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a b s t r a c t

Heat transfer in a non-boiling spray cooling system with de-ionized water as the working fluid is
experimentally investigated. An open-loop test systemwith two full-cone spray nozzles used to generate
water droplets to a heated surface is established for the cooling of high-power devices. The effects of the
liquid volume flow rate, the nozzle-to-surface distance and the liquid inlet temperature on the heat
transfer are scrutinized. It is found that the non-boiling spray cooling system can remove high heat flux
from a small surface while maintaining the surface at desirable low temperature. Increasing the liquid
volume flow rate or reducing the liquid inlet temperature increases significantly the heat transfer
coefficient. There exists an optimal nozzle-to-surface distance under which the heat transfer coefficient
is maximized. It is also found that adding a surfactant to the working fluid with an appropriate
concentration will further improve the heat transfer.

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

Spray cooling can be employed to remove high heat flux from
surfaces by impinging a large amount of liquid droplets generated
by pressure atomizers on the surfaces. It has been shown that spray
cooling yields a heat flux approximately an order of magnitude
greater than pool boiling using the same liquid [1]. Traditionally,
spray cooling is used to cool highly-heated surface, such as those in
metallurgy, chemical and nuclear industry. The temperature of the
heated surface could be up to 873e1273 K and film cooling heat
transfer dominates [2]. Recently, spray cooling has received much
attention in modern industrial and technological applications, such
as the cooling of integrated electronic devices and high-power
solid-state lasers while maintaining low surface temperature.

In a spray cooling process, lots of micro-droplets impact on
a heated surface. A thin liquid film may be formed. If the surface
temperature is lower than the saturation temperature of the spray
liquid, boiling heat transfer is absent in the liquid film. This is called
non-boiling spray cooling. The understanding of the heat transfer
mechanism governing the heat removal process and the parametric
studies in non-boiling spray cooling are quite limited due to the
complicated random process in spray and the uncertainties in the
interactions of various parameters. It is essential to make clear
.
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the heat transfer characteristics of the non-boiling spray cooling to
enable systematic, practical system design.

The following observations from experimental studies have
been reported in the literatures. Bonacina et al. [3] showed that the
measured heat flux was proportional to the fraction of the solid
surface wetted by the spray in the non-boiling regime. A heat
transfer coefficient up to 1.5 � 105 W/m2K and a heat flux up to
2.2 � 106 W/m2 were obtained. Toda [4] obtained the critical heat
flux to be about 3.0 � 106 W/m2 in their experiments, which was
greater than that of pool boiling. A linear q� DT relationship
without subcooling was observed. It was suggested that the heat
was conducted through the thin liquid film, followed by direct
evaporation from the liquid-vapor surface. The thin-film heat
transfer may be significantly contributed to the overall heat flux in
the non-boiling spray cooling. Zheng et al. [5] studied the effects of
nozzle inlet pressure, nozzle type, nozzle-to-surface distance and
the mass flow rate on the heat transfer coefficient of non-boiling
spray cooling. Fabbri et al. [6] conducted experiments on non-
boiling spray cooling using HAGO nozzles to compare the perfor-
mance of sprays and micro-jet arrays. Their experimental data
showed that the heat transfer coefficient was independent of the
wall to liquid temperature difference. And the spray performed
better than the micro-jets at lower liquid flow rates; while the
spray and the micro-jets had almost the same heat transfer rate at
higher liquid flow rates.

The thickness of the liquid film on the surface was important for
studying the heat transfer mechanism in non-boiling spray cooling.
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Nomenclature

