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Spray technology has numerous applications in general and cooling microchannels in
particular. But before that study of the controlling parameters on which spray performance
depends need to be explored. Present work describes an experimental study on microchannel
cooling with jet and spray at different pressure combinations of air and water. The
experimental facility was developed at the School of Mechanical Engineering, KIIT, deemed
to be University, Bhubaneswar, to investigate the effect of various controlling parameters like
fluid pressure, flow rate, nozzle to surface distance and heat input on jet and spray cooling of
microchannels. The input parameters like air pressure and water pressure along with nozzle to
surface distance were optimized. The input parametrs such as air and water pressure in the
range of 1 bar to 3 bar, nozzle tip to surface distance in the range of 10 to 20 mm were
considered during the tests. As a result, at 1 bar air pressure, 3 bar water pressure and 17.42
mm nozzle tip to surface distance, the maximum heat transfer coefficient was achieved as
predicted optimal solution through response surface methodology (RSM). The data were
compared with that of the earlier researcher’s experimental work. The experimental results
revealed that the employment of spray impingement cooling technique on microchannels

provided significant improvement in removal of heat flux with less consumption of coolant.

1. INTRODUCTION

Within past few years electronic industry developed vastly.
Emerging technologies tends to increase demand for higher
power densities in small dimensions [1-2]. Hence,
performance of the equipment used for military or electronic
industry needs high heat removal from small areas which
directly increase its performance. Natural convection or forced
convection of air and water is proved to be inadequate for this
purpose. So, hybrid cooling which takes advantage of both
microchannel and spray impingement considered as two best
technologies for high heat flux removal is taken into
consideration. Though spray cooling has got significant
application in agriculture, medical, laser, aviation, steel
quenching and casting cooling etc., it can be more extended
for microelectronics cooling. Study of the controlling
parameters on which spray performance depends is yet to be
explored.

Sprays have proved their effectiveness in removing high
heat flux due to low mass flow rate and small surface
overheating, which are mandatory requirements in the thermal
design of microelectronics [3-4]. Spray cooling has the
advantage of uniform wall temperature and reduced coolant
flow rate compared to jet impingement cooling [5-6] This is
possible because of the broad dispersion of incoming liquid
into number of small droplets which increases surface area to
volume ratio of the liquid before impingement on the surface
and the part of heated area coming directly in contact with the
liquid [7-9]. Past investigations reveal that most of the work
related to spray is on boiling regime so as to remove high heat
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flux, however, spray cooling has been identified as a potential
means of dissipating high heat fluxes at surface temperatures
below the liquid saturation temperature like in computer
electronics [10]. The non-boiling regime’s spray also plays a
vital part of spray cooling process as the flow instabilities
associated with boiling regime is not present [11]. Here the
temperature of the heated surface is below the boiling
temperature of the coolant. During spray, all the droplets of
liquid accumulate and form a liquid film on the heated surface
which gets swiped by the next upcoming fresh liquid droplets.
The flow of the liquid becomes turbulent gradually and
appreciable amount of heat flux is removed due to latent heat
of evaporation and forced convection [12]. Oliphant et al. [13]
demonstrated heat transfer phenomena in non-boiling regime
using air-assisted nozzle. They concluded that liquid mass flux
along with droplet velocity is the key parameters that influence
heat transfer rate. In order to realize heat transfer enhancement
and characteristics through spray cooling, researchers have
made numerous efforts to conduct parametric studies on spray
phenomena [14]. Spray cooling has been successfully
implemented in thermal management of microelectronics [15-
18]. Single jet and multi jet cooling were proposed by many
researchers [19-21]. Parametric investigation was done by
very few researchers where they reported that pressure of the
coolant, nozzle to surface height and mass flux impingement
has a vital role to play [22-26]. Effect of injection angle on
heat transfer characteristics with multiple inclined array of jets
is also studied and found heat transfer enhancement of about
9% compared to normally used configuration [27]. Study of
different additives to coolant during spray reveals that it



enhances heat transfer up to a limit after which it decreases
[28]. Spray cooling application in different field for fast
cooling was studied by many searchers [29-33]. Experimental
and numerical investigation of heat transfer characteristics of
urea-water solution spray impingement on stainless steel plate
was done and the effect of flow regimes on heat transfer found
to be more predominant [34]. Considerable experimental and
analytical work has been reported till now, but very few
literature are available related to optimization of the
parameters that affect performance of jet and spray, putting
attention on that will enhance the purpose of more heat transfer
from the heated surface [35-38].

