing the as-
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sumption of an isothermal wall. Only the thermocouple in the long shaft shown

in Fig. 2 was used in the heat transfer measurements.

2.1.2 Description of the Experimental Rig

A special rig was designed and constructed to provide mountings for both
the sphere and the jet source and allow the two to transiate relative to each
other. A plenum was constructed by capping a section of steel pipe with two
aluminum plates. Different top plates were machined to provide the orifice
diameters necessary for the experiment. The orifices were machined in such
a way as to avoid vena contracta, a phenomenon of jet flow shown schemat-
ically in Fig. 3. An orifice of diameter d will produce a jet of diameter d only if
the entrance to the orifice is belt shaped (See Fig. 3a). If the orifice is simply
drilled straight through, the fluid is unable to turn the sharp corner and the
effective jet diameter, d,, which is less than d and very difficult to measure
(See Fig. 3b). A photograph of the orifice plates and the spherical models is

shown in Fig. 4. The plates were held in place by threaded rods.

The plenum contained instrumentation to provide temperature and pressure
data, via a thermocouple and manometer respectively. A honeycomb was

placed in the plenum in order to reduce the turbulence inherent in the com-

pressed air supply. Also, a loudspeaker was installed in the plenum to provide
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the acoustic excitation necessary for one phase of the experiment. The ple-
num was bolted to a movable bridge which moved vertically by means of a
threaded rod. The position of the plenum relative to the sphere was measured
by a calibrated dial indicator. A schematic sketch of this hardware is displayed
in Fig. 5 and a photograph is shown in Fig. 6. The traverse allowed movement
in the X and Y direction. This, in conjunction with the movable bridge, allowed
the sphere and the jet to be placed in a variety of geometric relationships, es-
pecially positions where the axis of the jet and the axis of the sphere are not

co-linear. The traverse was in turn mounted to the stationary bridge.

2.1.3 Instrumentation

The thermocouple within each of the modeis measure the temperature of
the aluminum close to the outside surface of the model. This output is sent to
an Eurotherm temperature controller, as shown schematically in Fig. 7. The
controller adjusts the power delivered to the heater within the model in order
to keep the temperature at the measuring point of the thermocouple constant.
This is accomplished by the two modules within the controller. The first mod-
ule has as input the thermocouple leads. The temperature that the
thermocouple indicates is compared to the set temperature that the user has
entered, via a set of keys, into the module. If the measured temperature and

the set temperature are not the same the first module send an signal to the
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second module to increase or decrease the power to the heater depending on
if the measured temperature is too low or too high. The power being delivered
to the heater from the second module is varied by chopping an 120 Voit AC
signal, removing parts of the waveform in order to achieve the desired power.
On the average the waveform resembles an isolated triangle wave with peaks
of 120 Volts and a period of 60 Hz. This is shown schematically in Fig. 8. The
controller is very sensitive to the values of its setup parameters. The vari-
ations of the measured heat fluxes could be as large as 20% if the controller
was setup in a less than optimum fashion. However, if a large number of sam-

ples are taken the result will become statistically independent.

In order to arrive at a statistically stationary value for the average power,
the voltage was sampled over a large number of periods. This data was ac-
quired using two distinct methods. In the first method the output of the con-
troller was attenuated and used as input to an integrated circuit, which
provided a DC output proportional to the RMS value of the original signal. This
DC signal was in turn sampled by a Digital Minc-11 data acquisition computer
at a very low sampling rate, 0.123 Hz. In the second acquisition method the
output of the controller, after attenuation, was sampled directly by an iBM-PC
via an Data Translation 2805 A/D board. The signal was sampled at a rate of
6000 Hz for one second then the data was reduced and the process repeated.
In each method the first and last sample in the time record was separated by
a period of about ten minutes. This long period of time was found to be nec-

essary in order for the average to become statistically stationary. Both of the
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programs, containing both acquisition control and data reduction are listed in

Appendix A,

As outlined in the introduction, the core velocity of the Jet is intimately tied
to the plemum pressure. In order to measure this pressure, two manometers
were used. The primary manometer was an 80 inch water filled manometer.
For higher pressures, a mercury manometer with 80 inches of travel was used.
The plenum pressure was controlled by the use of a pressure controller on the

compressed air line that supplied the experimental rig.

