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a b s t r a c t

An investigation of flow boiling with two arrays of microjets with R134a was conducted. Velocities of 4
and 7 m/s, subcoolings of 10, 20, and 30 �C, and jet-to-heater area ratios of 8.9% and 21% were employed.
Lower subcoolings and lower velocities were found to enhance boiling and reduce the onset of nucleate
boiling heat flux. The area ratio did not influence the onset of nucleate boiling but did increase the boiling
enhancement of the heat transfer coefficient. Also, a previous hypothesis that nitrogen dissolved into the
working fluid prevented premature temperature excursion was tested with controlled mixtures and was
not substantiated.

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

In a previous study conducted by the authors [1], flow boiling
with an array of microjets was studied with R134a. During that
investigation, the flow boiling curves were generally found to be
truncated, suffering from an early temperature excursion. How-
ever, during experimentation significantly longer flow boiling
curves were recorded for a limited set of experiments. These few
curves continued into higher levels of superheat and reached much
higher heat fluxes. Shortly after these outlying curves were
recorded, non-condensable gas was observed in the microdevice.
This gas was apparently introduced by a bladder accumulator that
was used to control saturation pressure and was filled with high-
purity nitrogen. The pressure of the nitrogen in the bladder was
higher than the pressure of the working fluid due to the elastic
nature of the bladder. Because of the higher relative pressure,
and the direct contact of the bladder with the working fluid, it
was assumed that nitrogen had leaked into the loop and contami-
nated the working fluid. After replacing the bladder accumulator,
non-condensable gases were not observed and the flow boiling
curves returned to their previous behavior. In the current study,
we sought to recreate extended flow boiling curves and investigate
the role of nitrogen content might have on temperature excursions.
In addition to reviewing some of the previously published data,
additional flow boiling curves are reported with a higher area ratio
(Ar = 0.21) microjet array.

Single-phase jet impingement heat transfer has been exten-
sively studied at the macroscale with both single jets [2–8] and ar-
rays of jets [5,6,9–15]. Microscale studies have recently been
conducted [16–23] to investigate the effects of scale and other
ll rights reserved.
parameters on heat transfer performance and have found no signif-
icant fundamental differences for incompressible single-phase
flows.

Most of the jet impingement flow boiling studies [24–29] in the
literature use a single, free, macroscale (d > 1 mm) jet, and a heater
larger than the anticipated stagnation zone of the jet. In the
authors’ related previous study [1] and in this investigation, arrays
of submerged and confined microjets of diameter 112 lm im-
pinged on a 1-mm � 1-mm thin film heater for the purpose of
investigating flow boiling with R134a were studied.

2. Experimental apparatus and method

2.1. Experimental apparatus

The experimental apparatus used in this investigation was un-
changed from the prior study and was a closed-loop, pressurized
R134a system (Fig. 1) that included a custom built microdevice
fixture (Fig. 2). Each microdevice (Fig. 3) formed submerged and
confined microjet array impingement conditions on a 1-mm � 1-
mm thin-film titanium heater. A gear pump was used to create
flow in the system, which was measured with a turbine flow meter.
Flow rate adjustments were achieved with a bypass loop and a fine
metering valve. A concentric counter-flow heat exchanger con-
nected to a constant-temperature bath controlled the system tem-
perature, and an electrical pre-heater was used to set the inlet
temperature. Inlet temperature and pressure were measured
immediately before the microdevice fixture. Pressure was mea-
sured in the chamber of the microdevice by a pressure transducer.
Qualitative flow visualization was carried out with a microscope
and a high-speed camera.

Each of the two microdevices used in this investigation con-
tained a staggered array of microjets with a diameter of 112 lm.
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Nomenclature

Aheater surface area of the heater
Ar area ratio
d diameter of jet orifices
H standoff (distance from orifice exit to heater surface)
�h area-averaged convective heat transfer coefficient
�h1 single-phase area-averaged heat transfer coefficient
�h2 flow boiling enhancement heat transfer coefficient
k thermal conductivity of the working fluid
kSiO2

thermal conductivity of the silicon oxide covering the
heater

L heater length
Nud area-averaged Nusselt number based on jet diameter
Pchamber chamber pressure
q00 surface heat flux
q00ONB heat flux at boiling inception

