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The heat transfer performance of five submerged and confined microjet arrays using air and deionized
water as the working fluids was investigated. Both inline and staggered array arrangements of jet with
diameters of 54 and 112 lm were investigated, and the area ratio (total area of the jets divided by the
surface area) was varied between 0.036 and 0.35. Reynolds numbers defined by the jet diameter were
in the range of 180–5100 for air and 50–3500 for water. A heat flux of 1100 W/cm2 was obtained at a fluid
inlet-to-surface temperature difference of less than 30 �C. The results were compared with established
correlations, and no evidence was found to suggest that the behavior of submerged and confined jets
at the microscale is fundamentally different than at the macroscale. Reynolds number, Prandtl number,
and area ratio were found to significantly affect the heat transfer performance, and a curve fit was devel-
oped, which correlated 290 of the 295 data points within ±25% with an MAE of 11%.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Due to the increasing power density of electronic chips and
other electronic devices, the design of effective cooling strategies
is becoming increasingly difficult. Heat fluxes seen in processors
and power electronics are quickly approaching levels that cannot
be easily accommodated by forced air convection over finned heat
sinks, which is the most commonly used method. One more effec-
tive heat transfer cooling method being investigated is liquid cool-
ing, which takes advantage of a liquid’s high (compared to air)
conductivity, Prandtl number, density and specific heat; because
of these advantages of liquid cooling, there have been many recent
investigations of the use of liquid microchannel flows for electron-
ics cooling.

In addition to microchannel flows, microscale jet impingement
cooling may be an effective method of using liquids to cool elec-
tronics. Jet impingement cooling offers high heat transfer coeffi-
cients and has been used effectively in conventional-scale
applications such as turbine blade cooling and the quenching of
metals. Many studies investigating the performance of circular
macroscale jet arrays are available in the literature. Reviews of
the single-phase heat and mass transfer performance of circular
macroscale jets were given by Martin [1], Jambunathan et al. [2],
Webb and Ma [3], and Garimella [4]. Even though a significant
body of literature investigating the heat transfer performance of
single-phase jets and jet arrays exists, it is still a very active re-
search area [5–11].
ll rights reserved.
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Microjets and heat transfer at the microscale are of particular
importance due to potentially positive length scale effects. Patil
and Narayanan [12] performed an experimental study of a single
confined, submerged 125-lm circular air jet. Spatially resolved
heat transfer data were obtained using an infrared radiometer.
Reynolds numbers in the range 700 < Red < 1800 with standoffs of
250, 500, and 750 lm were tested. Heat transfer coefficients were
determined to be insensitive to standoff (the distance between the
location from which the jet issues and the surface onto which it
impinges) in that range. The stagnation point Nusselt number var-
ied from about Nud = 15 at Red = 700 to Nud = 55 at Red = 1800.
These results were compared to the Nusselt numbers predicted
by the correlation of Martin [1]. The observed Nusselt numbers
were about 40% lower than predicted at Reynolds numbers (based
on orifice diameter) less than 1000, and about 25% higher than pre-
dicted at Reynolds numbers greater than 1700.

Michna et al. [13] obtained pressure drop and area-averaged
heat transfer data for a single confined, submerged 67-lm diame-
ter jet of water which impinged on an 80-lm square heater. Rey-
nolds numbers in the range 40 < Red < 1900 were investigated.
For Red < 500, the pressure loss coefficients were greater than pre-
dicted by available correlations for orifice tubes, likely due to the
presence of the impingement surface. Good agreement was ob-
tained at higher Reynolds numbers, suggesting a flow transition.
Area-averaged heat fluxes up to 400 W/m2 were obtained with in-
let fluid to surface temperature differences of about 50 �C, but the
Nusselt numbers measured were much lower than predicted by
macroscale jet correlations. The dependence of the Nusselt number
on the Reynolds number was also weaker than those observed for
macroscale jets.
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Nomenclature

Ah surface area of the heater
Ar area ratio (total jet area divided by heater area)
Ar,W area ratio used in Womac [19] correlation
d diameter of orifice
H standoff distance and channel height
h average convective heat transfer coefficient
k fluid thermal conductivity
kSiO2

silicon oxide thermal conductivity
L⁄ average length of wall-jet region
L heater side length
Nud Nusselt number
Nud average Nusselt number
DP pressure drop
Pr Prandtl number