In order to measure the velocity profiles of the jet, a hot wire anemometer
was used. Frequency spectra of the hot wire signal at certain positions in the
flow were also measured. This was accomplished using a Dantec hot wire
anemometer, a Dantec Anemometer Controller unit and a Hewlett Packard
(HP) Digital Signal Analyser. The hot wire anemometer was a Dantec P15 0.5
micron wire. The P15 is a boundary layer type of probe. The calibration for
velocity measurements were conducted using the core velocity of the jet at low
speeds to avoid compressibility effects. The velocity versus voltage curve was
then fit by a fourth order polynomial. The IBM-PC equipped with its Data
Translation DT-2805 Analog to Digitat converier was used for the data acqui-
sition., The data was sampled at a rate of 1000 Mz for a period of 5 seconds,
converted into velocity and averaged. For the speciral analysis the HP Digital

Signal Analyser was run in 150 sample averaging autocorrelation mode. The
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signal was considered by the analyser as random and the total bandwidth was

from 0 to 10,000 Hertz with a bandwidth bin of 100 Hertz.

2.1.4 Description of Wind Tunnel Facility

The wind tunnel testing to determine the heat transfer rates for full stream
cooling were conducted in the VPI-ESM wind tunnel. The VPI-ESM wind tunnel
is an open circuit variable speed tunnel, and is shown schematically in Fig. 9.
The tunnel was constructed to provide basic research support for the labora-
tory and is capable of a speed range of 5 to 15 m/s in its present configuration.
This velocity was measured by a pitot-static tube connected to a six inch in-
clined manometer. The contraction ratio after the settling chamber is 5.2. The
test section is 51 by 51 by 125 cm. The maximum turbulent intensity is 1.25%

[18].

2.2 Experimental Procedure

The experimental procedure is essentially the same regardless of the spe-
cific effect being investigated. Once the temperature controller stabilizes the
temperature at its pre-set value under whatever thermal load present, be it a

single jet impingement, muitiple jet impingement or full stream cooling, the
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data acquisition can begin. For experimental runs using the wind tunnel the
velocity of the tunnel was entered into the data acquisition program, for runs
involving the jet Impingments the plenum pressure was recorded. This was
done mainly for bookkeeping purposes within the data files. The programs
used were responsible for both the data acquisition and the data reduction.
Therefore while the program is running, data may be being acquired of it may
be being reduced. After each was completed the average Nusselt number was

computed and stored in the data file.

The data acquisition program for the Minc involved a single analog to dig-
ital conversion. A sample of 400 voltages each separated by 1.45 seconds was
acquired. These voltages correspond to the instantaneous value of the RMS
voltage of the controlier as determined by the integrated circuit discussed
earlier. When the |BM-PC was being used to acquire the data, the voltage
from the controllier was sampled directly, after attenuation. A 6000 point sam-
ple is taken, this is a 100 point resolution per period for 60 periods, and the
RMS value of this sample is found by the computer and the result stored. This

process is repeated 100 times yielding 100 RMS values of vollage.

fn each case the recorded RMS values were then averaged to arrive at a
value for the average voltage. This value was then squared and divided by the
resistance of the heater. This is the average heat loss, §. To calculate the av-

erage Nusselt number a modification of Equ. [1.3} was used. Substituting into
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Equ. [1.3], the equatlon for the total surface area of a sphere yields after rear-

rangement,

_ q
AvNu = 7D(T, — Tj)k (2.1]

T, is the temperature indicated on the thermocouple display for the plenum as

mentioned in the Instrumentation section.