Present work describes an experimental study of air and
water jet along with spray at different pressure combinations
of air and water on microchannel cooling. The microchannel
was designed and fabricated using Die Sinking Electro
Discharge Machining with selected parameters to get proper
surface finish. The copper test section of dimension 27 mm x
25 mm with 4mm thickness and having 11 numbers of
channels of high aspect ratios fabricated on its surface was
used for the experiment. An experimental facility was
developed at the School of Mechanical Engineering, KIIT
University, Bhubaneswar, to investigate the effect of various
controlling parameters like Fluid Pressure, Flow Rate, Nozzle
to surface distance and Heat Input on spray cooling of
microchannels. The input parameters like air pressure and
water pressure along with nozzle to surface distance were
optimized. The optimized result was used in the current
experiment. Average mass impingement was calculated using
mechanical patternator designed and developed in the
laboratory. Heat was given from the base using two cartridge
heaters of 75watt, 230 volt inserted in a groove which was
drilled in a copper block. The microchannel heat sink and the
copper block surface was pasted using thermal adhesive so as
to ensure no air gap and heat conduction in one dimension. K-
type thermocouples were inserted in the heater block as well
as different locations of microchannel to get the temperature
data and the data were acquired by Data Acquisition System
and analysis was done using Zaila Software. Due to
experimental safety reason heat input was limited to 20-80

Watt. The data was compared with the previous experimental
work and it was found that spray impingement on
microchannels with the present input parameters shows better
result in terms of high heat transfer coefficient and cooling rate
with less expenditure of coolant.

2. EXPERIMENTAL SETUP AND PROCEDURE

Figure 1. Heater attachment method

Figure 2. Super watt cartridge heaters
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(b) Circuit diagram of experimental set-up

Figure 3. Schematic of complete set-up for spray cooling

The investigation was performed with the help of an
experimental set up designed and self-fabricated in the
laboratory with the facility of spray equipment, heating
arrangement and data acquisition system for recording of the
temperature data. The recorded data is further analyzed by
Zyla Software. An air compressor was used to provide
compressed air to the spray set-up for atomization of the fluid
particle. The test specimen used in the present investigation is
a copper plate of dimension (27 mmx 25 mmx4 mm) on the
top of which 11 number of grooves of hydraulic dia. 150 pm
were inscribed as shown in Figure 1. Below the microchannel
plate, an oxygen free copper block with two 200 watt, 230volt
AC cartridge heaters as shown in Figure 2 embedded within is
used to heat the microchannel. Thermocouple establishment is
essential in the temperature estimation, and it decides the
precision of measured temperature information. As the tip of
the thermocouple is very small and it could just quantify the
temperature of a point touched with it, so it is important that
the contact point between thermocouple tip and measured
point must be touched well. In this study, thermocouples were
implanted 0.25 mm below the surface. 0.1 mm diameter wires
(Chromel and Alumel) that are insulated from each other by
MgO powder and sheathed with stainless steel 304 is used as
thermocouple. The outer diameter of sheath is 0.4 mm. Four
numbers of wires from each of Chromel and Alumel was taken
and tip was made by soldering. The tip made was of diameter
less than 1 mm so that it can be easily inserted into the micro
drilled hole on heat sink and heater block. The portion of
thermocouple which stays inside the acrylic was covered by
Teflon tape and rest part was inside the sheath.

To reduce the heat loss, thermal adhesive was used between
heater block upper surface and microchannel plate base. To
ensure no heat loss to outside, acrylic cover was used within
which both heater block and microchannel plate were inserted.
The complete set-up is shown in detail in Figure 3.
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3. DESIGN OF EXPERIMENTS

Table 1. CCF RSM based coded experimental design matrix

A: pw in bar B: pain bar C: (H) in mm
1 1 10
3 1 10
1 3 10
3 3 10
1 1 20
3 1 20
1 3 20
3 3 20
1 2 15
3 2 15
2 1 15
2 3 15
2 2 10
2 2 20
2 2 15
2 2 15
2 2 15
2 2 15
2 2 15
2 2 15

Box-Wilson Central Composite Design, also known as
'central composite design', contains fractional factorial design
with central points that is augmented with a group of 'star
points' that allows prediction of curvature. Among the three
varieties of central composite design, Face centered (CCF)
design is used in the current research. In this design, the star
points are at the center of each face of the factorial. As we are
having 3 levels of each factor, CCF is suitable for the current
problem. By using this, non-sequential experiments having
fewer design points are used to get the experimental design
matrix. Water pressure (pw), air pressure (p.) and nozzle-to-



surface height (H) are the three input parameters. Three levels
of the input parameters are used. Twenty experimental runs
were obtained by this method to conduct the experiments.
Table 1 shows the input parameters with their levels and the
design matrix along with the experimental results.