Qheater total power supplied to the heater
Qloss heat loss from heater other than convection directly to

fluid
Red Reynolds number based on jet diameter
tSiO2

thickness of silicon oxide covering the heater
Th average heater temperature
Ts average surface temperature
Tin fluid inlet temperature
Tsub subcooled inlet temperature
V average jet exit velocity

Greek symbols
DTsat surface super heat
l dynamic viscosity
q density
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The two microjet arrays differed in their array spacing and, thus,
their area ratios. The area ratio was defined as the portion of the
heater area occupied by the jet orifices. The denser array had a
spacing of 230 lm and an area ratio of 21.4%. The less dense array
was used in a previous flow boiling investigation and had a spacing
of 360 lm and an area ratio of 8.9%. The flow of refrigerant entered
into the 200 lm tall, 2-mm wide chamber as a confined and sub-
merged jet and exited either end of the 10-mm long chamber
through 1-mm circular holes.

National Instruments data acquisition hardware was used with
LabView to collect the experimental data. A direct current power
supply provided the heating power. One digital multimeter mea-
sured the voltage drop across the heater while another measured
the current flow through the heater. These two measurements were
later reduced to obtain average surface temperature and heater
power.

2.2. Microfabrication

Standard microelectromechanical systems fabrication tech-
niques were used to build the devices used in this study. The
Fig. 1. Closed-loop expe
devices were comprised of a double-side etched silicon wafer that
created the jets and the chamber, and a pyrex wafer which had the
heater deposited onto it. The square, 100-nm thick heater was
sputtered titanium and was connected to 1-lm thick sputtered
aluminum vias and contact pads. The heater and vias were covered
with 1 lm of silicon oxide to provide mechanical protection. This
microfabrication procedure is described in more detail in a previ-
ous study [16].
2.3. Experimental procedures

The experimental procedure used in this study is nearly identi-
cal to the approach used in our previous flow boiling study [1] with
the exception that nitrogen was intentionally added as part of the
charging procedure.

The thin-film heater in each of the microdevices provided a
nearly constant heat flux boundary condition that was controlled
by the application of direct current power. The heaters also served
as resistive temperature devices providing area-averaged heater
temperatures. The heaters were calibrated over the range of
rimental apparatus.



Fig. 2. Exploded view of the microdevice and the fixture.

Fig. 3. CAD rendering of the microdevice key features.
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25–100 �C in 5 �C increments in an oven with an attached,
calibrated thermocouple providing the reference temperature.
The heater temperature calibration data were fit well by a third-or-
der polynomial, which was then used in the data reduction. Cali-
bration was also carried out on the turbine flow meter using the
weigh tank approach and R134a.

Conductive heat losses from the heater were quantified by
installing a device in the fixture and evacuating the loop to prevent
natural convection. Conductive heat losses were then correlated to
the heater temperature by applying power as necessary to achieve
the anticipated heater temperature. The resulting curve was then
used in the heat loss estimation (covered in more detail in Section
2.4).

In order to both control and quantify the nitrogen content in the
R134a, the system was pressurized with high-purity nitrogen after
it had been evacuated and before charging with R134a. Once filled
with nitrogen alone, the pressure in the system represented the
eventual partial pressure of nitrogen in solution with the R134a.
The system was then charged with R134a above its saturation
pressure at room temperature. The solution was then pumped
through the system to enhance mixing before being allowed to
come to equilibrium at rest.

Inlet conditions were established with the thermal bath
temperature, the electrical pre-heater power, the gear pump, and
the fine metering valve before applying power to the heater. Once
steady inlet conditions had been achieved, power was supplied to
the heater, and the experiment was carried out with increasing
heat fluxes. At each heat flux, data were gathered after the heater
reached a steady state. To achieve the desired inlet conditions, the
flow rate, pre-heater power, and thermal bath temperature were
set to their respective values for a given jet velocity and inlet sub-
cooling with no power applied to the heater. Due to the heater’s
low thermal inertia, steady state was typically achieved within
100 ms. The power initially supplied to the heater was intention-
ally below that required to cause the onset of nucleate boiling
(ONB) so that the single-phase heat transfer coefficient could be
measured to set a baseline performance. The heat flux increments
continued until a non-steady temperature excursion was observed,
in which the surface temperature monotonically increased at a
constant heat flux. All experiments were terminated by a temper-
ature excursion.
2.4. Heat losses

The upper and lower bounds on the heat losses were estimated
by a numerical analysis and a conduction heat loss experiment,
respectively. The average of the two was taken as the experimental
heat loss. The difference between the two bounds is, therefore,
twice the uncertainty in the estimated experimental heat loss. It
is important to note that even if the two estimates of heat loss
are substantial when compared with the total input energy, only
the disagreement of the two bounds contributes to the uncertainty
in the heat loss. This procedure was used by the authors in a
previous study [16] and was described in detail in that paper.
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The maximum heat loss during the flow boiling experiments ran-
ged from 4.8% to 24% depending on the flow velocity and heat
transfer coefficient.

