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Abstract
The spray cooling enhancement method has consistently been the focus area for research as a highly effective cooling method 
that can alter the properties of spray media by allowing the addition of different types of additives. In this study, an open 
spray cooling system was established for experimental purposes. Firstly, the effects of nozzles on the spray cooling char-
acteristics were investigated through four kinds of nozzle experiments. Al2O3-H2O, TiO2-H2O, ZrO2-H2O, and SiO2-H2O 
nanofluids were chosen as cooling substances based on the optimal nozzles, and the effects of the type and concentration 
of nanoparticles on cooling performance were studied. Based on the performance of the nanoparticles, sodium dodecyl 
benzenesulfonate(SDBS) was selected as the surfactant for Al2O3 and TiO2 nanoparticles, while cetyltrimethyl ammonium 
bromide(CTAB) was selected as the surfactant for ZrO2 and SiO2 nanoparticles. The effects of surfactants with different 
concentrations on the heat transfer performance of nanofluids were studied. The results showed that when the mass fraction 
of SiO2 nanoparticles was 0.2% and CTAB was 0.005%, an optimal cooling effect was achieved; which was 5.9% higher 
than that of water and 1.7% higher than that obtained without CTAB.

Nomenclature
h	� Surface heat transfer coefficient, W/m2∙K
K1	� Thermocouple number i
q	� Heat flux density at the heat source surface, W/m2

Re	� Reynolds number
T1	� Temperature measured by thermocouple K1, °C
T2	� Temperature measured by thermocouple K2, °C
T3	� Temperature measured by thermocouple K3, °C
T4	� Temperature measured by thermocouple K4, °C
Tin	� Spray substance nozzle inlet temperature, °C
Tw	� Temperature of the heat source surface, °C
We	� Spray Weber number, �
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y1	� Distance from heat source surface to thermocouple 
K1, mm

Greek Letter
λ	� Thermal conductivity of the copper heat source, W/

m∙K

1  Introduction

The increasing amount of heat generated by electronic equip-
ment has led to a rapid growth in the demand for efficient 
cooling methods. Conventional liquid cooling solutions have 
been challenged when facing more complex application sce-
narios and higher heat fluxes. Microchannels, jet impinge-
ment, and spray cooling are three emerging and promising 
liquid cooling schemes that are favored by many scholars [1, 
2]. Furthermore, spray cooling has a stronger heat dissipa-
tion capability than those of the traditional cooling methods. 
In addition, the temperature of the targeted surface is more 
uniform, and the thermal stress is lower than other emerging 
liquid cooling methods [3, 4]. Spray cooling has been gradu-
ally applied in various fields, such as data center chips [5, 
6], spacecraft equipment [7–11], and other microelectronics 
cooling fields. In the scenarios with a high heat flux density, 
such as diode lasers and photovoltaic systems, spray cooling 
also has strong application potential and broad application 
prospects [12, 13].

Spray cooling is influenced by numerous factors, of 
which the medium characteristics are an important con-
sideration. Different mediums have different heat transfer 
attributes. By using a single circular nozzle and control-
ling the mass flow rate of pure water and R-134a, Hsieh 
et al. [14] found that the subcooling degree of the R-134a 
used in the experiment was too low to have a significant 
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impact on the cooling performance, while the highly sub-
cooled water (55 and 60 °C) delayed the onset of saturated 
boiling. When the heat flux was 2 × 104  W/m2 and We 
was 148, the heat transfer coefficient reached 6 × 103 W/
m2·°C. Mudawar et al. [15] evaluated the cooling perfor-
mance, dielectric properties, safety, and material compat-
ibility of different refrigerants. From their research, it was 
found that the evaluated performance of R-134a and HFE-
7100 in Hydrofluorocarbons(HFCs) were relatively higher. 
Experiments showed that when HFE-7100 was used instead 
of R-134a to dissipate heat up to 200 W/cm2, the surface 
temperature could be maintained below 125 °C. Therefore, 
using HFE-7100 as the coolant for spray cooling can meet 
the thermal management needs in hybrid vehicles. Liu et al. 
[16] used a mixture of water and ethanol as the working 
fluid and compared its performance with pure water as the 
working fluid. The experimental study demonstrated that 
the spray cooling performance of the mixture of water and 
ethanol was much better than that of pure water. The maxi-
mum heat transfer enhancement effect was achieved when 
the volume fraction of ethanol was 4%.

Researchers have found that adding an appropriate 
amount of surfactant to the water can reduce the surface 
tension of the medium, making droplets more likely to 
break, spread, and exchange heat with the surface [17], thus 
improving the heat transfer rate [18, 19].

