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An experimental investigation was carried out to study the single-phase stagnation point jet impinge-
ment heat transfer on smooth and micro pin fin structures using water and R134a. The experiments were
carried out for a single jet (dj = 2.0 mm) impinging on a 2 � 2 mm micro-heater over a wide range of
Reynolds numbers. Both an unfinned and a micro structured impingement surfaces were investigated.
The micro structures consisted of an array of 64 circular micro pin fins fabricated using MEMS microfab-
rication. The micro pin fins had diameters of 125 lm, heights of 230 lm, and pitches of 250 lm with an
area enhancement of Atotal/Abase = 2.44. The jet stand-off ratio and area ratio (Aj/Abase) were 0.86 and 0.785,
respectively. Nusselt numbers were found to increase with increasing Reynolds numbers. Correlations
from the literature for impingement zone Nusselt numbers were found to underpredict the experimental
results. Significant enhancement of the heat transfer coefficients were observed as a result of the pres-
ence of the micro pin fins on the impingement surface. Enhancement factors as high as 3.03 or about
200% increase in the heat transfer coefficients were demonstrated. Enhancements are attributed to flow
mixing, interruption of the boundary layers, and augmentation of turbulent transport.

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

Jet impingement heat transfer has long been identified as a
preferred cooling technology due to its high heat transfer coeffi-
cients, especially at the stagnation zone. It has been used for
many years in various industrial cooling applications such as
electronics cooling and turbine blade cooling. It has been also
used for drying applications, metal and plastic sheets annealing,
and the tempering of glass. An extensive review of conventional
jet impingement cooling is available in [1–4], and most recently
[5].

Several correlations [1,6–8] for the heat transfer performance of
jet impingement have been developed as a result of many years of
experimental studies. More recently, Li and Garimella [9] have
developed generalized correlations for the stagnation point Nusselt
number. Their all-liquids correlation is valid for Prandtl numbers
ranging from 0.7 to 25.2, Reynolds numbers ranging from 4000
to 23,000, jet diameters ranging from 1.59 to 6.35 mm, and
stand-off ratios from 1 to 5. The correlations were given in the fol-
lowing forms:
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Nu ¼ 1:039Re0:515
dj

Pr0:444 l
dj
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dj
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ð1Þ

for water and

Nu ¼ 1:427Re0:496
dj

Pr0:444 l
dj

� ��0:058 De

dj

� ��0:272

ð2Þ

for all other fluids.
Sun et al. [10] have developed a stagnation point Nusselt num-

ber correlation for free surface jet impingement. Their correlation
was compared against their own experimental results using three
different fluids namely, R113 (Pr = 7.2–8.9), kerosene (Pr = 20.9–
21.2), and transformer oil (Pr = 134–262) with a jet orifice of
0.987 mm in diameter, 35 mm in length and a 5 � 5 mm heater.
The correlation was expressed as:

Nu ¼ 1:25Re1=2
dj

Pr1=3 ð3Þ

with advances in microfabrication technologies, jet impingement
adapted to microscale has recently gained much attention. A few re-
cent studies on mini/microscale jet impingement on smooth sur-
faces applied to electronics cooling are summarized in [5]. Recent
studies of micro jet impingement have shown jet impingement’s
capability to remove heat fluxes as high as 1000 W/cm2 [11]. Using
water, Browne et al. [11] have demonstrated single-phase heat
transfer coefficients as high as 400,000 W/ m2K. These heat transfer
coefficients are considerably higher than those recorded in the case
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Nomenclature

A area, m 2

Ac fin cross sectional area m2

C perimeter m
dj jet diameter m
D Pin fin diameter m
De Effective heat source diameter � (4Abase/p)1/2 m
G volumetric flow rate m3/s
H pin fin height m
h average heat transfer coefficient W/m2K
I current A
k thermal conductivity W/mK
l orifice (plate) thickness m
N number of pin fins
Nu Nusselt number based on jet diameter dj