2.3 Comparisons with Earlier Work

To provide confidence in the experimental method it is necessary to compare
results from the current work to data of other investigators. A well documented
phenomenon related to the present investigation is the cooling of a sphere by
a free stream. There are three well accepted expressions for this, two which
are of an experimental nature and one which is an analytic solution. One of the

experimental correlations is attributed to McAdams [19] and is:

AvNu = 0.37Re®. [2.2]

The experimental correlation attributed to Cary {19] is
AvNu = 0.27Re3> [2.3]
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and the analytica! expression attributed to Johnstone [20] Is

uc Rep
AvNu = 0.714 — (2.3]

where c is the specific heat of the cooling fluid. This expression was derived
from the Boussinesq relation for the heat transfer from a flat plate and ideal
flow solution for flow over a sphere. Note that the two correlations and the
analytical solution are all functions of Reynolds number based on the diameter
of the sphere. These expressions and the data from the present investigation
are plotted in Fig. 10. The two experimental correlations are separated by a
large distance whiie the analytic expression and the data from the present
study lie in between. The correlation of Mc Adams is higher than the rest due
to the large turbulent intensity in the wind tunnel used. Within the range of
Reynolds numbers examined in this investagation, the relationship between
average Nusselt number and Reynolds number was found to be, for

19,500<Re<38,000 ,

AvNu = 0.002209Re,, + 55.560 [2.4]

In addition to the effect of full stream cooling, the characteristics of the jets
which were used in the impingment process were documented. The velocity
profiles of one of the jets is displayed in Fig 11. The decay of the centerline
velocity can be seen in Fig. 12 contrasted to the data of Petersen and Samet

[20]. The two sets of data agree very well.
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3. Jet Impingement Heat Transfer

What kinds of parameters are important to the jet impingement heat transfer
from a sphere? What are the relative roles of geometry and dynamics? Are
there any optimum configurations or combination of parameters? It is the goal
of this investigation to iearn how all these pieces fit together to form the whole
picture and how an understanding of the pieces can be used to the advantage
of an engineer. In this section what was learned about jet impingement heat

transfer will be examined.

3.1 Geometry

Similitude is one of the cornerstones of fluid mechanics. The idea that two
similar objects, which can have very different length scales, can exhibit similar

behavior is the basic premise of all experimentation. The field equations of
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fluid mechanics, i.e. the Navier-Stokes and the Energy equations, when
nondimensionalized provide the dynamic similarity parameters. Two, which
play an important role in this investigation, are the Mach number and the
Reynolds number. In addition to dynamic similitude, geometric similitude is
alsg important. In the present investigation, it appears intuitive that the dis-
tance from the orifice to the sphere or the orientation of the jet axis with re-
spect to the axis of the sphere will be important geometrical parameters.
These distances are defined as H, the distance from the orifice to the plane
tangent to the sphere, and x, the perpendicular distance from the axis of the
jet to the axis of the sphere, x =0 being the axisymmetric case. For the pur-
poses of this experiment, axis of the sphere was defined as the axis which is
perpendicular to the tangent plane of the sphere, the same tangent plane that
parallel to the plane of the orifice. These distances are shown schematically
in Fig. 13. The two distances are nondimensionalized by dividing H by d, the
jet diameter, and by dividing x by D, the sphere diameter. These two geomet-
rical ratios coupled with the ratio of the jet diameter to the sphere diameter

(%) complete the geometrical picture.

Experiments were conducted {o determine what effect, if any, changing
these distances has on the amount of heat transfered from the sphere. If a jet
flow is established at constant Reynolds number and H is increased, the heat
transfer rate will remain essentially constant as long as H is greater than 3 jet
diameters but smatller than 14 jet diameters. For values smaller than 3 jet di-

ameters the heat transfer rate will begin to decline. As H becomes larger than
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14 jet diameters the heat transfer will begin to fall off in a linear fashion. This
data is plotted in Fig. 14 for a small range of H and Fig. 15 for a larger range
of H. The fact that the heat transfer rate remains constant for the range of 3
to 14 jet diameters indicates that small changes in the strike area, the area on
the sphere where the jet impinges, does not change the heat transfer at all.
This may be due to the fact that in the range of % investagated, recall that this
ratio ranged from 12 to 32, the strike area is very small compared to the total
surface area of the sphere. In order to gain an appreciation for how these two
areas compare, Fig. 16 presents a shadowgraph of the impingement process.
The jet diameter is 0.167 inches, and the sphere diameter is 2.0 inches,
yielding the smallest % with a value of 12. H is equal to 1.0 inches, for a %
=6.0. The shadowgraph was produced by using carbon dioxide to pressurize

the plenum. This provided the index of refraction change necessary to make

the jet visible to the shadowgraph technique.

