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Experimental Investigation of an Air Microjet
Array Impingement Cooling Device

John E. Leland¤ and Rengasamy Ponnappan†
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and

Kevin S. Klasing‡

Universal Energy Systems, Inc., Dayton, Ohio 45432–1894

A microjet impingement cooling device for high power electronics was constructed from silicon wafers using
microelectromechnical systems fabrication techniques. The array of 221, 0.277-mm-diamjets was tested using air
as the coolant for jet diameter Reynolds numbers from 4:65 £ £ 102 to 1:405 £ £ 103 . Heat transfer and pressure drop
data were obtained for a range of mass rates extending up to the point of choked � ow and also for variable heat
� uxes. The results were compared to an existing Nusselt correlation for jet impingement arrays that was found
to signi� cantly under-predict the heat transfer. A new correlation is provided that also accounts for variable air
properties.

Nomenclature
A = area
A f = free area ratio, the ratio of total jet area

to heat transfer area, ¼d2=4x2
n

c = speed of sound,
p

.° RT f /
cp = constant pressure speci� c heat
d = jet diameter
G = mass � ow
h = heat transfer coef� cient
k = thermal conductivity
L = heated length
Nud = average Nusselt number, hd=k
P = pressure
Pr = Prandtl number, ¹cp=k
q = heat � ux
R = gas constant
Red = Reynolds number, ½Ud=¹
r = recovery factor
T f = � lm temperature, (Ti C Tw/=2
Ti = inlet static temperature
Tw = average wall temperature
U = bulk velocity
V = volumetric � ow rate
xn = jet-to-jet spacing
zn = jet-to-target spacing
° = ratio of speci� c heats
µw¡f = wall to � uid (at Ti ) thermal resistance
¹ = dynamic viscosity
½ = density
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Subscripts

amb = ambient
aw = adiabatic wall
e = exit
i = inlet
meas = measured
0 = stagnation

Introduction

T HE coolingof high-powerelectronicsis becomingincreasingly
important to the U.S. Air Force (AF) and commercial industry

as the power capacity of devices such as the insulated gate bipolar
transistor increase. Some devices being developed by the military
have projected waste heat � ux levels in excess of 300 W/cm2 . The
AF is further interested in employing air cooling where possible.
Although a poor heat transfer � uid, air has many advantages.There
are no logistics issues, no inventory problems, no environmental
concerns, no safety issues, and no special training associated with
the use or handlingof air. Thus, the useof a different� uid, especially
one not already employed by the AF, would come at great cost.1

In an effort to meet the demandingcooling requirementsof high-
powerelectronicsdevicesand thecostobjectivesof theAF, a silicon-
based microjet array cooler has been built and tested. Ideally, a
silicon-basedcooler could eventually be machined directly into the
die of an electronic device thereby eliminating many thermal resis-
tancesand,consequently,making the most of air cooling.An emerg-
ing microelectromechnicalsystems (MEMS) fabricationtechnique,
deep-ion etching, was exploited to machine the � ne � ow passages
within the cooler.

The cooler design incorporates an array of jets impinging on an
enhanced surface to achieve high heat transfer rates. Jet impinge-
ment heat transfer is known for its ease of implementationand high
heat transfer coef� cients. It has been employed for the drying of
paper and textiles, tempering glass, bearing cooling, turbine blade
cooling, and electronicscooling. Many excellent surveys have been
performed for air jet impingement,2¡4 which cover hundredsof ref-
erences. Even with this impressive depth and breadth of literature
available, there is very little in the way of data for arrays of very
small jets.