P power W
Pr Prandtl number
Q Heat input W
q00 heat flux W/cm2

Rth thermal resistance cm2K/W
Redj

Reynolds number based on jet diameter

t thickness m
T average temperature K
U velocity m/s
V voltage V

Greek symbols
g efficiency
l viscosity kg/ms
q density kg/m3

Subscripts
conv convective
eff effective
f fluid
h heater
in inlet
o overall
s solid
w wall
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of water flow boiling, 5000–100,000 W/m2K, [12] and conventional
jet impingement, 20,000–80,000 W/m2K, [9].

Despite its many advantages and very attractive cooling charac-
teristics, jet impingement suffers from the lack of sufficiently large
heat transfer area [13]. A method for improving its performance is
to introduce enhanced structures on the impingement surface. The
rationale behind jet impingement on enhanced surfaces stems
from the fact that additional active surface area will increase the
heat transfer rate (i.e., the product hA increases) and may enhance
the heat transfer coefficients (through flow mixing and interrup-
tion of the boundary layer growth), in addition to the high heat
transfer coefficients already observed in jet impingement cooling.

Unlike the literature of jet impingement on smooth surfaces, the
literature on jet impingement on enhanced structures is scarce.
One of the earliest studies on jet impingement on enhanced sur-
faces was published by Sullivan et al. [14]. They studied experi-
mentally the efficacy of smooth and roughened spreader plates
under submerged jet impingement. A fluorocarbon liquid, 3 M
FC-77, was utilized as the coolant. Flow rates and jet velocities
ranging from 0.1–4.0 l/min and 0.05–20 m/s, respectively, were
investigated. They tested three different heater sizes with heater
lengths ranging from 12.7–20 mm while jet diameters were varied
from 0.98–6.55 mm. One of the roughened surfaces consisted of a
grid pattern of sawcuts, 0.30 mm deep by 0.30 mm wide on
0.64 mm centers, which doubled the total active heat transfer area.
Roughness on the second spreader plate was achieved by the place-
ment of random dimples with a typical pit depth of 0.10 –0.30 mm.
The convective thermal resistance, computed based on the total
heat transfer area, was used as a metric for comparison between
the smooth surfaces and the enhanced surfaces. Compared to
smooth surface spreaders, reductions in thermal resistance as high
as 60% were demonstrated with the largest jet diameter.

A later paper by the same group [15] studied jet impingement
cooling of an array of discrete heat sources with extended surfaces.
This time, the extended surfaces consisted of parallel plate fins and
a square array of pin fins. The jets used in the experiment consisted
of slot nozzles of width 0.254 mm and 0.508 mm, with a
jet-to-impingement surface separation of 2.54 mm. The width
and height of the heat sinks’ base was fixed at 17.5 mm and
7.6 mm, respectively. Using FC-77 as coolant, the range of flow-
rates investigated varied between 0.3 and 15 l/min. The convective
thermal resistance was computed based on the projected area of
the heater. The results from the parallel plate fins showed a depen-
dence of the thermal resistance on the flowrate. In comparison to
an unenhanced surface, the parallel plate fins resulted in a de-
crease in the thermal resistance by a factor of 3.3–5.5. As for the
pin fin array, an enhancement factor of 3.0 was demonstrated.

Between 1999 and 2001, Brignoni and Garimella [16] and
EL-Sheikh and Garimella [17,18], published a series of articles on
the heat transfer and thermal design optimization of confined sin-
gle and multiple jet impingement on pin fin heat sinks using air as
coolant. A variety of jet configurations were tested. Four single jets
of different diameters [dj = 1.59,3.18,6.35, and 12.7 mm] and two
jet arrays [(4 � 3.18) and (9 � 1.59)] were studied at a fixed
stand-off ratio (S/d = 4) with Reynolds numbers varied between
5000 and 20,000. The heat sink base area was used in computing
both the heat transfer coefficients of the smooth and enhanced sur-
faces. Comparisons between smooth surface and enhanced sur-
faces’ heat transfer coefficients revealed enhancement factors,
defined as henhanced/hsmooth, ranging from 2.8 to 9.7, with the highest
enhancement factor (9.7) obtained with the 12.7 mm diameter sin-
gle nozzle at Re = 20,000.