A area of the heated surface (m2)
a thermal diffusivity (m2/s)
CD flow coefficient
D equivalent diameter of the heated surface (m)
d mass median diameter of the droplets (m)
d32 Sauter mean diameter of the droplets (m)
dj diameter of the nozzle exit (m)
h heat transfer coefficient (W/(m2 K))
h1 distance between the test surface and the upper plane

of the thermocouple (m) locations (m)
h2 distance between the two thermocouple location

planes (m)
h3 nozzle-to-surface distance (m)
k thermal conductivity (W/(m K))
Nu Nusselt number
DP pressure difference between the nozzle exit and the

heated surface (Pa)
DP1 spray pressure drop between the liquid inlet and the

atmosphere (Pa)
Pr Prandtl number

Q volume flow rate (m3/s)
q heat flux (W/m2)
Re Reynolds number
T temperature (K)
T1,m arithmetic mean temperature at the upper plane (K)
T2,m arithmetic mean temperature at the lower plane (K)
u0 mean velocity of the spray droplets impinged on the

test surface (m/s)
uj spray velocity at the nozzle exit (m/s)
We Weber number

Greek symbols
a nozzle spray angle (rad)
n kinematic viscosity (m2/s)
r liquid density (kg/m3)
s surface tension (N/m)
sy uncertainty of indirect measurement physical quantity

Subscripts
l liquid
w Surface

Fig. 1. Schematic of the experimental setup.
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Pautsch and Shedd [7] performed an experiment to measure the
local mean thickness of liquid film using a non-intrusive optical
technique, and found that the film thickness in the spray impact
region did not changemeasurably with the applied heat fluxwithin
the measurement uncertainty. The result agreed with that found in
their earlier study [8] in which the heat removal mechanism was
dominated by single-phase behavior. An et al. [9] showed that the
liquid film could be divided into a fluctuated layer and a laminar
layer in non-boiling spray cooling. The smaller was the thickness;
the better was the cooling effect. The thickness of the liquid film
was in the magnitude from hundred-micron to kilo-micron under
different test conditions.

A survey of the literature has shown thatmost of the researchers
have concentrated on free non-boiling spray cooling in a large
space or using a single nozzle. In some cases, cooling of the surfaces
with high heat flux requires multiple nozzles. Little experimental
data is currently available on the heat transfer with multiple
nozzles. Ma et al. [10] and Amon et al. [11] presented that using
multiple nozzles could effectively control the spray distribution on
the heated surface and improve the cooling uniformity. Nguyen
et al. [12] found that in the case of the same mass flow rate,
increasing the number of nozzles could enhance the critical heat
flux. Recently, Lin et al. [13] conducted an experiment to investigate
the spray cooling curves using 48 nozzles to cool a heated copper
block of 1.93 � 10�3 m2. The critical heat flux for this array was
unfortunately found to be 34% lower than that on a heated surface
of 2.0 � 10�4 m2 cooled by an 8-nozzle array. It is visible that the
existing data are insufficient and many questions persist regarding
the multiple nozzles heat transfer.

Considering the advantages of multiple nozzles and the limita-
tion of space in practical heat removal for small devices, we
established a non-boiling spray cooling systemwith a small heated
surface of 2 � 10�4 m2 and two full-cone spray nozzles. The de-
ionized water was used as the working fluid. The heat transfer
characteristics of non-boiling spray cooling are presented. The
effects of the liquid volume flow rate, the nozzle-to-surface
distance, the liquid inlet temperature and the addition of surfactant
on the heat transfer coefficient are examined.
2. Experimental apparatus

2.1. Test facility

The test facility consists of four parts: fluid delivery, spray,
heater assembly and data acquisition. The open-loop fluid delivery
system is comprised of two liquid tanks, a rotary vane pump,
a preheater, a filter and the flow channels with control valves. A
schematic of this test facility is shown in Fig. 1. Fluid leaving
the liquid tank passes through the two nozzles and sprays onto the
heated surface. A heat transfer process is completed when the
liquid outflows from the spray chamber and returns to the reser-
voir. The preheater is used to regulate the liquid inlet temperature.
The volume flow rate of each nozzle is adjusted by the bypass. The
entire flow channels are made of plastic which can sustain the
pressure up to 8 � 105 Pa.
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2.2. Spray system

In the spray system, two commercially available full-cone spray
nozzles with dj ¼ 5.6 � 10�4 m (TGSS0.4, Spraying Systems Co. Ltd)
are housed in a stainless steel rectangle chamber. The nozzle-to-
surface distance is adjustable in the range of (7e22) � 10�3 m. The
maximum liquid volumeflowrate of eachnozzle is 8.67�10�6m3/s.
The space dimensions of the spray chamber are 0.09 m high, 0.15 m
long and 0.1 m wide. The frame of the four sides of the spray
chamber is replacedwith four pieces of high-temperature glasses to
facilitate the observation of the spray conditions.