Qheater total power supplied to the heater
Qloss heat loss from heater
Red jet Reynolds number
S jet spacing
Th average heater temperature
Ts average impingement surface temperature
Tin fluid inlet temperature
tSiO2

oxide thickness
V average jet velocity

Greek
l fluid dynamic viscosity
q fluid density

Fig. 1. Schematic of the flow loop used in the experiments.
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Single submerged microjets are capable of producing high Nus-
selt numbers and heat transfer coefficients. However, to ade-
quately cool typical electronic surface areas with microjets,
making use of arrays of microjets would be advantageous. Microjet
array literature is scarce. Wang et al. [14] studied three different
microjet arrays with varying jet diameters, spacings, and configu-
rations using water. Jet diameters ranged from 40 to 76 lm with
a 200-lm standoff. Jet spacing was 5 mm and 3.5 mm for the rect-
angular arrays; the staggered array had a spacing of 4 mm in one
direction and 2 mm in the normal direction. Heat transfer coeffi-
cients of 720–44,000 W/m2 K were measured. They concluded that
pool boiling was the dominant heat transfer mechanism. The area
ratio (Ar), which is the ratio of total jet orifice area to heater surface
area, ranged from 0.00016 to 0.0002 in the experiment. These ex-
tremely low area ratios likely led to the relatively poor heat trans-
fer performance of the jet arrays. The maximum power dissipated
in the 1-cm2 heater was 90 W.

Fabbri and Dhir [15] studied single-phase heat transfer of
impinging jet arrays with three different circular array patterns
with circumferential and radial pitches of 1, 2, and 3 mm. Laser
drilling was used to create 10 arrays with diameters ranging from
69 to 250 lm and a standoff of 10 mm. Free jets of both water and
FC-40 were studied; Reynolds numbers ranged from 70 to 3800.
The heat transfer coefficients reported were 6000–60,000 W/
m2 K. Although these values are similar to those of Wang et al.
[14], they were single-phase rather than boiling heat transfer
coefficients.

Brunschwiler et al. [16] created a series of microjet arrays with
branched hierarchical parallel fluid delivery and return architec-
tures. This novel approach was used to allow for the scaling of
the region of effective cooling to larger areas. The diameters in
the study ranged from 31 to 126 lm. The pitches in the arrays ran-
ged from 100 to 500 lm. The peak heat transfer coefficient mea-
sured was 87,000 W/m2 K.

Browne et al. [17] investigated the performance of two inline
microjet arrays with air and water in the Reynolds number range
150 < Red < 4900. Area-averaged Nusselt numbers were measured
in the range 6 < Nud < 75. Moreover, an area-averaged heat flux of
1100 W/m2 with an inlet fluid to surface temperature difference
of less than 30 �C was achieved with the higher area ratio array.
From the data collected using air as the working fluid, the effect
of Mach number on the heat transfer performance was determined
to be negligible.

In this work, an investigation of the average single-phase flow
heat transfer performance for several micromachined submerged
microjet arrays is presented. The arrays had a standoff of 200 lm
and diameters of 54 and 112 lm. Area ratios ranged between
0.036 and 0.35. Submerged, confined jets of air and water im-
pinged on a 1-mm � 1-mm thin-film heater. The effects of Rey-
nolds number, Prandtl number (through the use of two different
heat transfer fluids), and area ratio were investigated.
2. Experimental apparatus and method

2.1. Apparatus

The experimental apparatus consisted of an open flow loop
delivering fluid to and from a microdevice. A fixture was designed
and built to incorporate the microdevice, fabricated using MEMS
fabrication processes in a clean room environment, into the flow
loop as well as to provide electrical contact. The working fluids
were compressed air and degassed, deionized water.

The flow loop used in the water experiments (Fig. 1) contains
two tanks: one which supplied fluid to the device and one that col-
lected fluid from the device exit. The flow traveled from the supply
tank through a filter and needle valve before entering the fixture
and microdevice. After exiting the microdevice, the flow traveled
through another needle valve to one of three rotameters used to
measure the flow rate before being discarded in the receiving tank.
The flow loop used in the air experiments was identical, with the
exception that the supply and receiving tanks were removed; the
air entered the loop from the building compressed air system
and exited into the room. Type-T thermocouples were located be-
fore and after the fixture. Absolute pressure transducers were con-
nected to the fluid entrance of the fixture and the chamber
pressure port in the device.