Liu et al. [20] studied the enhancement effect of three 
surfactants on spray cooling performance under the 
inclined spray mode, including cetyltrimethyl ammonium 
bromide(CTAB), Tween 20, and sodium  alpha-olefin 
Sulfonate(AOS). The experimental results showed that the 
optimum concentrations of CTAB, Tween 20, and AOS 
were 200, 30, and 300 ppm, respectively. However, bub-
bles produced by the high concentration of surfactant dete-
riorated the spray performance. Cheng et al. [21] studied 
the enhancement effect of high-alcohol surfactant on spray 
cooling in water. The experimental results showed that 
the addition of 200 ppm 1-octanol and 150 ppm 2-ethyl 
hexanol in water increased the heat transfer efficiency 
by 28% and 36% compared with that without additives, 
respectively. Ravikumar et al. [22] considered the cooling 
effect of adding a mixture of ionic surfactants, including 
sodium dodecyl sulfate (SDS) and CTAB, and a non-ionic 
surfactant (Tween 20) to water on a steel hot plate. It was 
found that during the atomization process in the nozzle, 
the droplets atomized from the cooling medium with a 
higher amount of surfactant were smaller, which indicates 
that the droplets have a smaller contact angle with the 
heated surface and higher wettability. Therefore, the sur-
face cooling rates of the binary surfactant solutions used 
in the experiments, including SDS mixed with CTAB and 
CTAB mixed with Tween 20, were better than those of 
pure surfactant solutions. The best mixing volume ratio of 

SDS mixed with Tween 20 and CTAB mixed with Tween 
20 was 25%:75%. Nayak et al. [23, 24] studied the cool-
ing effect of three different nanofluids of Al2O3, TiO2 and 
CuO on a hot steel plate with an initial temperature of 
700 ℃ under jet impingement. The mass fractions were 
0.1%, 0.3%, 0.5% and 0.7%, respectively. The study found 
that compared with deionized water and TiO2 nanofluid, 
Al2O3 nanofluid has higher heat transfer characteristics 
due to its better dispersion effect. Zhang et al. [25] stud-
ied the effects of four high-alcohol surfactants on the heat 
transfer performance of spray cooling using water as a 
working fluid. The study found that when the concentra-
tion of 1-octanol was 0.3‰, the heat transfer performance 
reached the experimental maximum of 200.8 W/cm2, fol-
lowed by isooctanol concentration of 0.5‰, where the 
heat dissipation flux was 185 W/cm2. The author also stud-
ied the effect of surfactant concentration on spray char-
acteristics. The study found that a lower concentration of 
surfactant caused the surface tension of the medium to 
drop rapidly, but had little effect on the dynamic viscosity.

The thermal conductivity can be also enhanced by add-
ing nanoscale metal or metal oxide particles to the cooling 
medium [26, 27]. In 1995, Choi [28] first advanced the con-
cept of nanofluids, which drew the attention of numerous 
scholars to study the application of nanofluids for enhancing 
heat transfer in their own research field. For spray cooling, 
the heat transfer enhancement effect of using Al2O3 nano-
fluid as the cooling medium was investigated by Bansal 
and Pyrtle [29]. The results showed that the critical heat 
flux density of nanofluids was higher than that of water. 
Sun et al. [30] studied the heat transfer characteristics of 
deionized water, multiwalled carbon nanotube nanofluids, 
and Ag-multiwall carbon nanotube/water mixed nanoflu-
ids for mixed jet impingement and rotating jet impinge-
ment. The results showed that the heat transfer coefficient 
increased with the increase of particle mass fraction from 
0.01%—0.05% in five kinds of hybrid nanofluids. In the 
traditional impinging jet and swirling impinging jet, com-
pared with deionized water, the heat transfer coefficient 
of the 0.05% Ag-multiwall carbon nanotube/water hybrid 
nanofluid increased by 116.67% and 120.53%, respectively.

Some scholars have also found that under certain condi-
tions, the addition of nanoparticles into the base solution will 
degrade the heat transfer capability [31–33]. Bellerová et al. 
[34] studied the spray cooling heat transfer performance of 
water-Al2O3 nanofluid. Under a constant mass flow rate, the 
heat transfer coefficient decreased by 45% as the volume 
fraction of the nanoparticles increased from 0 to 0.1645. 
It was concluded that during the investigation on nanoflu-
ids, a large number of nanoparticles would accumulate and 
form large-scale nanoclusters owing to their adsorption and 
nanoclusters would settle under the effect of gravity, which 
deteriorated the stability and heat transfer of the nanofluids.
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As mentioned previously, both surfactants and nanoma-
terials can be applied to enhance spray cooling heat transfer. 
In addition, many studies have shown that the addition of 
an appropriate amount of surfactant during the prepara-
tion of nanofluids can improve the stability of nanofluids 
[35–37]. Therefore, to obtain optimal heat transfer perfor-
mance, scholars have conducted experiments on the effect 
of the addition of surfactants in nanofluids on spray cooling 
performance.