When the axis of the sphere is moved with respect the axis of the jet im-
pinging upon it at constant Reynolds number, the heat transfer remains con-
stant to a value of half the sphere diameter. As the axes become separated by
more than half a sphere diameter, the heat transfer begins to drop off as the
square root of the separation. This is shown in Fig. 17. The constant value of
average Nusselt nhumber for small x may be due to the same reason as the
constant value of average Nusselt number for the reporied range of H. When
the axis of the jet corresponds to the same line as the axis of the sphere the

strike area is essentially a plane, due to the relative size of the area of the

3. Jet Impingement Heat Transfer 23




sphere to the strike area. But as x becomes larger the curvature of the sphere
becomes increasingly apparent and this has a negative effect on the heat

transfer.

The effect of the final geometric ratio, —Q-, proved very difficult to examine.

d
At first the effect of % was thought to be captured in the Reynolds number and
the geometric distance % it was felt that the jet diameter controlled the be-

havior of the jet only on a scale local to the orifice and that this effect would
be adequately captured in the Reynolds number. This proved not to be the
case. The discussion of the effect of % will be postponed until after discussion
of the effect of a changing Reynolds number.

3.2 Dynamics

As noted earlier two dynamic similitude parameters are of importance in
this investigation; the Mach number and the Reynolds number. Since the Mach
number is the ratio of the core velocity of the jet to the thermodynamic sound
speed, the diameter of the jet is independent of the Mach number. However,
the Reynolds number is not independent of jet diameter. Thus varying the
Mach number while keeping the Reynolds number constant will require the
diameter of the jet to change. The effect of the Reynolds number can be in-

vestigated independently of the Mach number if the core velocity is kept low
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so that the Mach number Is less than 0.3. This will keep the effect of

compressibility small.

if all of the geometric parameters are fixed, sweeping the Reynolds number
through a range of values corresponds essentially to changing the mass flow
rate. In flat plate jet impingement heat transfer the average Nusselt number
is related to the Reynolds number as AvNu = C Re™ where m ranges from
0.50<m<0.80 [3] and C is a constant. In the present study the Reynolds
number linearly correlates with the average Nusselt number. This data is
shown in Fig. 18. A linear fit to the data yields, with an excellent correlation

coefficient

AvNu = 0.0092281Re + 96.8201 -g- = 24 (3.1]

If a jet of different diameter, and thus different % is lested, the same

Reynolds number will produce a different average Nusseit number. There are

four different curves in Fig. 18 for four different —D—. One of the curves is the

d
same curve discussed earlier, namely the %=24' The correlations for the
other three curves are:
AvNu = 0.0134294Re + 20.1056 % = 32, (3.2]
AvNu = 0.0082246Re + 120.7227 _%_ =16, {3.4]
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and

AvNu = 0.0087981Re + 197.5394 —g— = 12. [3.3]

These correlations suggest that the relationship between average Nusselt

number and the Reynolds number is linear of the form
AvNu = ARe + B [3.5]

where A=A(%) and B=B(%). For the range of L examined, the following

d
correlations are suggested for A and B. For 125%532.
_ D D 2
A =0.1537 — 0.00084 o + 0.00002( ?) [3.6]
B = 17.5988 —3— — 0.49340( % ) —38.6304 [3.7]
The use of these correlations will correctly capture the effect of %

Since the ability of the Reynolds number to capture the influence of jet size
on the heat transfer was not as strong as originally thought, the ability of the
average Nusselt number to capture correctly the heat transfer effect was
checked. Increasing the temperature of the sphere and repeating the Reynolds
number sweep for a known jet diameter and geometric configuration should
yield the same values for the average Nusseit number. This is indeed the case

as the data shown in Fig. 20 attests. The sphere temperature was raised from
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60° C to 80° C and the same value of the average Nusselt number was found.