2.5. Data reduction

The average orifice velocity was calculated using

V ¼
_m

qNj
pd2

4

� � ð1Þ

where Nj is the number of jets in the array, and _m is the total system
flow rate.

The total power dissipated was calculated with the heater cur-
rent and voltage. The heat dissipated from the heater into the fluid
was then found by subtracting the heat losses previously
described. The average heater temperature was calculated using
the heaters electrical resistance and the correlation previously
attained during calibration. However, the heat transfer surface
was not the heater itself, but a 1-lm thick silicon oxide, which cov-
ered the heater. The surface temperature (Ts) of the silicon oxide
was calculated according to a one-dimensional conduction analysis
that used the heat transfer though the oxide layer (Qheater–Qloss), the
thickness of the thin film (tSiO2), the area of the heater (Aheater), and
the conductivity of the oxide (kSiO2) according to:

Ts ¼ Th �
ðQ heater � QlossÞtSiO2

AheaterkSiO2

ð2Þ

The area-averaged heat transfer coefficient (�h) was calculated
from the total power dissipated from the heater (Qheater), the heat
loss (Qloss), the surface temperature (Ts), the fluid inlet temperature
(Tin), and the heater area (Aheater) using

Q heater � Q loss ¼ hAheaterðTs � TinÞ ð3Þ

The superheat (DTsat) of the heat transfer surface was calculated
with the surface temperature (Ts) and the saturation temperature
using

DTsat ¼ Ts � Tsat ð4Þ
Fig. 4. Flow boiling curves with a jet velocity of 4 m/s and subcoolings of 10, 20, and
30 �C for device 3 (A) and device 4 (B).
2.6. Uncertainties

The propagation of uncertainties in the reduced data employed
standard methods [30]. At low values of DTsat, the uncertainty in
the heat flux dissipated from the heat transfer surface was gener-
ally highest but did not exceeded 9.1%. The area-averaged heat
transfer coefficient uncertainties were dominated by the uncer-
tainty in the surface temperature (±1 �C) and were generally larger
than the uncertainty in the heat flux. At the beginning of the flow
boiling curves the difference in jet and surface temperatures was
only 2 �C and the uncertainty in DT was therefore roughly 50%.
However, despite large uncertainties in the area-averaged heat
transfer coefficient at low heat fluxes, the uncertainty was reduced
to less than 9.9% for the data above 100 W/cm2. The uncertainty in
the area-averaged heat transfer coefficient for the higher area ratio
device was less that 3.5% above 100 W/cm2.

3. Results and discussion

3.1. Truncated curves

The two microdevices used in this boiling study were used in a
previous single-phase parametric study [20] and retain their
respective titles from that study for clarity. Device 3 had an area
ratio of 8.9% while device 4 had an area ratio of 21%. Both devices
had staggered arrays with jet diameters of 112 lm and a standoff
of 200 lm.

The flow boiling curves recorded in this study are of two types.
The first type were curves that appeared truncated at low super-
heats when compared to existing jet literature such as Ma and
Bergles [25]. Curves exhibiting the early temperature excursions
in both surface superheat and heat flux have been gathered with
both devices for inlet subcoolings of 10, 20, and 30 �C and an aver-
age jet velocity of 4 m/s (Fig. 4). (Note that the arrows in the figure
show the direction of the temperature excursion.) The area-aver-
aged heat transfer coefficients calculated for the curves shown in
Fig. 4 can be found in Fig. 5. These truncated curves exhibit mostly
single-phase area-averaged heat transfer coefficient behavior.
Nucleation was observed and enhancement in the heat transfer
coefficient due to boiling was roughly 25%. Increased subcooling