4. EXPERIMENTAL PROCEDURE

Nozzle to microchannel surface distance was fixed to 10
mm, 15 mm and 20 mm to mark the difference of nozzle to
target distance on cooling rate. After setting the wattmeter to
40Watt, thermocouple readings were observed till a steady
state temperature was achieved. When the temperature was
reached about 95°C, it was set-up for the experimentation. Air
pressure, water pressure and the air flow rate were preset to the
required values. Once the desired temperature was achieved,
the heater was turned off and simultaneously spray was on till
a steady state room temperature was achieved. The experiment
was then repeated for different operating pressures of both
water and air combinations. The range pressure range for both
water and air was varied from (0-2) bar. The water flow rate
was noted from the rotameter installed in the spray set-up. A
Data Acquisition System (DAQ) served as the tool to register
the transient temperature data. The outcomes of the spray
cooling were generated systematically at different conditions
and with different parameters. The recorded temperature data
were analyzed using Zaila software environment. Every time

before starting the experiment, water temperature was
recorded using IR camera.

The rate of heat transfer from the surface depends on the
coolant temperature and the convective heat transfer
coefficient. Hence, to determine the effective cooling
performance of the set-up convective heat transfer coefficient
is necessary. The convective heat transfer coefficient (%) is the
proportionality coefficient between the heat flux (q) and the
temperature difference between the surface and the coolant
(Ts-T¢). The surface HTC (/) can be calculated from Equation
1 as used by Nayak et al. [39].

q

h =——— (1)
(Ts - Tc )
where q= Heat flux
T~ Surface temperature
T.=Coolant temperature

5. EXPERIMENTAL OUTCOMES

In the present study, the response is the heat transfer
coefficient which can be computed by using the Equation 1 at
various operating conditions. The magnitude of the result at
different set of controlling parameters is represented in Table
2.

Table 2. Experimental outcomes

Factor 1 Factor 2 Factor 3 Response
Run  A:Water Press. (pw) B:Air Press. (pa) C:Nozzle Height (H) Heat Transfer Coeff. (h)
bar bar mm W/m2.K
1 1 1 10 1521.48
2 3 1 10 1789.12
3 1 3 10 1210.93
4 3 3 10 1467
5 1 1 20 1678.48
6 3 1 20 2374
7 1 3 20 1423.78
8 3 3 20 1526.7
9 1 2 15 1623.54
10 3 2 15 2115
11 2 1 15 2099
12 2 3 15 1581.85
13 2 2 10 1463.23
14 2 2 20 1598.23
15 2 2 15 1692.23
16 2 2 15 1686
17 2 2 15 1693
18 2 2 15 1692.2
19 2 2 15 1694.2
20 2 2 15 1687.48

6. RESULTS AND DISCUSSION

6.1 Empirical model development using response surface
methodology

From the regression analysis and the quadratic model
developed, the expression for heat transfer coefficient is given

in Equation 2.

HTC = - 317.112 + 91.757 x pw- 300.38 x p,+ 283.68 H -
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75.52 X pa X pu+ 6.86 X poax H - 11.73 x pyx H - 29.40 x p,?
+100.56 x p2-8.36 x H2 . )

6.2 Response surface analysis

The response surface analysis of the experimental results
was performed by Design Expert 8 software. Figure 4 shows
the change of HTC in regard to air and water pressure. It is
observed that water pressure has a significant effect on heat
transfer coefficient in comparison to air pressure. The



maximum value of heat transfer coefficient was obtained at a
higher level of water pressure and lower level of air pressure.
Since the atomization of the water particle becomes more
pronounced at higher air pressure, which enables maximum
blown-up of the water droplets and thus, less amount of
coolant touches the heated surface, which in turn decreases the
heat transfer coefficient. Figure 5 shows the variation of heat
transfer coefficient with respect to water pressure and nozzle
height. As water pressure increases heat transfer coefficient
increases. This might be due to the reason that with increase in
water pressure more water particle was able to penetrate upto
the target surface. Though there was a contribution of air in
overall cooling performance, more is the air pressure
compared to the water pressure, many of the water particles
were blown off the target surface, hence the cooling was not
effective. Of course, this result also depends on the nozzle tip
to target surface distance. While varying the nozzle tip to
target surface distance, it was realized that when the nozzle
height increases heat transfer coefficient increases for a certain
height and after that it decreases. Figure 6 shows change of
HTC in regard to air pressure and nozzle height. It shows
significant effect of air pressure and nozzle height on heat
transfer coefficient.