2.3. Heater assembly

A copper block heater consisted of six rod-type heaters is
employed as the heat source in the experiments. The maximum
power of each rod-type heater is 250 W. The actual input power of
the block heater can be set by adjusting the input AC voltage of the
booster. The structure of the heater is shown in Fig. 2(a). The upper
surface of the heater with an area of 2 � 10�4 m2 is used as the test
surface. The heat flux on the test surface is assumed to distribute
uniformly because the normal distance from the rod-type heater to
the test surface is long enough. The block heater is housed in
a stainless steel chamber with fiberfrax to minimize the heat
transfer to the ambience. The block heater is inserted into the
bottom plate of the spray chamber. Sealants are applied to prevent
the liquid from leaking out from the gap between the chamber and
the heater.
Fig. 2. (a) Structure of the block heater; (b) distribution of the thermocouples in the
block heater.
2.4. Data acquisition system

The liquid volume flow rate, the liquid inlet pressure, the liquid
inlet and outlet temperatures, the test surface temperature and the
nozzle-to-surface distance are measured in the experiments. The
test surface temperature is acquired by indirect measurement due
to the thin liquid film on the surface and the continuous impact
of droplets. Six K-type thermocouples with probe diameter of
5�10�4m are embedded into the holes drilled along the twoplanes
in the block heater as shown in Fig. 2(b). The distance between the
two thermocouple location planes is 4 � 10�3 m. The distance
between the test surface and the upper plane of the thermocouple
locations is 2.4 � 10�2 m. Such an indirect measurement will not
ruin the flow and the convection boundary conditions near the
surface. The heat flux on the test surface can be calculated by
expression (1) on the basis of Fourier law of heat conduction:

q ¼ k
�
T2;m � T1;m

��
h2: (1)

The average temperature of the test surface can be calculated
by:

Tw ¼ T1;m � qh1=k: (2)

The thermocouple signals are send to a programmable scanner
(7501, Yokogawa Co., Japan) and a display equipment (7503,
Yokogawa Co., Japan) for showing and recording the temperature
information. All the thermocouples are pre-calibrated.

2.5. Operating procedure

The operating steps are as follows:

(1) Prior to each test, we install the two-nozzle plate onto the
spray chamber and adjust the liquid volume flow rate, the
nozzle-to-surface distance and the liquid inlet temperature to
the desirable values.

(2) The AC voltage is turned on when the spray becomes stable in
order to avoid an over-high temperature at the test surface. The
voltage is set at a low starting level.

(3) When the steady state heat transfer is achieved, the liquid
volume flow rate, the liquid inlet pressure, the liquid inlet and
outlet temperatures and the temperatures of the six thermo-
couples are measured respectively.

(4) Increase the AC voltage to each preset level and repeat step 3.
(5) Change the liquid volume flow rate, the liquid inlet tempera-

ture, the nozzle-to-surface distance and the working liquid,
respectively; and repeat the above process.

The test conditions are shown in Table 1.

3. Measurement uncertainty and heat loss

The uncertainties of the liquid volume flow rate, the liquid inlet
pressure, the temperature of the thermocouples and the distances
are listed in Table 2. The uncertainties of the heat flux on the test
surface, the flow coefficient and the test surface temperature can be
calculated by:

sy ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXm
i¼1

ðvf =vxiÞ2s2xi

vuut ; (3)

where vf =vxi is the error transfer coefficient.
From the computations, the uncertainties of the heat flux on the

test surface, the test surface temperature and the flow coefficient



Table 1
Test conditions adopted.