Kercher and Tabakoff5 are perhaps the only investigators to
have studied arrays of small diameter jets. Their data cover the
ranges 0:25 · d · 2:0 mm, 3:1 · xn=d · 12:5, 1:0 · zn=d · 4:8,
0:005 · A f · 0:080, and 3 £ 102 · Red · 3 £ 104 . The array area
was 50.8 mm square for all cases. In comparison, the current device
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Fig. 1 Comparison of current data to existing correlation.

results are for d D 0:277 mm, xn=d D 4:44, 0:96, A f D 0:040, and
4:65 £ 102 · Red · 1:405 £ 103 . The current array impingement
area is 18.2 mm square with a total device footprint of 22.2 mm
square. Kercher and Tabakoff made several important conclusions
with regard to the array performance: 1) The heat transfer coef� -
cient increases with A f . 2) The heat transfer coef� cient is domi-
nated by Reynolds number Red and xn=d. 3) For constant total jet
area, the heat transfer coef� cient increases with increasing number
of jets. 4) The heat transfer coef� cient increases with increasing
zn=d if there is no cross� ow, but decreases with increasing zn=d
if cross� ow is present. 5) Heat transfer decreases with increasing
cross� ow. Cross� ow is simply the � ow traveling perpendicular to
the impinging jets. The jets farthest from the center experience the
most cross� ow. Kercher and Tabakoff correlated their results with
the following complex expression:

Nud ;x D Á1Á2 Rem
d Pr

1
3 .zn=d/0:091 (1)

where m D f .xn=d; Red ), Á1 D f .xn=d; Red ), and

Á2 D f

µ
G.X; I ¡ 1/

G.H; I /
;

³
zn

d

´
; Red

¶

are all evaluated graphically from � gures contained within Ref. 5.
The term G.X; I ¡ 1/=G.H; I / is the ratio of cross� ow entering
unit area I over the total jet � ow for the same unit area. Figure 1
shows the present data compared to Eq. (1) for no cross� ow and
strong cross� ow. The performanceof the microjet cooler is substan-
tially better than the best case, no cross� ow, predicted by Eq. (1).
Thus, there is great promise for this heat transfer concept, but there
is also a need for a better understanding of heat transfer and � uid
� ow in small jet arrays.

Experimental Apparatus
The experimental apparatus consists primarily of the microjet

array cooler and the � ow and measurement equipment.

Microjet Cooler

The overall objective of the microjet cooler design was to obtain
a very compact, high-performance cooler using air as the cooling
medium. The complexity of Eq. (1) almost precludes using it as
a design tool. As a consequence, the cooler design began with the
qualitativeconclusionsofKercher and Tabakoff5 and the limitations
of theMEMS deep-ionfabricationtechnique,theavailablethickness
of silicon wafers (400 ¹m) and the number of wafers that could be
bondedintoa stack(four). The wafer thicknessestablishedthe jet-to-
target spacing zn , which then set the range of optimal jet diameters.
From there, several iterations of Eq. (1) established the jet spacing
and other parameters. The microjet cooler is constructed from four,
400-¹m deep-ion etched silicon wafers to form a plenum, jet array

Fig. 2 Schematic of microjet array cooler.

or ori� ce plate, and heat transfer surface or target plate. Figure 2
shows a schematic of the cooler. Air enters the device plenum and
is distributed over the ori� ce plate. The air then � ows through the
ori� ce plate creating a high heat transfer zone under each of the
221 jets. The air is then exhausted from two opposing edges of
the cooler, normal to the plane of the cross section shown in Fig. 2.

The primary limitationsof this type of constructionare the wafer
thicknessand the inability to bond more than four wafers. Thus, the
wafer thickness is the dominant driver in the design. The literature
shows that, for a single jet, heat transfer is optimal for 2 · zn=d · 4
with ori� ce-typenozzles.The optimalspacingis relatedto the length
of thepotentialcoreandvelocitypro� le of the jet, the latterbeingpri-
marily a function of nozzle type and nozzle entry geometry. Above
this range, heat transfer is reducedwith increasing zn=d . Below this
range, heat transfer is less effected, and a secondarymaximum may
occur when con� ned jet conditions, zn=d D 0:25, are approached.
Note that the precedingobservationshave been made for single jets
and thatKercherandTabakoff5 didnotnote an optimal zn=d for their
jet arrays. However, Kercher and Tabakoff found that larger zn=d
caused reduced heat transfer in the presence of cross� ow. Thus, to
obtain good heat transfer and to satisfy deep-ion etch hole fabrica-
tion limitations, zn=d ¼ 1 was chosen, which yielded a jet diameter
of 250 ¹m. (An actual hole size of 277 ¹m resulted.) Given d , the
correlation of Kercher and Tabakoff indicated that 4 . xn=d . 5
would yield good results for the assumed Reynolds number regime.