A fixture (Fig. 2) was designed to integrate the microdevices
into the experimental apparatus. The fixture was fabricated with
a CNC mill to ensure an accurate fit with the microdevice. A pocket



Fig. 2. Schematic of the assembly of the fixture, the microdevice and the cover plate.
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was cut into the top surface of a Delrin block to hold the microde-
vice. Fluid channels were drilled into the Delrin fixture in the loca-
tions of the orifice, the pressure tap, and the fluid returns. These
locations were sealed with rubber o-rings seated in recesses in
the fixture. Two spring-loaded pins were press-fit into the fixture
from below and extended above the mating surface to the contact
pads on the device. These pins were connected to a variable power
supply. Two high-accuracy digital multimeters were connected to
measure the voltage and current supplied to the heater. A thin alu-
minum plate was bolted to the top of the fixture to hold the device
in place and to ensure proper sealing of the fluid ports and good
electrical contact between the pins and the contact pads.

The microdevices (Fig. 3) housed a channel 2.0-mm wide, 200-
lm high, and 8.0-mm long into which the microjet arrays issued.
The heater was square, measuring 1 mm on a side, and the center
of the heater was aligned to the centerline of the microjet array.
Fluid exited the channel at both ends through 1.0-mm diameter
Fig. 3. Schematic of the microdevice. The heater is adhered to the bottom surface of
the Pyrex wafer (not shown).
holes in the bottom of the channel. Therefore, the flow on the hea-
ter surface was slightly biased in the channel directions. During
both the air and water experiments, the entire channel was flooded
with the working fluid, creating submerged and confined jet condi-
tions. A pressure tap was located on a side wall in the middle of the
Fig. 4. SEM images of (a) inline (Ar = 0.159) and (b) staggered (Ar = 0.089) arrays.



Fig. 5. SEM images of (a) Ar = 0.089 and (b) Ar = 0.354 (staggered) arrays.
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channel to allow for measurement of chamber pressure. Since this
pressure tap was located on the sidewall of the channel, the pres-
sure drop from the middle to the edge of the heater could not be
measured. To enhance the structural integrity of the channel and
to minimize deflection, several supporting pillars were fabricated
in the channel. In some of the arrays these support pillars were lo-
cated within several diameters of the outermost jet orifices; they
may have affected the flow structure. The microjet arrays were of
inline or staggered arrangement (Fig. 4) and of varying area ratio
(Fig. 5). As can be seen in the SEM images, some of the arrays con-
tained jets outside of the heater area. A jet was included in an array
if any part of its unit cell fell on the heater area. Specifications of
the five microjet arrays investigated here are given in Table 1.

The microdevice was fabricated by anodically bonding and dic-
ing two processed wafers. The two wafers were a silicon wafer
etched using a deep reactive ion etcher (DRIE) to form the geome-
try of the channel, and a Pyrex wafer with a thin-film metallic
heater deposited on it. The fabrication of both wafers used photo-
lithography carried out on a tool capable of back-side alignment.

The silicon wafer was first etched with a photoresist mask to a
depth of 5 lm to create clearance for the heater vias and alignment
marks. Next, 2 lm of oxide were deposited on both sides of the
Table 1
Geometric specifications of the microjet arrays.

Array Array
type

Hole spacing
(lm)

Nominal
diameter (lm)

Actual
diameter (lm)

Area
ratio

1 Inline 250 50 54 0.036
2 Inline 250 100 112 0.159
3 Staggered 360 100 112 0.089
4 Staggered 230 100 112 0.214
5 Staggered 180 100 112 0.354
wafer in two separate steps, providing oxide for hardmasks. DRIE
was then performed on the top side using an oxide mask creating
the channel 200 lm in depth. The jet orifices, fluid exit holes, and
pass-through holes for the electrical contact pins were then etched
from the bottom until they met the channel above.