Influencing parameters

Liquid volume flow
rate for each nozzle
(�10�6 m3/s)

2.22 2.78 3.89 5.0 6.11 6.67

Nozzle-to-surface
distance (�10�2m)

1.151 1.451 1.774 2.109

Liquid inlet
temperature (K)

278.6 288.1 300.6

Working fluid no
surfactant

with
100 ppm
surfactant

with
500 ppm
surfactant

Fig. 3. The cooling power removed by the system versus the input power.
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are respectively �6.5%, �4.73% and �9.4%. It is seen that the
temperature uncertainty has the greatest contribution to the heat
flux and the test surface temperature uncertainties. The liquid inlet
pressure uncertainty has the greatest contribution to the flow
coefficient uncertainty.

Fig. 3 shows the heat removal capability of the present experi-
mental system. The x-axis is the input power and the y-axis is the
ratio of the cooing power removed by the input power. Under the
three different liquid volume flow rates (2.78 � 10�6, 3.89 � 10�6

and 5.0 � 10�6 m3/s) for each nozzle, about 77.5% of the input
power can be dissipated through the non-boiling spray cooling
system. When the input power becomes larger, the heat removal
capacity of the system reduces.

4. Results and discussion

4.1. Flow coefficients of the nozzles

Fig. 4 (a) and (b) show the pressure drop of the two nozzles
under various liquid volume flow rates and the flow coefficient
curves of the two nozzles, respectively. Because the spray chamber
is open to the ambience, the spray pressure drop is the pressure
difference between the liquid inlet and the atmosphere. It is seen
from Fig. 4(a) that the spray pressure drop increases with the
increase of the liquid volume flow rate. The slope of the two curves
varies with the magnitude of the volume flow rate. In the lower
volume flow rate, e.g., Q < 3.89 � 10�6 m3/s, the slope of the curves
is relatively small. When the volume flow rate exceeds
3.89 � 10�6 m3/s, the slope of the curves will increase. The results
agree with the variations of the flow coefficients of the two nozzles
as shown in Fig. 4(b).

The flow coefficients of the nozzles can be calculated by:

CD ¼ 4Q=

�
pd2j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2DP1=r

q �
(4)

It is seen from Fig. 4(b) that the flow coefficients reducewith the
increase of the spray pressure drop, particularly when the pressure
drop is lower than 2.0 � 105 Pa. When the pressure drop exceeds
2.0 � 105 Pa, the decrease of the flow coefficients slows down. The
resistance losses of the flow channels will increase when the
Table 2
The uncertainties of the direct measurement quantities.

The direct measurement physical quantities Uncertainties

Liquid volume flow rate �5.5%
Liquid inlet pressure �1.2%
Temperature of the thermocouples in the block heater �1.7%
Distance between the test surface and the upper plane

of the thermocouple locations
�0.5%

Distance between the two thermocouple location planes �0.083%
pressure drop becomes large, which results in the decrease of the
flow coefficient. Since the variations of the pressure drop with the
volume flow rate for the two nozzles are similar, it indicates that
the pressure and flow distribution of the system is uniform.
4.2. Effect of the liquid volume flow rate on the heat transfer

The nozzle-to-surface distance is fixed at 1.451 � 10�2 m. The
de-ionized water at 298K is sprayed onto the heated surface at
various volume flow rates. Fig. 5 shows the heat transfer charac-
teristics in terms of the Weber number. The droplet Weber number
is defined as [14]:

We ¼ rlu
2
0d32=s: (5)

Here u0 is estimated by the following equation [14]:

u0 ¼
�
u2j þ 2DP=r� 12s=ðrdÞ

	0:5
: (6)

Note that uj in Eq. (6) is defined as4Q=pd2j . d is obtained from the
following equation [14]:

d ¼ 9:5dj=ðDP1sinða=2ÞÞ: (7)

The Weber number is directly proportional to the liquid volume
flow rate from the above derivations.

Fig. 5(a) shows the test surface temperature versus the heater
input power in the three cases of different Weber numbers
(We ¼ 343, 548 and 609). The Weber number effect is clearly
recorded. The surface temperature decreases with the increase of
Weber number under the same input power. Increasing the input
power enhances the surface temperature significantly. The surface
temperature maintains lower than 363 K in the most of test
conditions. The design of the present experiment systemmeets the
cooling requirement of high-power solid-state lasers.