Design-Expert® Software

Factor Coding: Actual

Heat Transfer Coefficient (W/m2.K)

® Design points above predicted value

o

2374
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Figure 4. Variation of heat transfer coefficient with respect
to air and water pressure at nozzle height 15 mm
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Figure 5. Variation of heat transfer coefficient with respect
to air pressure and nozzle height at air pressure 2 bar
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Figure 6. Variation of heat transfer coefficient with respect
to air pressure and nozzle height at water pressure 2 bar

6.3 Adequacy test for model

The P value is less than 0.05, which signifies that the model
is in 99% confidence level. It can also be seen that the normal
plot of residuals lies well near predicted values. Values of
probability below 0.05 indicate model terms A, B, C, AC and
C? are significant. Values greater than 0.1 indicate the model
terms are not significant. Table 3 shows adequacy test for the
model.

Table 3. Adequacy test for the model

Source Sum of Squares DOF Mean Square F value P-value
Model 1.110E+006 9 1.234E+005 20.84 < 0.0001
A-pw 2.604E+005 1 2.604E+005 43.98 <0.0001
B-pa 5.071E+005 1 5.071E+005 85.64 <0.0001
C-H 1.321E+005 1 1.321E+005 2231 0.0008
AB 45627.67 1 45627.67 7.71 0.0196
AC 9434.57 1 9434.57 1.59 0.2355
BC 27533.83 1 27533.83 4.65 0.0564
A? 2377.87 1 2377.87 0.40 0.5405
B2 27809.11 1 27809.11 4.70 0.0554
c? 1.203E+005 1 1.203E+005 20.31 0.0011
Residual 59207.05 10 5920.70

Lack of Fit  59152.60 5 11830.52 1086.34  <0.0624
Pure Error  54.45 5 10.89 Cor Total 1.170E+006
R? 0.95 Adj R? 0.90

6.4 Response surface optimization

The response surface optimization was done to find the
optimal condition in which the maximum heat transfer

coefficient was achieved. The condition is mentioned in Table
4. Figure 7 shows the normal plot of residuals which indicates
that data are normally distributed.



Table 4. Optimized response prediction

Sl. No. pw (bar) pa (bar)

Nozzle height (mm)

h (W/m2.K) Desirability

1 3 1

17.425

2408.341 0.99

Design-Expert® Software
Heat Transfer Coefficient

Normal Plot of Residuals

Color points by value of
Heat Transfer Coefficient:

1210.93 1 )

Normal % Probability
Lo
@
Oy

Externally Studentized Residuals

Figure 7. Normal plot of Residuals
6.3 Experimental validation

Test was carried out at the predicted optimal parametric
conditions, i.e. for pyw= 3 bar, p,= 1 bar and Nozzle height =
17.425 mm. The same procedure was followed to calculate
heat transfer coefficient in these conditions. In the repeat
experiment at the optimal conditions, / value was found to be
2394.31 W/m?-K. Comparing this data of 4 with the primary
data, it confirmed the experimental validity with a small
deviation. This may be due to the fact that the data taken were
nearly equal to the optimal values, i.e. p,= 3 (bar) and p.= 1
(bar), Nozzle height = 18 mm.

6.4 Effect of power input on heat transfer coefficient

Table 5. Comparison of current data with data available

Data Provided by Tay et al. [40]

Flow Rate (ml/min) Heat Input (W) h (W/m?.K)
7563.25 20 3185
14376.994 20 3207
Data from the current Research
Flow Rate (ml/min) Heat Input (W) h (W/m2.K)
3583.356 20 2078
= h
3800 4
; 3200 4
2
E 3000
% 2800 4
E 2600 4
é 2400 4 -
2000 4 &

T T T T
] 10 20 30 40 50 60 70 80
Power Input (Watt)

Figure 8. Heat transfer coefficient vs. power input

Figure 8 depicts effect of power input on heat transfer
coefficient. It clearly indicates that with increase in power
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input A value increases. There is a significant increase when
power input changes from 40 to 80 Watt. But due to set-up
constraint beyond that it is not recommended. Data at 20Watt
power input is compared with the data available from Tay et
al. [40] and shown in Table 5. It can be observed that
comparable heat transfer coefficient has been achieved in the
present investigation even by the application of around 50 %
less coolant.