The heater on the Pyrex wafer was fabricated by deposition and
patterning of metal layers and an oxide layer. First, 100 nm of tita-
nium and 1 lm of aluminum were deposited without breaking
vacuum. The 1-lm thick aluminum film was used to create electri-
cal vias and contact pads, while the underlying titanium existed in
those areas and comprised the heater. To electrically isolate and
physically protect the heater, 1 lm of oxide was deposited. The
patterned oxide film covers the heater and vias but not the contact
pads. Finally, the Pyrex and silicon wafers were anodically bonded
together to form the completed microdevice.
2.2. Experimental procedure

The titanium heater not only supplied heat to the system, but
also served as a thermistor. The power dissipation and average
heater temperature could be determined by measuring the voltage
and current supplied to the heater. Before experiments were per-
formed, the heater was placed in an oven, and its resistance was
measured at 5 �C intervals over the range 25–110 �C. A third-order
polynomial curve was fit to these data to provide a relationship be-
tween resistance and average heater temperature. The device was
then placed into the fixture. Because only the average temperature
could be measured in this way, only area-averaged heat transfer
coefficients and Nusselt numbers were obtained.

In the water experiments, the water supply tank was kept at a
very low pressure with a vacuum pump for several days to ensure
minimal dissolved gas content in the deionized water used in the
experiments. (Early experiments that omitted this step failed due
to degassing of the water at the jet orifice exits.) Immediately be-
fore the water experiments were performed, the supply tank was
pressurized with helium. Water experiments were carried out at
Reynolds numbers in the range 50 < Red < 3500 by controlling the
flow rate through the system with the upstream needle valve
and the pressure in the supply tank. Flow rates were controlled
with only the upstream needle valve in the air experiments, as
the building compressed air pressure was fixed. Air experiments
were performed at Reynolds numbers in the range 180 < Red <
5100. The exact Reynolds number range was limited for each fluid
and jet array by either a self-imposed upstream pressure limit of
500 kPa or a downstream pressure limit of 200 kPa. The upstream
pressure was kept below 500 kPa to limit the bending stress on the
silicon wafer (to prevent breakage), and the downstream pressure
transducer had an operating limit of 200 kPa.

Once a steady flow rate had been attained, the power supply
was adjusted so that the average heater temperature was approx-
imately 60 �C. Voltage and current were measured, and inlet pres-
sure, inlet temperature, and chamber pressure were measured and
recorded by a computer-controlled data acquisition system.
2.3. Heat loss estimation

Estimates of the upper and lower bound of the heat losses in
this experiment were made by a numerical analysis and a conduc-
tion loss experiment, respectively. The experimental heat loss was
then taken to be the average of the two bounds, and half the differ-
ence of the two was taken as the uncertainty in the heat loss. In
this way both the upper and lower bounds of heat losses are taken
into account within the uncertainty range of the average heat
transfer coefficients and Nusselt numbers. This procedure was de-
scribed in detail by the authors in a previous study [17].
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2.4. Data reduction

The jet Reynolds number is defined as

Red ¼
qVd
l ; ð1Þ

where q is the density, V is the average velocity at the orifice exit, d
is the orifice diameter, and l is the dynamic viscosity.

To be consistent with the established literature for heat transfer
performance of jets, the thermophysical properties of water were
evaluated at the film temperature, which is the average of the fluid
inlet and surface temperatures. The average temperature of the
impingement surface, Ts, was calculated assuming a one-dimen-
sional temperature drop across the oxide covering the heater from
the average heater temperature, Th, the net heat transfer through
the oxide, Qheater � Qloss, its thickness, tSiO2 , conductivity, kSiO2 , and
the area of the heater, Ah, according to the following equation:

Ts ¼ Th �
ðQ heater � QlossÞtSiO2

AhkSiO2

: ð2Þ

Area-averaged heat transfer coefficients, h, were calculated
from the total power supplied to the heater, Qheater, the heat loss
estimate, Qloss, the heater area, Ah, the average impingement sur-
face temperature and the inlet water temperature, Tin, using

Q heater � Q loss ¼ hAh Ts � Tin
� �

: ð3Þ

Since the value of Qloss depended on the average heat transfer coef-
ficient, this required an iterative solution.

The area-averaged Nusselt numbers, Nud, were calculated from
the area-averaged heat transfer coefficient, the orifice diameter,
and the conductivity of the fluid, k, again using the thermophysical
properties of water at the film temperature.