Thus the average Nusselt number correctly captures the heat transfer effect.

Lying somewhere between a dynamic effect and a geometric effect is the
use of two jets to cool the sphere. This is both a case of geometry and dy-
namics because using two jets doubles the mass flow rate and the spacing
between the jets can be varied. The distance between the centerline of the jets
is defined as e and is nondimensionalized by dividing by D. The geometry is
shown in Fig. 21. The effect of varying the quantity e is a rise in heat transfer

until the maximum is reached at a value of —g— = 0.60. The heat transfer then

begins to decrease. This data is shown in Fig. 22. The value plotted as

£ -00 corresponds to the heat transfer for a single jet with half the mass

D
flow rate of the two jet case. It is interesting to note that this value is identica!

L -
D

mass flow rate. Thus the use of two jets offers a very modest increase in heat

the value at 0.15 which corresponds to two jets and therefore twice the
transfer over the single jet case. A quick review of the Reynolds number sweep
indicates that a higher heat transfer rate can be obtained by using a single jet
running at twice the speed, and thus the same mass flow rate of two jets, than

can be obtained using two jets separated by some distance.

The final dynamic effect is the eflfect of compressibility or the effect of the
Mach number. If the physical dimensions of a given geometrical setup were
all reduced by a factor of two, a nondimensional measurement made on the

larger geometry should have the same value as the same nondimensional
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measurement made on the smaller geometry. The laws of similiude guarantee
that this is indeed the case if the two systems are, in fact, one hundred percent
dynamically and geometrically similar. But in the present study, the Mach
number is not dependent on the geometry. Thus the smaller geometry, in or-
der to match the jet Reynolds number of the larger geometry, will have an as-
sociated jet Mach number twice that of the larger geometry. Thus the two
systems are not one hundred percent geometrically and dynamically similar.
The effect of this difference can be seen in Fig. 23. At low Mach numbers, i.e.
Mach numbers less than 0.3, there is no difference in the two geometries. The
two curves are identical. However, as the Mach number increases, the curve
for the small geometry begins to deviate from the curve for the larger geom-
etry. For the purpose of comparison, the endpoint of the curve for the larger
geometry is, M=0.5 while the endpoint for the curve for the smaller geometry
is, M=0.75. From the curves it appears that compressibility tends to decrease
the heat transfer. This can be seen in Fig. 24 where lines of constant Reynolds
number are shown as functions of the Mach number and the average Nusselt
number. In order toc provide a correction for the effect of compressibility con-
sider the following. If Equation [3.1], which is the proper correlation for this
value of -%, is plotted versus the data for the smaller geometry then where the
two deviate from one another is where compressibility needs to be taken into
account. This data is shown in Fig. 25. Recaill that the correlation expressed in
Equation [3.1] was derived using only data that could be considered in the

incompressible regime. The region where the two curves begin to deviate from
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one another corresponds to a Mach number of about 0.55. Thus for M>0.55,

the following correction is suggested

AVNu = CAVNu,. [3.8]

where AvNu, is the value of the average Nusselt number as computed using

Equations {3.5] - [3.7] and C is defined as
C = 1.4423 — 1.11902M + 0.64127M? [3.9]

This completes the investigation into the effect of the various dynamical and
geometrical parameters on the heat transfer, i.e. the average Nusselt number.
Now ways of modifying the flow field as to increase the heat transter while not

increasing the mass flow rate will be examined.

3.3 Flow Field Excitation

As mentioned in the Introduction there are several ways to increase the
entrainment of a turbulent jet over the amount of natural entrainment. Elliptical
jets, acoustic excitation, and mechanical pulsing are all well documented
routes to an increase in entrainment. It is a hypothesis of this investigation that
an increase in entrainment will produce an increase in heat transfer over a

natural jet with the same amount of mass flow rate at the jet exit.
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The effect of an elliptically shaped orifice was examined first. Since the axis
switching associated with this type of jet evolves as a function of distance
along the centerline, two different positions of the sphere in space were tested.
The results of these experiments are plotted in Fig. 26. The extra entrainment

of the elliptic jet has no effect on the amount of heat transfer experienced.