Fig. 5. Area-averaged heat transfer coefficients with a jet velocity of 4 m/s and inlet
subcoolings of 10, 20, and 30 �C for device 3 (A) and device 4 (B). Fig. 6. Area-averaged heat transfer coefficients with a jet velocity of 7 m/s and inlet

subcoolings of 10, 20, and 30 �C for device 3 (A) and device 4 (B).
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shifted curves to the left and increased the heat flux at which the
temperature excursion occurred. This is a typical result in flow
boiling as the fluid has additional sensible heat capacity. The sur-
face superheat at which the temperature excursion occurred did
not have a consistent trend with subcooling but appeared to occur
at a consistent superheat of around 20 �C. The calculated surface
superheat depended on the heater temperature, which was aver-
age value of the entire heater. A small portion of the heater likely
dominated the dry out process and no information about the tem-
perature of that area is available with this technique. To gain a bet-
ter understanding of the temperature excursion mechanism, local
temperatures would be necessary.

One trend consistent throughout all of the experiments was
that the boiling enhancement was larger for lower subcoolings.
This is also expected as the surface will either have additional
superheat or more of the surface will have adequate superheat
for nucleation at the same heat flux for lower subcooolings.

Data were also gathered at a higher velocity of 7 m/s with the
same arrays (Fig. 6). The single-phase contribution was significantly
enhanced for device 3 at the higher velocity. This can be seen in the
slope of the boiling curve or from Figs. 5A and 6A. Device 4 did not
experience as significant an improvement at the higher velocity,
likely because of its higher area ratio. Higher heat fluxes were dis-
sipated at the higher impingement velocity, but this was primarily
due to the increase in single-phase heat transfer. The heat transfer
process for the truncated curves was dominated by forced convec-
tion. The higher flow velocity did not increase the boiling enhance-
ment for either device; the enhancement of the area-averaged heat
transfer coefficient due to boiling remained near 10,000 W/m2-K.
The influence of subcooling was consistent at both velocities with
decreased subcooling, increasing boiling enhancement.

3.2. Nitrogen content effect on temperature excursion

The second type of flow boiling curve captured in this study was
somewhat elusive but more complete. Data were again gathered



Fig. 7. Extended flow boiling curves with a jet velocity of 7 m/s and subcoolings of
10, 20, and 30 �C for device 3 (A) and device 4 (B).

Fig. 8. Area-averaged heat transfer coefficients for the extended boiling curves with
a jet velocity of 7 m/s and inlet subcoolings of 10, 20, and 30 �C for device 3 (A) and
device 4 (B).

830 E.A. Browne et al. / International Journal of Heat and Mass Transfer 55 (2012) 825–833
with both device 3 and 4 with subcoolings of 10, 20, and 30 �C and
a velocity of 4 m/s (Figs. 7 and 8). The curves shown in Fig. 7A were
observed after other previous truncated curves had been observed.
The change in boiling behavior was abrupt and had no clear causal-
ity. Days later, the loop was observed to have non-condensable
gases coalesced in the microdevice. In the experimental apparatus,
the saturation pressure was controlled by a bladder type accumu-
lator, which was filled with nitrogen. The pressure of the nitrogen
in the elastic bladder was necessarily higher than in the working
fluid due to a pressure jump across the elastic membrane. It was
then hypothesized that nitrogen had leaked through a defective
bladder and contaminated the refrigerant and caused the change
in boiling behavior. Ideally, the experimental procedure would in-
clude a degassing step to eliminate or reduce these contaminants,
but the high saturation pressure of R134a at room temperature
significantly complicates pool boiling degassing procedures
typically implemented with R113 or other low pressure refriger-
ants. Further supporting this hypothesis was that after the bladder
accumulator was replaced the gases were no longer observed.

A further investigation was subsequently undertaken to eluci-
date the effects of nitrogen gas dissolved into R134a on the temper-
ature excursion behavior of flow boiling with an array of microjets.
The charging procedure was augmented as described in the experi-
mental procedure to yield a charge with a known partial pressure
of nitrogen. The study was carried out with device 4 with a velocity
of 4 m/s with 10, 20, and 30 �C of subcooling and nitrogen partial
pressures of 103, 241, and 0 kPa (Figs. 9 and 10). It is important to
note that the data were gathered in chronological order, with respect
to partial pressures, of 103, 241, and finally 0 kPa (top to bottom in
the legend of Fig. 9). The data previously discussed in Figs. 4B and
5B can be considered baseline data. During these experiments, coa-
lesced nitrogen bubbles were not observed in the flow.