Nud ¼
hd
k
: ð4Þ
2.5. Uncertainties

The propagation of uncertainties for the reduced data followed
standard methods [18]. The uncertainty in the Reynolds numbers
was less than ±10% for all experiments. The uncertainty in the pres-
sure drop was ±4.2 kPa for all experiments. This resulted in a large
percentage uncertainty at low pressure drops, but the majority of
the data was collected in the range DP > 100 kPa, where the uncer-
tainty was less than ±5%. The uncertainties in the area-averaged
heat transfer coefficients and Nusselt numbers were less than
±7% for all experiments.
Fig. 6. The dimensional heat transfer performance of the microjet arrays with (a)
air and (b) water.
3. Results and discussion

3.1. Parameters of interest

A dimensional analysis of the geometric and fluid parameter
relevant to the heat transfer performance of arrays of circular
microjets suggests that the Nusselt number has a functional
dependence as shown in the following equation:

Nud ¼ f ðRed; Pr;Ar ;H=d; L=S; array typeÞ: ð5Þ

In these experiments the heat transfer performance over a large
range of Reynolds numbers was measured using two different heat
transfer fluids, air (Pr � 0.73) and deionized water (Pr � 4.5). As
shown in Table 1, the microjet arrays had five different area ratios
in the range 0.036 < Ar < 0.354 and were of two different array
types (inline and staggered). The standoff distance (the distance
between the jet exit and the impingement surface) was constant
at 200 lm for the devices studied. Therefore, the four devices with
112-lm-diameter orifices had the same standoff ratio H/d. The
smallest area ratio device had smaller 50-lm-diameter orifices
and, therefore, a larger standoff ratio. The final parameter of impor-
tance in Eq. (5) is the ratio of heater side length, L, to jet spacing, S.
This, combined with the array type, determines how many distinct
microjets impinge on the heater. This parameter is presumed to be
important because when the L/S ratio is large, there are many jets
over the heated area and crossflow toward the outside edges of the
heater will more strongly influence the performance.
3.2. Experimental results

The dimensional heat transfer performance of the arrays is
shown in Fig. 6. Heat transfer coefficients up to 15,000 W/m2 K
were obtained using air as the working fluid. The inline array with
Ar = 0.159 and the staggered arrays with Ar = 0.214 and 0.354 per-
formed the best for a given pressure drop. However, the staggered



Fig. 7. The dimensionless heat transfer performance of the microjet arrays with (a)
air and (b) water.
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array with the largest area ratio required a much greater volumet-
ric flow rate to achieve the same performance as the Ar = 0.214
staggered array. Experiments with the Ar = 0.354 device were lim-
ited to lower pressure drops because the downstream pressure
(caused by losses in the flow loop after the microdevice) quickly
rose to the maximum permitted by the downstream pressure
transducer.

With deionized water, a heat flux of greater than 1100 W/cm2

was attained at Red = 3290 for the inline array with Ar = 0.159. This
heat flux was achieved with a temperature difference of only 27 �C
(inlet water temperature of 23 �C and heater surface temperature
of 50 �C). All the arrays achieved area-averaged heat transfer coef-
ficients greater than 300,000 W/m2 K. The best performing arrays
were the inline array with Ar = 0.159 and the staggered array with
Ar = 0.214, which performed better at a given pressure drop than
the staggered array with Ar = 0.354.

The dimensionless heat transfer performance of the jet arrays is
shown in Fig. 7. As was expected, the heat transfer performance of
microjet arrays was clearly dependent on the Reynolds number
and Prandtl number. In all five arrays with both fluids, the Nusselt
number increased monotonically with Reynolds number. The data
obtained with water showed much higher Nusselt numbers for a
given Reynolds number than the air data, so the Prandtl number
also affected the heat transfer performance of the microjet arrays.

Of particular note in Fig. 7 is the effect of area ratio on the heat
transfer performance. Looking at only the staggered arrays for both
air and water, the highest area-averaged Nusselt numbers were ob-
tained with the Ar = 0.214 array. Previous work with jet arrays was
performed almost entirely in the range Ar < 0.10; in this range, the
area-averaged Nusselt number had been observed to increase
monotonically with the area ratio. From the results of the present
experiments, there appears to exist an optimum value of area ratio
somewhere between Ar = 0.089 and 0.354. One possible reason for
this behavior could be the cross flow from the fluid from jets lo-
cated in the center of the heater affecting the outside jet effective-
ness. If the cross flow at the outside edges of the heater were great
enough to prevent the outside jets from impinging on the surface
of the heater, heat transfer degradation would result.