In their paper on the enhancement of air jet impingement heat
transfer using pin fin heat sinks [18], seven different heat sinks un-
der a single air jet were investigated. Two pin fin diameters (1.6
and 0.94 mm) were tested, and the Reynolds number, based on
jet diameter, was varied from 8000 to 45,000. It was concluded
that the most important factors in the heat transfer of jet impinge-
ment on enhanced surfaces are the jet exit velocity and the total
heat transfer area of the heat sink. Jet diameter was identified to
have a significant effect on the enhancement factors. Increase in
jet diameter resulted in the increase of the enhancement factors.
The heat transfer rates, in comparison to unpinned heat sinks, were
found to increase by factors of 2.4 to 9.2. A new correlation for
these data was also developed.

Following the earlier work of Sullivan et al. [14], in 2002, Ekkad
and Kontrovitz [19] studied the heat transfer distribution over a jet
impingement target with dimples. Dimple location and depth were
investigated; two dimple patterns, in-line and staggered, and two
dimple depths were considered. Using a transient liquid crystal
technique, heat transfer measurements were made over a wide
range of Reynolds numbers (4800–14,800). Unlike the previously



Fig. 1. CAD drawing of a micro device.
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mentioned literatures, the presence of dimples on the target sur-
face produced lower heat transfer coefficients compared to a
smooth target. This observation was attributed to the disturbance
in the flow characteristics of the impinging jet as a result of the
presence of dimples on the target surface.

During the same year, Maveety and Jung [20] published results
from a numerical and experimental investigation of the heat transfer
from square pin–fin heat sinks subject to air jet impingement. Five
square pin fin heat sinks were investigated and the Reynolds num-
ber was varied from 9690 to 26,050. For all five heat sinks, the base
thickness, fin height, and jet diameter were fixed at 5.03 mm,
15 mm, and 6.4 mm, respectively. The total thermal resistance was
chosen as the performance criterion when comparing the various
heat sinks. Both experimental and numerical results showed the
existence of an optimum number of pin fins. The 7 � 7 square pin
fin array displayed the lowest thermal resistance over the range of
Reynolds number studied. Other parameters such as heat sink vol-
ume, base thickness, and jet-to-impingement surface spacing were
also shown to have significant effects on the thermal performance
of jet impingement on enhanced surfaces. This investigation marks
one of the earliest works on the thermal design optimization of jet
impingement on enhanced surfaces.

Jang and Kim [21] studied heat transfer and fluid flow in a
microchannel heat sink subject to an impinging air jet. The micro-
channels used in the experiment were fabricated using MicroElec-
troMechanical Systems (MEMS) microfabrication technologies and
had a base of 10 � 10 mm2, channel width of 200, 400, 600, and
800 lm, fin thickness of 200 lm, and channel height of 0.6, 1.0,
1.4, 1.8, 2.2 mm, totaling 20 distinct microchannel heat sinks. Com-
parison between a microchannel heat sink with a parallel flow and
a microchannel heat sink subject to an impinging jet showed that
the latter had a much better thermal–hydraulic performance.

Studies [22–24] similar to those mentioned above have also
shown significant enhancement of the heat transfer coefficients
using jet impingement on enhanced surfaces. Enhancements as high
as 45% (based on the total heat transfer area) [24], relative to smooth
target surfaces, were demonstrated. Besides the effects of flow mix-
ing and the increase in surface area, vortex generation [25] has been
also shown to effectively enhance the heat transfer coefficients.