Fig. 9. Flow boiling curves with different partial pressures of nitrogen with a jet
velocity of 4 m/s and subcoolings of 10, 20, and 30 �C with device 4. The
chronological order of the data with respect to nitrogen content is from top to
bottom.

Fig. 10. Area-averaged heat transfer coefficients for flow boiling curves with
different partial pressures of nitrogen with a jet velocity of 4 m/s and subcoolings of
10, 20, and 30 �C with device 4. The chronological order of the data with respect to
nitrogen content is from top to bottom.
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The curves gathered at a partial pressure of 103 kPa did not dem-
onstrate significantly different boiling behavior than the baseline
data. An increase in the partial pressure of nitrogen to 241 kPa ap-
peared to have suppressed the early temperature excursion and
boiling curves with substantial boiling contributions were
recorded. After this result, the base case of 0 kPa was repeated to
test that the change in temperature excursion behavior was due
to the level of nitrogen in the charge. The pure charge of R134a that
followed the 241 kPa data (i.e., 0 kPa) demonstrated similar perfor-
mance to the 241 kPa data and far exceeded the baseline data. This
experimental result clearly contradicted the hypothesis that dis-
solved gas content had caused the elongated curves to be measured
originally. Although similar experiments could be continued to
higher concentrations of nitrogen, it appears as thought it does
not have a first-order effect on the boiling heat transfer.

The microdevices used in the experiments accommodated opti-
cal access through the Pyrex wafer, the titanium heater, and the
silicon oxide convective surface. The focal plane of the microscope
was adjusted to coincide with the silicon oxide surface boiling sur-
face in an effort to provide sharp images of vapor bubbles which ex-
ist near the heated surface. As in our previous microjet array boiling
paper [1], bubble nucleation was observed to occur in the second-
ary stagnation zones. With repeated experimental runs the surface
condition appeared to change in the secondary stagnation zones,
appearing blurry and rough. A change in surface roughness was sus-
pected as the cause of the locally blurry image. Device 3 was ground
to remove the majority of the silicon wafer and allow access to the
silicon oxide surface for measurement with both a scanning elec-
tron microscope (SEM) and an atomic force microscope (AFM).
The heater was then cleaned with ethanol to remove the residual
grinding debris. No distinct secondary stagnation zone pattern
was apparent in the SEM. And the AFM results from several areas
of the heater indicated that the surface was consistently smooth,
with an average surface roughness below 30 nm. However, surface
chemistry also plays an important role in nucleation cavity stabil-
ity. R134a is a highly wetting liquid and is not anticipated to have
a high contact angle with any surface, not even one with modified
surface chemistry. It is possible, but completely speculative, that
the surface was contaminated in the boiling areas by a film of liquid
with a higher saturation temperature, that was distilled out of solu-
tion in the boiling areas and changed the temperature excursion
behavior. The film would then be dissolved into the R134a after
the conclusion of the experiment causing intermittent behavior,
as was observed. Unfortunately, quantitative measurements of
the surface chemistry are not readily available. However, it is unli-
kely that a film could modify the wetting behavior of R134a with
silicon oxide enough to change the boiling behavior. Therefore,
although the lack of clarity in the boiling region during some of
the experiments cannot be explained, it is not believed to be evi-
dence of a temperature excursion controlling mechanism.

3.3. Flow boiling

Although the cause of the temperature excursion is not well
understood, insight into the flow boiling heat transfer process
can be attained from the full curves. The flow boiling curves de-
fined as full flow boiling curves for further discussion, and eventual
correlation, are those shown in Figs. 7A, B, and 8A, B, and the 0 kPa
data in Figs. 8 and 9. All of the full flow boiling curves show signif-
icant contributions from nucleate boiling. The curves for device 3
at a velocity of 7 m/s (Figs. 7A and 8A) demonstrated a heat trans-
fer enhancement over the projected single-phase flow of nearly
100% and reached a surface superheat of 30 �C. The performance
of this microjet array with R134a was high, reaching heat fluxes
of 590 W/cm2 and an area-averaged heat transfer coefficient of
99,800 W/m2-K. Device 4 with a higher area ratio only reached a
surface superheat of 20 �C and an enhancement of roughly 60%.
However, the device 4 heat transfer coefficient increased more rap-
idly with increasing heat flux than the device 3 data. Higher area
ratios generally increase the area that can be considered secondary
stagnation zones where nucleation primarily occurs. The larger
slope of the wall superheat/heat flux curve at the larger area ratio
represents a greater boiling contribution, likely due to the rela-
tively larger number of active nucleation sites on the heater.