The total jet area was then used to de� ne the inlet area. At 5 mm
in diameter, the inlet hole area is substantially larger than the total
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jet area. Unfortunately, wafer thickness and fabrication limitations
caused the � ow area in the plenum to be slightly restricted at the
point where the inlet � ow impinges the lower plenum plate and is
turned radially outward. It was later found that this had much more
severe implications than � rst surmised. As will be discussed later,
the restriction led to recirculating � ows in the plenum and above
the target plate that created a ring of reduced jet � ow onto the target
plate.

The described con� guration yields a value of A f that is more
than seven times greater in the present experiments than the highest
value studied by Kercher and Tabakoff5 for a similar jet diame-
ter. To compensate for the large value of A f , the target plate was
constructed with 45 ¹m deep by 54 ¹m wide grooves on 152-¹m
centers. The addition of widely spaced shallow grooves increases
the heat transfer area while minimizing any effect on � ow distri-
bution. This change reduces the ratio of A f to target plate area to
one that is closer to that studied by Kercher and Tabakoff for the
subject jet diameter.Note that the jet diameter is more than six times
the groove width and that the jet-to-target plate spacing is taken as
an area weighted average to account for the grooves. Details of the
device are shown in Fig. 2.

Flow and Measurement System

A schematic of the � ow and measurement system is shown in
Fig. 3. Other detailsof the measurement system are shown in Fig. 4.
Shop air at 1.2 MPa is � ltered, dried, and then regulated to achieve
the desired volumetric � ow rate. The inlet � ow static pressure is

Fig. 3 Flow and measurement system schematic.

Fig. 4 Schematic of microjet array cooler and measurement system.

measured by a calibratedpressure transducer.The inlet temperature
measured by a 1.59-mm probe type-T thermocoupleis corrected by
the following equation:

Ti D Tmeas ¡ r
¡
U 2

¯
2cp

¢
(2)

where the recovery factor is de� ned as r D Prm and m D 0:84 for
laminar � ow and m D 0:89 for turbulent � ow. A rotameter, or vari-
able area � ow meter, is used to obtain the volumetric � ow rate,
which is corrected for off standard temperature and pressure by the
following equation:

V D Vmeas

p
.TR=Ti /.Pi=PR / (3)

where TR and PR are standard temperature and pressure, respec-
tively. When it is realized

V D Ui =Ai (4)

Eqs. (2–4) may be combined to obtain Ti .
Heat is applied to the microjet array cooler by four resistance-

matched, thick-� lm resistors soldered directly to a copper heat
spreader. Thermal grease was used to minimize the thermal re-
sistance between the copper heat spreader and the microjet array
cooler. The heaters and microjet array cooler were well insulated
with low thermal conductivity, 0.3 W/mK, Glastherm HT (Gen-
eral Electric Corporation) and Fiberfrax (Carborundum Company).
Figure 5 shows the locations of 14 type-T 30 American Wire Gage
(AWG) thermocouples which were embedded in 0.69-mm holes
drilled along the midplaneof a 2.31-mm-thickcopperheat spreader.
The area weighted average of these temperatures Tw and the adi-
abatic wall temperature were used to calculate the average heat
transfer coef� cient:

h D q=.Tw ¡ Ti;aw/ (5)

The temperature drop through the copper and silicon is considered
small, and by not accounting for it, a more conservativeestimate of
the heat transfer coef� cient is obtained.The heat � ux is obtainedby
subtractingthe heat loss from the electrical power into the resistors.
A correction was made for the difference in area between the target
plateand resistiveheaters.Theheat losswasobtainedas a functionof
Tw by applyingpower to the heaterswith zero air� ow. An additional
set of experiments with zero power input and various � ow rates
showed that viscous heating was negligible.