The effects of the other three parameters identified in Section
3.1 were less clear. Since four of the devices had the same standoff
ratio and the device with the different standoff ratio also had the
smallest area ratio, the dependence of the Nusselt number on the
standoff ratio could not be determined by these experiments. Pre-
vious research, however, has suggested that heat transfer is inde-
pendent of the standoff ratio for 2 < H/d < 10 [19]. The devices
investigated here had standoff ratios of 3.7 and 1.8. Since the hea-
ter size was constant in these experiments and jet diameter was
the same for four of the five microjet devices, the heater-side-
length-to-jet-spacing ratio L/S was essentially a proxy for area ra-
tio. Therefore, the dependence of Nusselt number on L/S could
not be determined from the data presented here. Experiments
using devices with larger heaters and microjet arrays (but with
the same area ratios) would be necessary to determine when the
effects of crossflow become important and how significant the ef-
fects of crossflow on heat transfer performance are.

The last parameter expected to influence the heat transfer per-
formance is the array type. Two of the arrays investigated here
were of the inline type and three were of the staggered type. With
both heat transfer fluids, the inline array with Ar = 0.036 had the
lowest Nusselt number of all of the devices, but the inline array
with Ar = 0.159 showed the highest Nusselt numbers. Since no de-
vices with the same area ratio but of different array type were
investigated here, the significance of the effects of array type on
heat transfer performance could not be determined from the data.
Four additional devices, which would have allowed the comparison
of array type, were produced for this investigation, but they either
had defects from the microfabrication process, which caused them
to be unusable, or were damaged in experiments before data could
be obtained from them.
3.3. Comparison with correlations

The commonly-used correlation for submerged jet arrays given
by Martin [1] was developed for unconfined arrays (arrays without
a surface opposite the impingement surface). It is also valid only in
the range Ar < 0.04 and predicts nonphysical negative area-aver-
aged Nusselt numbers for the two largest area ratio arrays investi-
gated here, so comparison with this correlation is not shown in this
work.

A comparison of the jet array heat transfer performance with
the correlation of Womac et al. [19] is shown in Fig. 8. Interest-
ingly, the Womac et al. correlation divided the entire heat transfer
area into two separate regions: the ‘‘impingement zone,’’ which is
influenced directly by jet impingement and was taken to extend to



Fig. 8. Comparison of the experimentally determined Nusselt numbers and those
predicted by the correlation of Womac et al. [19]. Comparisons for (a) air and (b)
water are shown.

Fig. 9. Comparison of the experimentally determined Nusselt numbers and those
predicted by the correlation of Meola [11]. Comparisons for (a) air and (b) water are
shown.
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a radius of 1.9d, and the wall-jet region outside of the impinge-
ment zone. The impingement zone Nusselt number was taken to
have a weaker dependence on the Reynolds number than did the
wall-jet region. The correlation developed by Womac et al. is given
by

Nud

Pr0:4 ¼ 0:509Re0:5
d Ar;W þ 0:0363Re0:8

L�
d
L�
ð1� Ar;WÞ: ð6Þ

The area ratio Ar,W is not defined in the same way as Ar. Ar,W is the
ratio of the ‘‘impingement zone’’ area to the heater area given by the
equation

Ar;W ¼
Npð1:9dÞ2

L2 ; ð7Þ

where L is the side length of the heater. The L� appearing in Eq. (6)
was defined as the average length of the wall-jet region and was gi-
ven by the equation
L� ¼

ffiffiffi
2
p

S=2� 1:9d
h i

þ ½S=2� 1:9d�
2

; ð8Þ

where S is the jet spacing. The authors state that Ar,W should be set
to 1 when Ar,W as determined by Eq. (7) is greater than 1. Since this
study investigated arrays with area ratios much greater than previ-
ously studied, Ar,W was greater than 1 for all of the jet arrays except
for the inline array with Ar = 0.036.