A correlation form has been proposed, and a data fit was carried
out on the experimental data of this investigation. Due to the



Table 1
Slope data used in the determination of Eq. (9) and their quality of fit.

q00ONB (W/cm2) Ar Tsub (�C) V (m/s) m (cm2/m2-K) R2

133.8 0.089 10 7 186.5 0.9987
158.4 0.089 20 7 143.9 0.9948
211.0 0.089 30 7 116.8 0.9978
136.8 0.21 10 7 246.1 0.9858
170.0 0.21 20 7 169.8 0.9927
225.6 0.21 30 7 140.3 0.9898
118.9 0.21 10 4 294.2 0.9843
133.2 0.21 20 4 194.2 0.9952
166.9 0.21 30 4 151.7 0.9969
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limited nature of the data in this study, the data fit is used to aid
discussion of the physical principles and was not intended for pre-
diction purposes. For correlation, the area-averaged heat transfer
coefficient is divided into a single-phase contribution (�hsp) and a
two-phase enhancement term ð�hbÞ (the correlation form is shown
graphically in Fig. 8A).

h ¼ hsp þ hb ð5Þ

In the absence of nucleation, when the heat flux does not exceed the
onset of nucleate boiling, the area-averaged heat transfer coefficient
is simply �hsp. The single-phase area-averaged heat transfer coeffi-
cient can be predicted with single-phase correlations and is not a
function of heat flux; it is, therefore, drawn as a horizontal line in
Fig. 8A. However, �hb appears to be a linear function of heat flux after
the onset of nucleate boiling and is shown as a straight line for all
three subcoolings in Fig. 8A. The boiling enhancement heat transfer
coefficient ð�hbÞ is defined as

�hb ¼ mðq00 � q00ONBÞ ð6Þ

m ¼ 2152A0:267
r

DT0:533
sub V0:268 ð7Þ

where the slope m is a function of the area ratio, inlet subcooling
(�C), and jet velocity (m/s) and q00 (W/cm2) is the heat flux. The val-
ues of m were derived from linear fits of the heat transfer coefficient
data after the onset of nucleate boiling by placing the origin at the
intersection of the onset of nucleate boiling and the single-phase
heat transfer coefficient and constraining the fit line to intersect
the origin (Table 1). The linear form of the fits used to determine
the slope (m) fit the data well as can be seen by the R2 values in
Table 1. Conclusions about qualitative trends and insights into the
physical mechanisms can be drawn from the slopes (m) in Table
1. The dependency of the heat transfer coefficient on heat flux sup-
ports the conclusion that nucleate boiling is the dominant mecha-
nism of enhancement. It is unknown how much of the increased
heat transfer enhancement due to increased heat flux is caused by
additional nucleation sites becoming active and how much is con-
tributed via faster vaporization rates at preexisting sites. Visual
observations suggested that nucleation rates increased with heat
flux, but no conclusion could be drawn about the size of the boiling
area.

The empirical fit of the data is presented for completeness and
is very limited in range. Eq. (7) is the fit of the linear slopes of the
heat transfer coefficient with respect to heat flux and predicts
them with an average error of 3.34%. In order to predict the flow
boiling heat transfer performance, the onset of nucleate boiling
must also be well correlated. The prediction of the two-phase
enhancement is rooted at the onset of nucleate boiling. The onset
of nucleate boiling was correlated from the same data.

q00ONB ¼ 20:3ðcosArÞ�3:26DT0:417
sub V0:448 ð8Þ

Incipient nucleation is dependent on thermal boundary layers
developed in single-phase convection for adequate superheat to
activate nucleation cavities. Therefore, the influence of the area
ratio on the onset of nucleate boiling should be similar to its influ-
ence in single phase convection, which was found to be of the form
used in Eq. (8) [20]. Eq. (10) was less effective at correlating the data
and had an average error of 5.1%.