A pitot tube constructed from 26 gauge hypodermic tubing,
0.25 mm i.d., was used to measure the stagnationpressureof the exit
air as shown in Fig. 4. The pitot tube was maintainedat a distanceof
1.5 mm, less than eight planar exit jet hydraulic diameters, from the

Fig. 5 Schematic of thermocouple locations.
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planeof the exiting jet. Pressuremeasurementswere takenalong the
length of the exiting jet for each � ow rate, and the exit pro� le was
determined to be � at, indicating that the � ow was well distributed
at the exit. A type-T 30 AWG thermocouple mounted near the pitot
tube was used to measure the exit air temperature.The exit velocity
was obtained by

Ue D
q

2c2
0 ¡ 2c0

p
c2

0 ¡ [2.P0;e ¡ Pamb/=½0] (6)

where c0 is evaluated at the exit stagnation temperature T0;e . This
equation accounts for compressibility effects. The exit stagnation
temperature is determined from

T0;e D Tmeas C .1 ¡ r/
¡
U 2

e

¯
2cp

¢
(7)

The exit velocity may be found by the simultaneous solution of
Eqs. (6) and (7). The exit temperature may then be obtained from
Eq. (2).

The experiments were performed by setting the volumetric � ow
rateand then incrementingthe heat inputuntil the device reachedthe
predetermined limit of 80±C. The 80±C limit was imposed because
the glue used to bond the silicon wafers was limited to 85±C in
operating capability. The inlet temperature was not controlled but
was observedto remainnearlyconstantduringeach experiment.The
inlet temperature ranged only from 20.6 to 23.3±C over the entire
range of data. All propertieswere calculated at the � lm temperature
unless otherwise noted.

Uncertainty Analysis
A Hewlett Packard 3852A data acquisition system was used to

make all voltage and temperature measurements. This device has
a resolution of 0.02±C and rated accuracies of 0.65±C for T-type
thermocouples.The data acquisitionunit and type-T thermocouples
were compared to a precision digital resistance temperature device
(0.03±C rated accuracy), over the range of interest, and the system
accuracywas found to actually be within 0.3±C. All type-T thermo-
couples were found to agree with each other to within 0.1±C for the
entire temperature range of interest.

The heat � ux was calculatedfrom the measurementof the voltage
and current into the thick-� lm resistors. The standard Kline and
McClintock6 approach to random uncertainty calculation yields an
uncertainty of 0.27% in the electrical power input. Heat loss was
determinedbyapplyingpower to the resistorswith zero� owthrough
the microjet array cooler. The heat loss was then correlated as a
function of Tw and subtracted from the electrical power input at a
given Tw . The percentheat loss was thegreatestfor low airmass � ow
rates and low-power inputs and was the smallest for the converse.
For example, the heat loss was about 15% for 0.5 g/s air� ow and
less than 4% for 3.7 g/s.

The uncertainty of the pressure measurements was 5 Pa. The
uncertainty of the mass � ow rate calculation was dominated by the
uncertainty of the � ow meter, which was 3% of the reading. The
repeatability of the data was generally within 2% for heat � uxes
greater than 2 W/cm2. A minimum of two runs were made for each
� ow rate. Finally, the bias error was not estimated.

Results
Results were obtained for a range of input pressures that yielded

� ow rates near the lower limit of the � ow meter capability to
choked � ow at the exit of the microjet array cooler. The jet di-
ameter Reynolds number ranged from 4.65 £ 103 to 1.405£ 104

under these conditions.The device average heat transfer coef� cient
was obtained for a variety of heat � uxes to determine the effect
of variable properties of the air. A Nusselt correlation including a
correction for variable propertieswas developed.

Figure 6 shows how the heat � ux varies with the device pressure
drop for two values of Tw . As may be seen, the heat � ux values
level out and become unsteady after choked � ow occurs at the exit
plane of the device, indicative of a converging nozzle. Power elec-
tronics case temperatures in excess of 85±C are not uncommon for

Fig. 6 Heat � ux vs pressure drop.

Fig. 7 Thermal resistance vs mass � ow rate.