6.4 Experimental uncertainty

Table 6. Measured uncertainties in the experiments

Relevant Parameters Error
Test specimen (length, breadth and B = +0.05 %, 0.0 5%, +
width) 0.1%
Nozzle Height B=+1%
Water flow rate B=+14%
Air flow rate B=+2%
Thermocouple wire B=+24°C
Thermocouple location B=+1%
Temperature measurement B=x21°
Heat flux S=+3%
Heat Transfer Coefficient S=43%

In the present investigation, the uncertainty analysis was
performed on the experimental results for the measured
parameters. In the analysis, the measured parameters are found
to be the major sources of errors during the tests. Tests are
repeated for at least 5 times for the error analysis. The effort
was made to minimize these errors for better accuracy in the
investigation. According to uncertainty methodology by
ASME test code PTC 19.8-1983, the errors are expressed in
terms of two components: (1) Systematic or Bias error (B), due
to faults in the measuring instruments involved in the
investigations, and (2) Random or Precession error (S), due to
the imperfection in explaining the parameters being measured,
due to noise in the system [41]. The systematic errors should
be very low for achieving the higher accuracy in the
experimental values. Hence, primarily, the measuring
instruments are calibrated so as to achieve the low systematic
errors. Specific measuring instruments are employed for the
parameters such as mass flow rate of water, air and
temperature during microchannel cooling experiments. For
each of the test parameters the maximum controlled error
values are determined and depicted in Table 6. The bias errors
for the flow rates are determined as per the rotameter precision
data available. The (working range for) centrifugal pump
(includes): fluid (0-95)°C, atmospheric temperature up to 56°C
and optimum pressure of 10 bars from a range of 0-45°C while,
6 bars from 45-95 °C. K-type thermocouples are aligned
100°C. A standard thermocouple wire was utilized in each
experimentation for minimizing fluctuation in temperature. In
order to achieve accurate temperature during the
experimentation, thermocouples are to be embedded in the
specified holes of the workpiece. Hence, careful observation
has to be implied for accurate insert of the thermocouple,
workpiece and specified location by incorporating thermal
paste to minimize the air gap. Both the temperature measuring
instruments were calibrated at ice and boiling points.



Thermocouple measured an error in the range from 0.2 to
0.1°C in case of ice point while, 0.16-0.6 °C for boiling point.

A set of five repetitive experiments were conducted for
calculating the mean cooling rate and heat transfer coefficient.
After a rigorous experimentation, mean value and uncertainty
has been observed £1.40 % which depicts the accuracy of test
trial.

7. CONCLUSIONS

Response surface method (RSM) was employed to optimize
the complex spray mechanisms on microchannels. Results
from actual experimental set-up were generated and the
influencing parameters were optimized for achieving higher
heat transfer coefficient from the microchannel surface of
dimension 0.025 mm x 0.027 mm, having 11 numbers of
rectangular grooves of hydraulic diameter 150 um. Thickness
of the plate was 4 mm. The other variables in the present
problem were nozzle-to-plate distance, air and water
pressures. The experiments were carried out based on the
response surface design of experiments. The heat transfer
coefficient was calculated using Newton’s law of cooling
assuming negligible heat loss. The optimization of the
controlling parameters of the spray was carried out by RSM.
Regression equation was generated for heat transfer
coefficient during spray and following important conclusions
are made.

Test was carried out at the predicted optimal parametric
conditions, i.e. for pw= 3 bar and p,= 1 bar, Nozzle height =
17.425 mm. The same procedure was followed to calculate
heat transfer coefficient in those conditions.

In the repeat experiment at the optimal conditions, 4 value
was found to be 2394.31W/m2-K. Comparing this data of %
with the primary data, it confirmed the experimental validity
with a minor deviation.This may be due to the experimental
set up limitations, instead of taking the optimal values the data
taken are nearly equal to that, i.e. pw= 3 bar, p.= 1 bar, Nozzle
height = 18 mm.

Effect of power input on heat transfer coefficient was also
studied. It was observed that there is a significant increase in
heat transfer coefficient when power input increased from 40
to 80 Watt. But due to set-up constraint beyond that it was not
recommended. Data at 20Watt power input was compared
with the data available from Tay et al. [40]. Comparable heat
transfer coefficient has been achieved by the application of
around 50% less coolant.
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NOMENCLATURE

HTC(h) heat transfer coefficient, W/m?-K
H nozzle to surface distance, mm
p pressure, bar

T temperature, °C

q heat flux, W/m?

Subscripts

S surface

c coolant

w water

a air
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