Most of the literature mentioned above used air as the working
fluid, and observed heat fluxes were consequently relatively low.
Most of the studies only considered relatively low area ratio and
larger heater sizes (e.g., greater than 10.0 mm2). Jet impingement
on enhanced surfaces with stand-off ratios smaller than 1 has
not been reported. Despite some of the researchers’ attempts to ex-
plain the heat transfer characteristics of jet impingement on en-
hanced surfaces, there has not been yet any conclusive answer as
to the nature of the heat transfer enhancement mechanism. In
the current study, we investigate the stagnation point heat transfer
of jet impingement on smooth and micro pin fin structures using
water and R134a for electronics cooling applications. An array of
circular micro pin fins (64 micro pin fins) was utilized as the sur-
face enhancement. Micro pin fins were purposely chosen because
of their unique features such as high heat transfer area to volume
ratio and high heat transfer coefficients. The pin fins had diameters
of 125 lm, heights of 230 lm, and pitches of 250 lm. The micro
pin fins were fabricated from silicon because of its relatively high
thermal conductivity and its ease of integration in microelectronics
microfabrication. With pin fins diameter of 125 lm, the area
enhancement is calculated to be equal to Atotal/Abase = 2.44.
2. Micro device overview and microfabrication

Fig. 1 shows a CAD drawing of the micro device used in the cur-
rent study. The micro device consists of an array of radially spaced
pin fins located on a silicon base of thickness 20 lm. Four fluid exit
holes are symmetrically located around the pin fin array with a
pressure transducer port extending from one of the sides. Under-
neath the silicon base is a 2 � 2 mm2 titanium heater with a thick-
ness of 100 nm. Power to the heater is achieved via two 1-lm thick
aluminum pads extending from the two opposite sides of the hea-
ter. For structural integrity of the micro devices, a 1-mm predrilled
Pyrex wafer was bonded to the bottom of the silicon substrate. For
unfinned surface experiments, a similar device was used, however,
without the mico pin fins.

Fig. 2 shows an exploded view of the micro device assembly.
The micro device consists of several layers. The top foremost layer
consists of the silicon substrate on which the micro pin fin struc-
tures are etched. Underneath the silicon substrate is a thin film
oxide layer ( 880 nm) used to prevent electrical contact between
the conductive silicon substrate and the heater. The heater was
deposited underneath the thin film oxide layer and consists of a
thin layer (100 nm) of titanium and a 1 lm thick layer of alumi-
num. The titanium layer acts as the actual heater while the alumi-
num layer is used for electrical contacts and vias. The electrical
resistance of the titanium is much greater than that of the alumi-
num so that all the resistive heating occurs in the 2 � 2 mm2 re-
gion of the exposed titanium. To protect the heater, a relatively
thick layer of silicon dioxide (about 2.5 lm) was deposited on
the heater. The last two layers shown on the Figure consist of a
300 nm amorphous silicon and the 1 mm Pyrex wafer. Amorphous
silicon was used to facilitate bounding between the Pyrex and the
rest of the micro device. Electrical contacts to the heater was
achieved through two holes drilled through the Pyrex wafer then
etched through the amorphous silicon and bottom silicon dioxide.

The micro devices were microfabricated using MEMS and
microelectronics fabrication techniques. These techniques can be
summarized as being a series of processes consisting of thin film
deposition, photolithography, and etching. Detailed description of
the microfabrication process flow can be found in [26]. An SEM im-
age of the micro pin fins is shown on Fig. 3.



Fig. 3. 3-D view of circular pin fins.

Fig. 4. Schematic drawing of fixture assembly.

Fig. 2. Exploded view of the micro device assembly.
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3. Experimental apparatus and procedure

A test section fixture (Fig. 4) was designed to incorporate the
micro devices into the experimental apparatus. The fixture consists
of two blocks. The bottom Delrin block housed the micro device in
a pocket milled at its center. Five fluid channels were drilled into
the Delrin, four of which were used for fluid exits and one for
the pressure transducer port. Two small holes were also drilled
through the block to allow for electrical contacts to the heater.
Within the pocket where the micro device was seated, several o-
rings were installed to ensure a complete leak-free system.