A second attempt at an increase in heat transfer by increasing the
entrainment was made by examining acoustic excitation. A loudspeaker was
located in the plenum to provide the needed excitation. Before the exper-
iments were conducted, the natural spectra of the jet was investigated to see
if the results would be similar to the work of other researchers. The spectra
are shown in Figs. 27-35 for different Reynolds numbers. When the frequencies
are reduced to natural Strouhal numbers all fall around a value of 0.40 which
is in agreement with the work of other researchers [15,20]. The variation of
natural Strouhal number with Reynolds number is plotted in Fig. 36. Exper-
iments to determine if the heat transfer could be increased by acoustic
excitation were conducted at St,=0.4, St,=0.8, and St,=0.3, note that these
forced Strouhal numbers are based on the frequency of the acoustic excitation.
Also the velocity profile of the jet in its excited state was measured at a
%?—4.0 and a St=0.3. This data is compared to similar data by Crow and

Champagne [15] in Fig. 36. As in the case of the elliptical jet, the heat transfer

rate for all the cases of excitation failed to increase over the natural case. This

can be seen in the data plotted in Fig. 37.
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The final attempt at an Increase Iin heat transfer via an entrainment increase
was the mechanically pulsed Jet. The jet was pulsed by rotating a circular disk
with ten equally spaced holes. Both holes and solid sections of the disk were
equally spaced so that there was equal time with the flow on and with it off.
The rotational speed of the disk was determined by a strobe light. In order to
arrive at the suggested Strouhal number of 0.015 [16], the disk was rotated at
45 Hz resulting in a pulsing frequency of 450 Hz and a forcing Strouhal number
of 0.0151. Since the compressed air supply which provided air to the exper-
imental rig provided a constant mass flow rate of air, the pressure in the ple-
num would rise and fall with increasing and decreasing orifice area. Thus
keeping the total mass flow rate the same as in the case of the non-pulsed jet.

Yet again there was no increase in heat transfer rate, as shown in Fig. 38.

From the above it appears that the hypothesis that an ‘increase in
entrainment will produce an increase in heat transfer is incorrect. The fact that
the momentum in a jet is a constant implies that the more mass entrained, the
lower the mean velocity the entrained fiuid must have, compared to the natural
case. This decrease of average velocity must counteract the beneficial effect

of a larger area that additional entrainment provides.
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4. Discussion and Recommendations

This study had two goals: (1) to document the effect of geometrical and
dynamical parameters on jet impingement heat transfer from a sphericai sur-
face, and (2) to attempt to increase the heat transfer rate over the natural jet
impingement case by increasing the entrainment of the jet. Addressing the first
goal it was found there is a wide range of geometricat parameters in which a
change in geometry produces no change in the rate of heat transfer. This was
attributed to the large values of % examined. A large value of % means the
sphere is of a much larger diameter than the jet diameter, enabling changes
in geometry not to influence the interaction of the sphere and the jet. Of all the

geometric effects studied, it is the diameter ratio, 2, That had the most influ-

ence in changing the heat transfer rate.

Changing dynamical parameters had a larger effect on the heat transfer
rate. Increasing the Reynolds number of the jet increases the heat transfer.

This is interpreted to mean that the rate of heat transfer increases with mass
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flow rate. Compressibllity was found to play a role in reducing the rate of heat

transfer as the Mach number grew towards unity.