The test surface heat flux versus the surface temperature for
different Weber numbers (We ¼ 343, 548 and 609) is shown in
Fig. 5(b). As seen from the figure, the slope of the curve for
We ¼ 609 is the largest; then is the curve for We ¼ 548; and the
slope of the curve for We ¼ 343 is the smallest. The heat flux
is substantially increased with increasing the Weber number
under the same surface temperature. The high Weber number



Fig. 4. (a) The relation of the volume flow rate versus the pressure drop; (b) the flow coefficients of the nozzles.
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characterizes the droplets impacting the liquid film much more
strongly and promotes the disturbance between the liquid and the
surface. Thus the cooling performance improves. The slop of each
curve does not vary much with the surface temperature. Therefore,
the heat transfer of the non-boiling spray cooling is mainly ruled by
the forced convection along with evaporation from the surface of
the liquid film.

Fig. 6 shows the heat transfer coefficients in terms of Reynolds
number. The heat transfer coefficient is defined as

h ¼ q=ðTw � TlÞ (8)

It canbeseen fromFig. 6 that theheat transfer coefficient increases
significantly with increasing Re. The cooling performance also
improves simultaneously. A coefficient value about 7� 104W/m2K is
obtained in the case of Re¼ 1900 and Q¼ 6.67� 10�6 m3/s, which is
much greater than that occurring in traditional water forced
convection or pool boiling heat transfer.

Generally increasing the liquid volume flow rate can improve
the spray cooling performance significantly. Because the nozzle
inlet pressure increases accompanied with increasing the liquid
volume flow rate, the spray energy used to impede the droplets
splitting enhances. Both the number of droplets and the total area
of the heat transfer become larger. The atomization effect is
improved and the heat transfer coefficient is augmented as well. In
addition, the droplet collision speed improves with the increase of
liquid volume flow rate. Then the corresponding maximum film
thickness on the heated surface declines. Due to the heat conduc-
tion from the surface to the film, the cooling performance would be
better for a thinner liquid film.
Following thework by Jiang et al. [15], theNusselt number can be
correlated as a function of Reynolds number and Prandtl number.
The Nusselt number, Reynolds number and Prandtl number are
defined based on the equivalent diameter of the heated surface as,

Nu ¼ hD=k (9)

Re ¼ QD=ðAyÞ (10)

Pr ¼ y=a (11)

Diameter of droplets is probably a better parameter to define
Reynolds number and Nusselt number but there can be a significant
uncertainty associatedwith it. Liquid properties are evaluated using
mean values of the surface temperature and spray temperature.

A relationship for Nu is obtained as,

Nu ¼ 0:6751Re0:77Pr0:84: (12)

The relationship is valid for the Reynolds number in the range of
520e2600 and the Prandtl number in the range of 2.09e7.74.
4.3. Effect of the nozzle-to-surface distance on the heat transfer

Fig. 7(a) shows the test surface temperature versus the heater
input power in the cases of the nozzle-to-surface distance being
1.151 � 10�2, 1.451 � 10�2, 1.774 � 10�2 and 2.109 � 10�2 m,
respectively; while the liquid volume flow rate and the inlet



Fig. 5. Effect of the liquid volume flow rate on the heat transfer characteristics with
regard to the Weber number; (a) the test surface temperature versus the heater input
power; and (b) the test surface heat flux versus the surface temperature.

Fig. 7. Effect of the nozzle-to-surface distance on the heat transfer; (a) the surface
temperature versus heater input power; and (b) the heat transfer coefficient versus the
nozzle-to-surface distance.
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temperature remain unchanged. For each input power, the surface
temperature decreases at first and then increaseswhen the distance
increases from 1.151 � 10�2 to 2.109 � 10�2 m. The corresponding
heat transfer coefficients change reversely as shown in Fig. 7(b).
Fig. 6. The heat transfer coefficient for different input power values with regard to the
Reynolds number.
There exists an optimal distance under which the spray just covers
the test surface completely and the heat transfer capability can be
maximized. The cooling performance is poor if the distance is too
long because some liquid sprays outside the test surface and the
effectiveflowcovering the test surface reduces. And if the nozzle-to-
surface distance is too short, the surface areawettedwill reduce and
the cooling performance will also be poor. The optimal distance is
1.451 �10�2 m for the current experimental setup.