A 2.0-mm jet orifice was precision drilled through the top block
of the fixture. An o-ring, seated on a CNC milled recess, was used to
provide sealing between the matting surfaces of the micro device
and the top fixture. The top block was fabricated from Lexan for
ease of alignment. The micro device was held in place within the
fixture by bolting the two blocks of the fixture together.

The experimental apparatus (Fig. 5) used in the R134a experi-
ments consists of a closed flow loop, which is comprised of a test
section fixture, a tube-in-tube counterflow condenser (50% ethyl-
ene glycol-water mixture on the cold side), a bladder accumulator
to control the system pressure, a pump, a coriolis flow meter, and a
preheater to control inlet temperature. Other parts of the experi-
mental apparatus consist of shut-off valves, thermocouples, and
pressure transducers and gauges to monitor and record the various
thermodynamic states within the system. Power to the test sec-
tion, pump, and pressure transducers were provided using various
DC power supplies, while a variable transformer was used for the
preheater. Two accurate HP digital multimeters were used to make
voltage and current measurements on the test section. Output sig-
nals from thermocouples and pressure transducers were acquired
using National Instrument data acquisition hardware. A LabVIEW
program was used to save and display the data in useful formats.
A similar loop was also designed for the water experiments except
that a receiving tank was used instead of an accumulator, and
rotormeters were used instead of a coriolis flow meter. The
condenser and the preheater were not needed in the water
experiments.

Knowledge of the surface temperature of the heater is essential
in determining the heat transfer coefficients. In the current study,
average heater temperature was obtained by taking advantage of
the relationship between temperature and electrical resistivity. Be-
fore any experiment, each micro device heater was calibrated in an
oven using a thermocouple inside the oven near the microdevice
and a digital multimeter to measure electrical resistance. During
calibration, the temperature of the oven was varied from room
temperature to about 100�C. For each temperature step, the electri-
cal resistance of the heater was recorded. Based on the calibration
data, a correlation between electrical resistance and average tem-
perature of the heater was developed. This correlation was then



Fig. 5. Representative schematic of experimental set up (R134a experiments).
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used to back calculate the average temperature of the heater dur-
ing actual experiments based on applied voltage and current. Care
was taken to take into account parasitic electrical resistances from
electrical contacts, wires, and measurement instruments during
calibration and experiments. Heat transfer experiments were car-
ried out at various Reynolds numbers. For a given flow rate, applied
current and voltage, fluid inlet temperature, absolute and differen-
tial pressures were recorded.

Heat loss in the experiments was estimated using COMSOL Mul-
tiPhysics, a commercial finite element analysis software. One of the
biggest challenges in studying heat transfer at relatively small
scales is estimating and minimizing heat losses in the experimen-
tal apparatus. The micro devices used in the current research are
the result of several design iterations with the aid of finite element
analysis tools, taking into consideration heat loss, structural integ-
rity, and microfabrication feasability. Fig. 6 shows a schematic
drawing of the heat loss numerical model. To reduce the computa-
tional expense, a 2-D axisymmetric model was used instead of a
full 3-D model. The boundary conditions consisted of an axis of
symmetry, a constant heat transfer coefficient on the silicon sub-
strate-fluid interface, and constant temperature boundary condi-
tions on the remaining faces of the computational domain. A
Fig. 6. Schematic drawing the h
constant temperature boundary condition was applied to simulate
the heater. Care was taken to include as much detail (e.g., thin
oxide layers) as possible to replicate the actual physics in the
numerical model.