The second goal of the study was actually a working hypothesis. Working
on the interpetation of the data obtained earlier which indicates higher heat
transfer for higher mass flow rates, it was thought that an increase in the heat
transfer rate could be brought about by an increase in jet entrainment. This is
based on the fact that the more ambient fluid a turbulent jet entrains, the more
fluid mass acquires some non-zero velocity. This was thought to be beneficial
because it would increase the strike area on the sphere, essentially making a
small jet appear, to the sphere, as a large jet. However, this entrainment in-
crease accurs under the constraint that the momentum integrated across any
perpendicular plane must be a constant. This constant is determined based
on the initial velocity profile of the jet. Therefore allowing more fluid mass to
acquire non-zero velocity, by increasing the entrainment, actually decreases
the mass flow rate. This reduction in mass flow rate, and thus the heat transfer
rate, cancels any increase in heat transfer rate that may come about through
an increase in strike area. This was shown experimentally to be the case. As
a recommendation for further study, a jet which entrains less fluid than a na-
tural jet is the best candidate for a modified flow field solution to higher heat

transfer rate. The search for a method to arrive at less entrainment for a tur-

bulent jet is outside the scope of this study.
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Summary of Results

A. Geometry

1. The effect of increasing the distance between the orifice and the sphere
has little effect on the heat transfer rate, as long as the distance is not too
large or too small. As long as 35%514 is the case. This is attributed to the

fact that the strike area does not change appreciably over a range of different

distances and the velocity of the jet does not decay appreciably either.

2. The effect of increasing the perpendicular distance between the axis of
the jet and the axis of the sphere does not change the heat transfer until the
distance exceeds a quarter of the sphere diameter. This can be attributed to
same reasons as in 1. As long as the jet impinges near the axis of the sphere
the strike area is essentially plane with a 80° impingement angle. However,
as the angle of impingement becomes less than 90° the rate of heat transfer

decreases.

3. Of all the geometrical ratios, the ratio of sphere to jet diameter, -%
proved the most important. Increasing the jet diameter relative to the diameter
of the sphere increased the rate of heat transfer for a constant Reynolds
number. Changing the diameter can also help avoid some unwanted effects,

such as the effect of compressibility.
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B. Dynamics

1. As the Reynolds number of the jet impinging upon the sphere increases,
the heat transfer increases. There is a linear dependence of the average
Nusselt number on the Reynolds number. The increase in heat transfer with
increasing Reynolds number indicates that the rate of heat transfer that can

be expected has a strong dependence on the mass flow rate.

2. As the Mach number increases, the rate of heat transfer is effected. The
effect of compressibility results in a decrease in the rate of heat transfer from
the amount which would be expected if flow were incompressible. This is

probably due to heating of the jet due to its high speed.

3. If two jets are used, the rate of heat transfer will be larger than if just one
jet was used. However this increase is not as high as the amount of heat
transfer that can be removed by a single jet with the same mass flow rate as

the two jet case. Thus the use of two jets is not recommended.

C. Modification of the Flow Field

1. The hypothesis that an increase in heat transfer rate can be brought
about by increasing the entrainment of the jet was shown not to be correct. The

increase in area due to entrainment is paid for with a decrease in impingement
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velocity, thus cancelling any increase In heat transfer rate that may have come

about by an increase In strike area.

Recommendations

The interesting question, which this study tried to answer in part, "Is there
any way for an engineer to increase the heat transfer from a spherical surface
over the rates associated with natural jet inpingement?”, is far from being an-
swered completely. In addition to the previous recommendation, the use of
supersonic nozzles offers some interesting possibilities. An overexpanded
supersonic nozzle suffers a large increase in area which may be beneficial
enough to oulweigh the negative effect of compressibility. Another area of
possible interest is an examination of the local values of the heat transfer rate
on the sphere. This would allow an investigator to find areas where the rate
of heat transfer is critically low and devise a way to remedy this local weak-

ness in order to increase the overall cooling.

With the conclusion of this study a great deal of evidence has been com-
piled on the subject of jet impingement cooling of spherical surfaces. This in-
formation would be valuable in the development of a numerical scheme
capable of capturing the effects of all the different phenomena examined. Any

numerical scheme will be plagued with the common probiems associated with
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the calculation of turbulent flows, e.g. the problem of closure and uncertainty
with the boundary conditions just to name two. However, such a numerical
scheme, together with the results of this study, will provide engineers with

valuable tools for solving similar problems in applied heat transfer.
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