Fig. 8 Wall temperature vs mass � ow rate.

militaryapplications.One can easily see that heat � uxes greater than
15 W/cm2 are possible for these higher case temperatures.

The effect of mass � ow on the device thermal resistance µw¡f

may be seen in Fig. 7. For an air-cooled heat sink, the performance
of the microjet array is impressive, <14±C/W/cm2 . State-of-the-art
commercially available pin � n heat sinks with integral muf� n fans7

have thermal resistances ranging from 28 to 185±C/W/cm2. In fact,
the performance of the microjet array is comparable to commer-
cially available liquid-cooledcold plates. However, this has a price.
Figure 7 also shows that achieving this level of performancewith an
air-cooledheat sink comes with a signi� cant estimated pump power
cost.

For the electronics cooling designer, Fig. 8 shows the mass
� ow rate that would be required to maintain a desired operating
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temperature for various power inputs. As with the device thermal
resistance, it may be seen that there are diminishing returns for in-
creasing the � ow rate.

The data are compared to the correlation developed by Kercher
and Tabakoff,5 Eq. (1), in Fig. 1. Figure 1 clearly shows that the
performance of the microjet array is substantially better than that
obtained for by Kercher and Tabakoff for their arrays. As stated
earlier, the geometric and test parameters of the current microjet
array device are within the ranges studiedby Kercher and Tabakoff.
However, for the jet diameter used in the present experiments, xn

and zn are both smaller than the range covered by Kercher and
Tabakoff. Furthermore, although the increased area of the target
plate has been adjusted for, the shallow grooves may enhance heat
transfer in other ways. This combinationof factors explainswhy the
performance of the current device is underpredicted. Kercher and
Tabakoff found that decreased xn increases the free area A f , which
increases heat transfer. For nearly the same jet diameter as used by
Kercher and Tabakoff, A f is more than seven times greater in the
present experiments.Furthermore,Kercher and Tabakoff found that
under conditions of cross� ow, decreased zn=d also increases heat
transfer.

In the present experiments, the parameter zn=d is about half the
smallest value studied by Kercher and Tabakoff5 for the same noz-
zle diameter. In a companion numerical effort following the ex-
periments described herein, Selvam et al.8 showed that reducing
zn=d from 1.5 to 0.96 yielded a heat transfer increase of about 2%
and that further reducing zn=d from 0.96 to 0.5 yielded an addi-
tional increase of 9%. The numerical results indicate that the trend
identi� ed by Kercher and Tabakoff,5 that the heat transfer coef� -
cient increaseswith decreasing zn=d if cross� ow is present, is valid
for smaller values of zn=d. The results of Kercher and Tabakoff
and the present study indicate that cross� ow induced disturbance
of the jet velocity pro� le has a diminishing effect on heat transfer.
For zn=d · 0:5, con� ned jet, zn=d D 0:25, conditionsbegin to man-
ifest. The larger increase in heat transfer found by Selvam et al.8

when zn=d was reduced from 0.96 to 0.5 is due to the increased
wall velocity pro� le that results when con� ned jet conditions are
approached. It is possible that the present data are underpredicted
by the Kercher and Tabakoff5 correlation because the correlation
does not adequately predict the highly nonlinear effect of nozzle-
to-target spacing as zn=d approaches unity and because A f is far
outside the range studied by Kercher and Tabakoff. Consequently,
the Kercher and Tabakoff correlation does not adequately describe
the phenomena occurring in jet impingement arrays.

One unexpectedphenomenonis the ringof low impingement� ow
about the ori� ces directly below the inlet tube. Figure 9 is a magni-
� ed photograph, (approximately4£), of the grooved target surface
after disassembly of the microjet array cooler. The photograph in-
dicates, by the � ne residue left on the target plate, that there was
signi� cant � ow through the jet nozzles directly below the inlet tube
and those jet nozzles greater than aboutone inlet tube diameter from
the center. In the annular ring between these two areas is an area of
low impingement � ow. Because of the restriction that occurs in the
plenum where the inlet � ow must turn and expand radially through
the plenum (Fig. 2), a low-pressure region exists above this annular
ring of nozzles. Selvam et al.8;9 con� rmed this result numerically
and showed that heat transfer is sensitive to plenum height. Their
results showed a 17% reduction in heat transfer when the plenum
height is reducedfrom thecurrent400 to 300¹m and a 19%increase
in heat transfer when increased from 400 to 600 ¹m.