A constant heat transfer coefficient was applied to the area of
the heater (the impingement zone) and the area surrounding it.
This configuration resulted in a conservative heat loss calculation
as the heat transfer coefficients are significantly higher in the
stagnation zone than outside of it. Several heat transfer coefficient
values were applied, covering the range of experimental flow
conditions. Values of the heat transfer coefficients were calculated
from correlations developed by Li and Garimella [9] and Sun et al.
[10]. Average heat losses of about 10.5–14.5% and 29.5–38.5% were
obtained for water and R134a, respectively.

4. Data reduction

The Reynolds number based on the jet diameter was calculated
from the following definition:

Redj
¼ qUdj

l
¼ 4qG

pldj
: ð4Þ
eat loss numerical model.



Fig. 7. Nusselt number as a function of Re for jet impingement on smooth surfaces –
R134a.
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All thermodynamics properties were computed based on jet inlet
conditions. The heat transfer rate is given by:

Q conv ¼ Q applied � Qloss ¼ IV � Q loss: ð5Þ

The heat flux is then given by:

q00total ¼
Q conv

Atotal
ð6Þ

q00base ¼
Q conv

Abase
ð7Þ

where Atotal is the total surface area (base plus fins) and Abase is the
base (plan) area of the heater. Using 1-D conduction, the wall sur-
face temperature was computed from the heater measured temper-
ature using the following equation:

Tw ¼ Th �
q00basetoxide

koxide
ð8Þ

where Tw and Th are average temperatures of the base (exposed to
the fluid) and the heater (Titanium heater), respectively. Finally,
the heat transfer coefficient can be computed from the following
equation:

htotal ¼
q00total

Tw � Tf ;in
ð9Þ

hbase ¼
q00base

Tw � Tf ;in
ð10Þ

The effective heat transfer coefficient, taking into account the over-
all efficiency, is given by:

heff ¼
q00total

goðTw � Tf ;inÞ
ð11Þ

where

go ¼ 1� NAfin

Atotal
ð1� gfinÞ ð12Þ

gfin ¼
tanhðmHÞ

mH
ð13Þ

where

m ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
htotalP
ksAc

s
ð14Þ

The Nusselt number was also given by:

Nu ¼ hbasedj

kf
ð15Þ

Thermal resistance is given by the reciprocal of the heat transfer
coefficients:

Rth ¼
1

hbase
ð16Þ

Using standard propagation of error analysis method developed by
Kline and McClintock [27], maximum uncertainty on the heat trans-
fer coefficients was estimated to be about 10%.

5. Results and discussion

5.1. Jet impingement heat transfer on smooth surfaces

Jet impingement heat transfer at the impingement zone is
characterized by relatively high heat transfer coefficients. These
high heat transfer coefficients are attributed to the acceleration
of the flow in the radial direction, which necessitates thin
boundary layers at the stagnation zone. Outside the impingement
zone, the heat transfer coefficients decrease to parallel flow heat
transfer coefficients. The current experimental setup takes advan-
tage of the high heat transfer coefficients at the stagnation zone by
making the heater (2 � 2 mm) approximately the size of the jet
diameter (2.0 mm). In the literature, the stagnation zone generally
refers to approximately the area covering an area of radius
r = 1.9 dj; results from the current setup (r = 0.5 dj) would be more
appropriately labeled as stagnation point heat transfer rather than
impingement zone heat transfer. With the belled-shaped heat
transfer distribution of the jet impingement on smooth surfaces,
the heat transfer coefficients at the impingement point are ex-
pected to be relatively larger than the area-averaged heat transfer
coefficients in the impingement zone.

Fig. 7 shows a plot of the experimental Nusselt numbers as a
function of Reynolds number for jet impingement on a smooth sur-
face using R134a as the working fluid. Heat transfer coefficients as
high as 30,000 W/m2K were observed. The two experimental data
sets shown on the Figure were taken the same day with about
three hours in between. The experimental data are plotted against
two correlations, [9,10]. The range of Reynolds numbers plotted
corresponds to velocities between 0.9 to 4.8 m/s. As expected the
Nusselt numbers increased with increasing Reynolds numbers.
Higher Reynolds numbers or jet velocities means thinner thermal
boundary layers and, hence, a higher heat transfer rate for a given
fluid to surface temperature difference.