4.4. Effect of the liquid inlet temperature on the heat transfer

Fig. 8(a) shows the effect of the liquid inlet temperature on the
surface temperature in the cases of different input powers. The
surface temperature decreases as the liquid inlet temperature
reduces. Fig. 8(b) shows the heat transfer coefficient versus the
volume flow rate in the two cases of different liquid inlet temper-
atures. The coefficient in the case of 288.1 K is greater than that in
the case of 300.6 K. It is found that the cooling effects will improve
significantly with the decrease of the liquid inlet temperature.

4.5. Effect of surfactant on the heat transfer

The experiments to determine whether surfactant has any
significant effect on the heat transfer are performed by using



Fig. 8. Effect of the liquid inlet temperature on the heat transfer; (a) the surface
temperature versus the liquid inlet temperature; and (b) the heat transfer coefficient
versus the volume flow rate of each nozzle.

Fig. 9. Effect of the surfactant on the heat transfer; (a) the surface temperature versus
the input power; (b) the surface heat flux versus the surface temperature; and (c) the
Nusselt number versus the input heat flux.
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solutions containing 100 ppm and 500 ppm by weight of a surfac-
tant (sodium dodecyl sulfate), respectively. The results are
compared with those using the pure de-ionized water. Fig. 9(a)
shows the surface temperature variations with the input heater
power in the cases of pure de-ionized water, surfactant solutions of
100 ppm and 500 ppm. It is seen that adding 100 ppm surfactant
reduces the test surface temperature. However, adding 500 ppm
surfactant has no obvious effect on the surface temperature. Fig. 9
(b) shows the surfactant effect on the surface heat flux. Adding
100 ppm surfactant increases the heat flux significantly. In the case
of surface temperature being 372 K, the heat flux is increased by
51%. Again, no obvious effect is observed in the case of adding
500 ppm surfactant. Fig. 9(c) shows the effect of the surfactant on
the Nusselt number. Adding 100 ppm surfactant increases the
Nusselt number by up to 40%. On the contrast, adding 500 ppm
surfactant reduces the Nusselt number. It is clear that addition of
surfactantmay enhance the non-boiling spray cooling heat transfer.
The surfactant produces a large change in surface tension of the
liquid and improves the atomization conditions. It has been
demonstrated that the surfactant reduces the liquid-solid contact
angle [16], which is responsible for heat transfer enhancement. The
concentration of the surfactant plays an important role on the
cooling effect. A very high concentration will weaken the cooling
performance due to its poor thermal properties.
5. Conclusions

An open-loop non-boiling spray cooling test system using two
nozzles in a spray chamber is set up. The heat transfer of non-
boiling spray cooling is investigated. The effects of liquid volume
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flow rate, liquid inlet temperature, nozzle-to-surface distance and
addition of surfactant on the heat transfer are examined. Based on
the experimental measurements, the following conclusions can be
made:

(1) The technique of non-boiling spray cooling can remove a great
deal of heat from surfaces while maintaining the surfaces at
low temperature. The heat transfer mechanism consists of both
the forced convective heat transfer and the direct evaporation
from the surface of the liquid film.

(2) Increasing the liquid volume flow rate or reducing the liquid
inlet temperature can improve the spray cooling performance
significantly. When increasing the nozzle-to-surface distance,
the heat transfer coefficient experiences increase at the beg-
inning and then decrease. Therefore there exists an optimal
distance. For this experiment the optimal distance is found to
be 1.451 � 10�2 m.

(3) The cooling effect can be improved further by adding surfactant
with an appropriate concentration. The concentration of surfac-
tant plays an important role in the spray cooling performance.
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