With the three necessary elements, the single-phase heat trans-
fer coefficient, the onset of nucleate boiling heat flux, and the slope
of the two-phase enhancement the flow boiling behavior can be
predicted. A visualization of the previously described correlation
scheme (Fig. 8A) would begin on the ordinate at the predicted va-
lue of the single-phase heat transfer coefficient and move to the
right until ONB, at which point it would trend linearly upward at
a predicted slope m. Because the temperature excursion process
is not well understood, no attempt to predict that behavior has
been made.
4. Conclusions

An investigation into the suspected effect of nitrogen dissolved
in R134a on the temperature excursion behavior reported previ-
ously [1] was conducted. It was found that nitrogen content
reduced single-phase performance slightly, but did not dominate
the temperature excursion mechanism as had been hypothesized.
It is speculated that surface roughness and other nucleation stabil-
ity factors are likely to dominate the mechanism. Local tempera-
tures may be required to gain insight into the physical process.
Additional work is necessary to elucidate and correlate the temper-
ature excursion as it is physically interesting and of primary
relevance to the application of microjet array flow boiling to elec-
tronics cooling.

Qualitative parametric trends were also observed for flow boil-
ing with an array of microjets. Over the 20 �C range of subcoolings
studied, lower inlet subcooling resulted in lower ONB heat fluxes
and a higher sensitivity of the heat transfer coefficient to the heat
flux. Increased area ratio increased the sensitivity of the heat trans-
fer coefficient to heat flux and created better heat transfer. How-
ever, the area ratio did not change the ONB heat flux. Two
velocities were used in the study; increased velocity suppressed
boiling causing higher ONB heat fluxes and smaller heat transfer
enhancement with heat flux.

A correlation framework was proposed for capturing the heat
transfer coefficient behavior that focused on the mechanisms that
control the heat transfer process. The correlation is centered on
predicting the ONB heat flux, and the resulting linear increase in
heat transfer coefficient as a function of area ratio, subcooling,
and jet velocity. An empirical fit was also reported but is prelimin-
ary in nature. Additional data is required to create a strong corre-
lation over a larger range of values.

Acknowledgements

This work is supported by the Office of Naval Research (ONR)
under the Multidisciplinary University Research Initiative (MURI)
award N00014-07-1-0723. The authors would like to acknowledge
the staff of the Micro and Nano Fabrication Clean Room (MNCR) at
Rensselaer Polytechnic Institute for their assistance in fabrication
of the test devices.

References

[1] E.A. Browne, G.J. Michna, M.K. Jensen, Y. Peles, Microjet array single-phase and
flow boiling heat transfer with R134a, Int. J. Heat Mass Transfer 53 (2010)
5027–5034.

[2] S.V. Garimella, R.A. Rice, Confined and submerged liquid jet impingement heat
transfer, J. Heat Transfer 117 (4) (1995) 871–877.

[3] R.J. Goldstein, A.I. Behbahani, Impingement of a circular jet with and without
cross flow, Int. J. Heat Mass Transfer 29 (9) (1982) 1377–1382.



E.A. Browne et al. / International Journal of Heat and Mass Transfer 55 (2012) 825–833 833
[4] C.-Y. Li, S.V. Garimella, Prandtl-number effects and generalized correlations for
confined and submerged jet impingement, Int. J. Heat Mass Transfer 44 (2001)
3471–3480.

[5] H. Martin, Heat and mass transfer between impinging gas jets and solid
surfaces, Adv. Heat Transfer 13 (1977) 1–60.

[6] R. Viskanta, Heat transfer to impinging isothermal gas and flame jets, Exp.
Thermal Fluid Sci. 6 (2) (1993) 111–134.

[7] B.W. Webb, C.-F. Ma, Single-phase liquid jet impingement heat transfer, Adv.
Heat Transfer 26 (1995) 105–217.

[8] D.J. Womac, S. Ramadhyani, F.P. Incropera, Correlating equations for
impingement cooling of small heat sources with single circular liquid jets, J.
Heat Transfer 115 (1) (1993) 106–116.

[9] C.T. Chang, G. Kojasoy, F. Landis, S. Downing, Confined single- and multiple-jet
impingement heat transfer – 1. Turbulent submerged liquid jets, Int. J. Heat
Mass Transfer 38 (5) (1995) 833–842.

[10] L.W. Florschuetz, C.R. Truman, D.E. Metzger, Streamwise flow and heat transfer
distributions for jet array impingement with crossflow, J. Heat Transfer 103 (2)
(1981) 337–342.

[11] S.V. Garimella, V.P. Schroeder, Local heat transfer distributions in confined
multiple air jet impingement, J. Electron. Packag. 123 (3) (2001) 165–172.

[12] D.M. Kercher, W. Tabakoff, Heat transfer by a square array of round air jets
impinging perpendicular to a flat surface including the effect of spent air, J.
Eng. Power 92 (1) (1970) 73–82.