A correlationof the data was developedby starting with the gen-
eral form of the analytical solution for local heat transfer below an
impinging axisymetric jet10;11:

Nud D C Rem
d Prn (8)

where C , m, and n are constants. Variable properties are gener-
ally of concern in jet impingement heat transfer because the wall
temperature can strongly effect the developingviscous and thermal
boundarylayers.Most researchersavoidtheproblembymaintaining
a constant wall-to-jet temperature difference during experiments.

Fig. 9 Photograph of microjet cooler target plate.

Fig. 10 Comparison of data to correlation, Eq. (8).

Kercher and Tabakoff5 obtained the majority of their data for con-
stant Tw ¡ Ti value of 41.7±C and some additionaldata for a Tw ¡ Ti

of 83.3±C. This was done for the purposesof reducingmeasurement
error and eliminatingdif� cultiesassociatedwith variableproperties.
The present data were obtained for 0 · Tw ¡ Ti · 53±C because this
would be more representative of an actual power electronics cool-
ing application. Note that, in Fig. 1, the data for Tw ¡ Ti ¸ 41:7±C
are distinguished from data obtained for lower temperature differ-
ences to make the effect of variable properties readily evident to
the reader. It may also be seen that the effect of variable properties
becomes more pronouncedas Reynolds number increases.Variable
properties are generally accounted for by introducing a term that
includes the ratio of wall-to-bulk temperature or wall-to-inlet tem-
perature. The authors found excellent results with both and chose
the wall-to-inlet ratio because it is more readily available to the
practitioner.Figure 1 also shows that Nusselt number Nud increases
with Reynolds number at a rate greater than the power law rate.
To encompass this effect, an additional Reynolds number term was
added. The following correlation resulted:

Nud D 1:316Re0:16
d exp.Red =637/Pr

1
3 .Tw=Ti /

0:055 (9)

where the ratio Tw=Ti accounts for variable properties.The data are
compared to Eq. (8) in Fig. 10. The correlation� ts the data to within
a mean absolute error of 5.6%.
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Conclusions
High heat transfer rates have been obtained in a MEMS-based

microjetarraydeviceusingpressurizedair as thecoolant.Heat � uxes
of over 15 W/cm2 were obtained for Tw ¡ Ti of less than 50±C (or
a Tw of only 72±C for ambient temperature air). Higher � uxes were
not achieved because of the temperature limitation of the microjet
array device.

The conclusionsof Kercher and Tabakoff5 are well supportedby
the current results, namely, that heat transfer increaseswith increas-
ing A f and heat transfer increaseswith decreasingzn in the presence
of cross� ow.

The correlation of Kercher and Tabakoff5 was found to signi� -
cantlyunderpredictthe current results. It is believedthat the correla-
tiondoesnot adequatelypredictthe performanceof all combinations
of array parameters that fall within the studied ranges. The numeri-
cal investigationsin a companion work by Selvam et al.8 show that
the effect of jet-to-target spacing is highly nonlinear near the mi-
crojet array value of 0.96 mm. Although an extended surface target
plate was employed to compensate for a value of A f far outside the
range of validity for Eq. (1), this change in geometry may have had
the opposite effect.

An interesting � ow phenomenon occurred in the jet array. An
annular region of low impingement � ow was observed on the tar-
get plate. The numerical work of Selvam et al.8;9 show that a low-
pressure region in the plenum caused low � ow through the jets
contained in an annulus around the target area of the inlet tube.
Selvamet al.8 furthershowed thatheat transfer is sensitiveto plenum
height. The preceding conclusions indicate that there is still a need
for a better understandingof array jet impingementheat transfer and
a more generalized correlation.
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