The correlation given by Womac et al. [19] underpredicted the
heat transfer performance with air with the exception of the inline
array with Ar = 0.036, but it predicted the water data somewhat
better, showing the best agreement with the inline array with
Ar = 0.036 and the staggered array with Ar = 0.089. This is perhaps
unsurprising since the correlation was developed from data ob-
tained using three conventional-sized inline jet arrays with
Ar < 0.10 in an only slightly higher Reynolds number range than
investigated here. The agreement with the water results is remark-



Fig. 10. Comparison of the experimentally determined Nusselt numbers with Eq. (10). The air and water data are shown on the same plot.
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able when one considers that it has been extrapolated outside of
the applicable range of diameters, area ratios, and Reynolds num-
bers. The level of agreement between the correlation and the data
from this investigation suggests that there is little difference be-
tween macroscale and microscale jet impingement heat transfer,
at least with jets with diameters on the order of 100 lm.

Meola [11] has developed a more recent correlation using data
in the range 200 < Red < 100,000, 1.6 < H/d < 20, and 0.0008 <
Ar < 0.2. With the exception of two largest area ratio staggered de-
vices, the data from the work described here falls within these
bounds. It was, therefore, expected that this correlation would
agree well with the measured data. The correlation is given by
the equation

Nud

Pr0:42 ¼ 0:3Re0:68
d C0:56

F
H
d

� ��0:3

A0:15
r ; ð9Þ

where CF is the orifice flow coefficient. As can be seen in Fig. 9, there
is a good agreement between most of the air data and the correla-
tion of Meola [11]. However, the best performing staggered array
with Ar = 0.214 is underpredicted by a large amount. A similar
underprediction is present for all of the water data.

3.4. Curve fit

The air and water data from all five microjet arrays was fit to the
equation given by

Nud ¼ 0:675Re0:55
d Pr0:243 cosð5:416Ar � 1:259Þ: ð10Þ

As can be seen in Fig. 10, the performance of all five arrays with
both fluids is captured quite well by this equation. In fact, the area-
averaged Nusselt numbers calculated from Eq. (10) were within
±25% of the measured value for 290 of the 295 data points. The
mean absolute error (MAE) of this fit was 11%.

The dependence on the Reynolds number is typical of what has
been previously shown for arrays of jets. The exponent of 0.55 is
very close to the 0.5 used in the correlation of Womac et al. [19]
in the ‘‘impingement zone.’’ This is unsurprising, since the entire
heater area lay within the ‘‘impingement zone’’ for all of the arrays
except for the smallest inline array.

The Prandtl number dependence is weaker than that seen in
previous studies. The reason for this is not apparent from the data
presented in this study; however, future work by these authors
will investigate the performance of these arrays with refrigerants,
which may provide additional information on the Prandtl number
dependence.

The form of the area ratio dependence in Eq. (10) allows for an
optimum area ratio for heat transfer performance as suggested by
the data obtained in this investigation. This equation gives maxi-
mum area-averaged Nusselt numbers for Ar = 0.232. More data ob-
tained over a wider range of area ratios should be obtained to
verify the optimal area ratio and the functional form of the area ra-
tio dependence.
4. Conclusions

An experimental investigation of the heat transfer performance
of five arrays of microjets was conducted. Inline and staggered ar-
rays with area ratios between 0.036 and 0.354 were studied with
both air and water as the working fluid. Area-averaged Nusselt
numbers were reported for the range 180 < Red < 5100 for air and
50 < Red < 3500 for water. Area-averaged heat transfer coefficients
up to 410,000 W/m2 K were measured. A heat flux of 1100 W/cm2

was accommodated with a temperature difference of only 27 �C.
The correlation of Womac et al. [19] predicted the area-aver-

aged Nusselt numbers for microjet arrays surprisingly well in spite
of the extrapolation in Red, Ar, and d from the range of data from
which the correlation was developed. The more recent correlation
of Meola [11] predicted the area-average Nusselt numbers quite
well for air, but underpredicted the data for water.

The area ratio, defined as the ratio of total jet orifice area to hea-
ter surface area, was shown to be an important parameter for the
heat transfer performance. An optimum area ratio between 0.036
and 0.354 exists, and the area-averaged heat transfer coefficient
decreases as the area ratio moves away from this optimum value.
A curve was fitted to the data using the parameters Red, Pr, and Ar

and was able to correlate 290 of the 295 data points within ±25%
with a MAE of 11%.
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