Both correlations underpredicted the experimental data though
the trends were similar; this discrepancy can be caused by few rea-
sons. The correlation by Sun et al. [10] was developed for free sur-
face jets, which are known to have relatively lower heat transfer
coefficients than submerged jets. Considering the heat transfer
distribution of submerged jet impingement, the Nusselt number
values from the experimental data should be expected to be higher
because of the very small impingement area (impingement point)
considered. Another important distinction between the experi-
mental results and the correlations is the value for the stand-off ra-
tio. The stand-off ratio used in the current study is much lower (<1)
than those used in the correlations. This distinction can possibly
have a significant effect on the flow hydrodynamics, and, hence, al-
ter the heat transfer mechanisms. In submerged jet impingement,
heat transfer coefficients have been found to increase with
decreasing stand-off ratio. Decreasing stand-off ratio leads to less
fluid entrainment, hence higher flow momentum towards the
impinging surface.



Fig. 8. Nusselt number as a function of Re for jet impingement on smooth surfaces –
Water.

Fig. 9. Heat transfer coefficients based on projected area as a function of Re, smooth
vs. enhanced surface.
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Fig. 8 shows the stagnation point Nusselt number values as a
function of Reynolds number using water as the working fluid.
As was in the case of R134a, the Nusselt numbers increased with
increasing Re. The correlations underpredicted the experimental
results for the same reasons mentioned earlier. The values of the
Nusselt number for water were relatively higher than that of
R134a due to water’s higher thermal performance (e.g., higher
thermal conductivity). Despite its many thermal advantages, the
use of water for electronics cooling is limited due to water’s ability
to conduct electricity, which is not the case for R134a.
Fig. 10. Variation of the thermal resistances as a function of flow rate, smooth vs.
enhanced surface.
5.2. Jet impingement heat transfer enhancement

One method to increase the total heat transfer rate with jet
impingement is to add enhanced surfaces to the impingement
zone. Besides increasing the total heat transfer area, the presence
of the enhanced surface can potentially enhance the heat transfer
coefficients through flow mixing, interruption of the boundary
layers, and turbulent transport. In this study, an array of circular
micro pin fins (64 micro pin fins) was utilized as surface enhance-
ment. The micro pin fins have diameters of 125 lm, heights of
230 lm, and pitches of 250 lm with an area enhancement of
Atotal/Abase = 2.44.

Fig. 9 displays a comparison of the heat transfer coefficients
based on the projected area (heater area) between jet impinge-
ment on a smooth surface and on the micro pin fins using R134a
as working fluid. There is a significant enhancement of the heat
transfer coefficients, reaching enhancement factors as high as
3.03 or about 200% increase in the heat transfer coefficients. Teu-
scher et al. [15] have reported enhancement of the heat transfer
coefficients with enhancement factors of 3.3–3.5 for parallel plate
fins and 3.0 for pin fins. It is interesting to note that the total heat
transfer rate enhancement, 3.03, is larger than the area enhance-
ment, 2.44. This suggests that there was enhancement of the heat
transfer coefficients as a result of the presence of the micro pin fins.
This hypothesis is further supported by the strong Reynolds num-
ber dependancy on the enhancement factors.

Before we consider heat transfer mechanisms, consider the di-
rect implications of the observed enhancement on electronics cool-
ing. The objective of thermal management of electronics is to
minimize the thermal resistances. Fig. 10 shows the effects of sur-
face enhancement on the thermal resistance. As can be seen on the
figure, thermal resistances as low are 0.11 cm2K/W were observed.
With such thermal resistance values, heat fluxes as high as
450 W/cm2 could be achieved using single-phase R134a with a
wall to inlet fluid temperature of 50�C.