[13] A.J. Robinson, E. Schnitzler, An experimental investigation of free and
submerged miniature liquid jet array heat transfer, Exp. Thermal Fluid Sci.
32 (1) (2007) 1–13.

[14] T. Wang, M. Lin, R.S. Bunker, Flow and heat transfer of confined impingement
jets cooling using a 3-D transient liquid crystal scheme, Int. J. Heat Mass
Transfer 48 (2005) 4887–4903.

[15] D.J. Womac, F.P. Incropera, S. Ramadhyani, Correlating equations for
impingement cooling of small heat sources with multiple circular liquid jets,
J. Heat Transfer 116 (2) (1994) 482–486.

[16] E.A. Browne, G.J. Michna, M.K. Jensen, Y. Peles, Experimental investigation of
single-phase microjet array heat transfer, J. Heat Transfer 132 (2010) 041013.
[17] M. Fabbri, V.K. Dhir, Optimized heat transfer for high power electronic cooling
using arrays of microjets, J. Heat Transfer 127 (7) (2005) 760–769.

[18] J.E. Leland, R. Ponnappan, K.S. Klasing, Experimental investigation of an air
microjet array impingement cooling device, J. Thermophys Heat Transfer 16
(2) (2002) 187–192.

[19] G.J. Michna, E.A. Browne, Y. Peles, M.K. Jensen, Single-phase microscale jet
stagnation point heat transfer, J. Heat Transfer 131 (2009) 111402.

[20] G.J. Michna, E.A. Browne, Y. Peles, M.K. Jensen, The Effect of Area Ratio on
Microjet Array Heat Transfer, Int. J. Heat Mass Transfer 54 (9–10) (2011) 1782–
1790.

[21] M.R. Overholt, A. McCandless, K.W. Kelly, C.J. Becnel, S. Motakef, 2005, Micro-
Jet Arrays for Cooling of Electronic Equipment, in: Proceedings of the 3rd
International Conference on Microchannels and Minichannels, Toronto,
Ontario, Canada, pp. 249–252.

[22] V.A. Patil, V. Narayanan, Spatially resolved heat transfer rates in an impinging
circular microscale jet, Microscale Thermophys. Eng. 9 (2005) 183–197.

[23] E.N. Wang, L. Zhang, L. Jiang, J.-M. Koo, J.G. Maveety, E.A. Sanchez, K.E.
Goodson, T.W. Kenny, Micromachined jets for liquid impingement cooling of
vlsi chips, J. Microelectromech. Syst. 13 (5) (2004) 833–842.

[24] K.A. Estes, I. Mudawar, Comparison of two-phase electronic cooling using free
jets and sprays, J. Electron. Packag. 117 (1995) 323–332.

[25] C.-F. Ma, A.E. Bergles, Jet impingement nucleate boiling, Int. J. Heat Mass
Transfer 29 (8) (1986) 1095–1101.

[26] M. Monde, Y. Katto, Burnout in a high heat-flux boiling system with an
impinging jet, Int. J. Heat Mass Transfer 21 (1976) 295–305.

[27] D.H. Wolf, F.P. Incropera, R. Viskanta, Local jet impingement boiling heat
transfer, Int. J. Heat Mass Transfer 39 (7) (1996) 1395–1406.

[28] D.W. Zhou, C.F. Ma, Local jet imingement boiling heat transfer with R113, Heat
Mass Transfer 40 (2004) 539–549.

[29] D.W. Zhou, C.F. Ma, J. Yu, Boiling hysteresis of impinging circular submerged
jets with highly wetting liquids, Int. J. Heat Fluid Flow 25 (2004) 81–90.

[30] S.J. Kline, F.A. McClintock, Describing uncertainties in single-sample
experiments, Mech. Eng. 75 (1) (1953) 3–8.


	Microjet array flow boiling with R134a and the effect of dissolved nitrogen
	1 Introduction
	2 Experimental apparatus and method
	2.1 Experimental apparatus
	2.2 Microfabrication
	2.3 Experimental procedures
	2.4 Heat losses
	2.5 Data reduction
	2.6 Uncertainties

	3 Results and discussion
	3.1 Truncated curves
	3.2 Nitrogen content effect on temperature excursion
	3.3 Flow boiling

	4 Conclusions
	Acknowledgements
	References