Returning to our earlier hypothesis of the existence of heat
transfer enhancement mechanisms besides area enhancement,
Fig. 11 shows a comparison of the heat transfer coefficients based
on the total area between jet impingement on a smooth surface
and on the micro pin fins. By using the total area instead of the
base area, the effects of area enhancement is removed knowing
that the pin fins had on average high fin efficiencies (>0.9). A sim-
ilar plot, however, using heff instead of htotal is shown on Fig. 12.
There were still some enhancement of the heat transfer coeffi-
cients; however, the enhancements were only significant at
relatively higher Reynolds numbers. Surface enhancement can pos-
sibly occur in two ways: turbulent mixing and interruption of the
boundary layer growth. The absence of enhancement at lower Rey-
nolds numbers can be due to the fact that at lower Reynolds num-
bers (e.g., low jet velocities), the flow may not have had sufficient
momentum to penetrate to the bottom of the impingement sur-
face, hence not affecting (turbulence & mixing) the maximum pos-
sible enhanced area. The absence of heat transfer enhancement at
lower Reynolds numbers also suggests that cross flow was not



Fig. 11. Heat transfer coefficients based on the total area as a function of Re, smooth
vs. enhanced surface.

Fig. 12. Effective heat transfer coefficients as a function of Re, smooth vs. enhanced
surface.
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significant, though there may have been slight enhancement due to
boundary layer interruption. Thus, it is possible to have degrada-
tion of the heat transfer coefficients due to the presence of pin fins
at relatively lower Reynolds numbers. The effects of increasing
Reynolds numbers on the heat transfer enhancement tend to sug-
gest that the heat transfer enhancement mechanisms were domi-
nated by mixing and turbulence transport, hence, making jet exit
velocity a very important parameter in jet impingement on micro
pin fins. It is, however, also possible for cross flow mechanisms
to start to play an important role at very high Reynolds numbers.
Flow visualization experiments could be carried out to further
understand the heat transfer enhancement mechanisms.

Other studies [15,14] have reported the effects of cross flow on
the heat transfer enhancement. In these studies, the jet diameter
was relatively smaller than the heater size (e.g., low area ratio).
The role of cross-flow across the pin fins was significant in the wall
jet region [28], comparable to flow across a bundle of pin fins. In
the case of the current study, all the heat transfer mechanisms
occured at the stagnation point, making cross flow mechanisms
non-applicable.
6. Conclusion

Single-phase stagnation point jet impingement heat transfer
characteristics on smooth and micro pin fins structures using
water and R134a have been experimentally investigated. Experi-
mental results were compared to existing correlations in the liter-
ature. The effects of Reynolds number on the heat transfer
coefficients were presented and the heat transfer enhancement
mechanisms were discussed. A summary of the findings is listed
below:

� Single-phase experimental Nusselt numbers for jet impinge-
ment on a smooth surface using water and R134a as working
fluids were found to increase with increasing Reynolds
numbers.
� Correlations for impingement zone Nusselt numbers found in

the literature underpredicted the experimental results.
� Significant enhancement of the single-phase heat transfer coef-

ficients has been observed as a result of the presence of the
micro pin fins on the impingement surface. Enhancement fac-
tors as high as 3.03 or about 200% increase in the heat transfer
coefficients were observed when the area enhancement was
2.44.
� The absence of heat transfer enhancement at lower Reynolds

numbers suggests that not cross flow but rather jet velocity
was the dominant factor affecting the heat transfer mechanism.
� Enhancements in the heat transfer coefficients were attributed

to both area enhancement and flow mixing, interruption of
the boundary layers and augmentation of turbulent transport.
� With thermal resistances values as low as 0.11 cm2K/W, jet

impingement on micro pin fins can be considered as a promis-
ing electronics cooling technology.
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