Ravikumar et al. [38] conducted spray cooling experi-
ments using nanofluids prepared with Al2O3 particles less 
than 13 nm in diameter and water. In general, compared 
with pure water (filtered drinking water), the cooling rate of 
Al2O3 nanofluids increased by 10.2% without a surfactant, 
and the optimal condition when adding a surfactant was 
water-Al2O3-Tween 20, which increased the cooling rate by 
32.3% compared with pure water. Li et al. [39] discussed the 
effects of pH and sodium dodecyl benzenesulfonate(SDBS)
on the thermal conductivity of copper nanoparticles. It was 
found that when the mass fraction of copper nanoparticles 
was 0.1%, the pH was 8.5–9.5, and when the mass frac-
tion of SDBS was 0.02%, the thermal conductivity reached 
the maximum value, which was 10.7% higher than that of 
the base solution without nanoparticles. Wang et al. [40] 
studied the spray cooling heat transfer coefficient of Cu, 
CuO and Al2O3 nanofluids under different volume frac-
tions and using Tween20 as dispersant. It was found that 
the thermal conductivity of CuO nanofluids increases with 
the increase of volume fraction. When the volume fraction 
was 0.5%, the thermal conductivity of CuO nanofluids was 
the largest, reaching 3.48 MW/cm2. Surfactants reduced the 
contact angle of droplets and accelerated nucleate boiling. 
Chakraborty et al. [41] studied the effect of surfactants on 
the thermophysical properties, stability and heat transfer 

performance of Cu–Zn-Al LDH nanofluids. Two surfactants, 
SDS and Tween20, were selected in the study. The research 
results showed that SDS was better compatible with nano-
fluids and had better thermophysical properties. When the 
SDS concentration was 600 ppm, the heat exchange effect 
reached the best, which was 20.9% higher than when water 
was used for heat transfer. When the SDS concentration was 
800 ppm, the stability of the nanofluid could be maintained 
for a longer time.At present, only aluminum additives have 
been sufficiently investigated for spray cooling, and research 
about other nanomaterials remains inadequate. In this paper, 
the effects of four different types of nanofluids, including 
Al2O3, TiO2, SiO2, and ZrO2, on the cooling performance of 
spray cooling are evaluated for the first time. Furthermore, 
according to the obtained optimal nanoparticles, two kinds 
of surfactants, SDBS and CTAB, were used. The effect of 
the concentration of the surfactant on the cooling perfor-
mance of nanofluids was studied, and the effects of different 
concentration ratios were compared. Considering that the 
potential application of our system is for the chip cooling in 
data center, the heat transfer is in the single-phase region. 
Therefore, the CHF was not considered in our experiment. 
The final section summarizes the main findings of this pro-
ject and provides suggestions for the practical application 
and development of nanofluid spray cooling.

2 � Experimental

2.1 � Experimental rig

The spray cooling experimental system consisted of a spray 
medium supply system, a simulated heat source system, and 
a data acquisition system. Figure 1 shows a schematic of the 

Fig. 1   Schematic of the spray 
cooling system

 

1. Liquid storage tank 2. Micro high-pressure pump 3. Flow regulating valve 4. Flowmeter 5. 

Flanges 6. Spray chamber 7. Spray nozzle 8. Heating pipe 9. Heating power regulator 10. 

Wastewater collection tank 11. Data acquisition instrument 12. Computer 
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experimental system. The spray medium supply system pri-
marily includes a liquid storage tank, a micro high-pressure 
pump, a flow regulating valve, a flow meter, a medium con-
veying pipe, and a waste liquid collection tank. During the 
experiment, the cooling medium in the liquid storage tank 
was pumped by the micro high-pressure pump. The cooling 
medium flowed through the flow regulating valve and the 
flow meter and was sprayed onto the surface of the simulated 
heat source. After exchanging heat with the simulated heat 
source, the cooling medium flowed into the waste liquid col-
lection tank for unified processing. A micro high-pressure 
pump from the Italian Fluid-o-Tech "compact" vane pump 
series was used, which can provide a maximum flow rate 
of 100 L/h. An LZ500 flow meter from Suzhou Xianchi 
Instrument Co., Ltd. was used with a range of 0 to 200 L/h 
and a maximum uncertainty of ± 5 L/h. Two narrow angle 
stainless steel nozzles (1/8G-SS1507 and 1/8G-SS1514) 
and two square stainless-steel nozzles (1/8G-SS3.6SQ and 
1/8G-SS6SQ) from Spraying System Co. were selected as 
the experimental nozzles. The distance from the nozzle to 
the heating surface was 100 mm. In our previous study, it 
is found that with this height, the droplets from these four 
nozzles all can cover the heating surface [42].

A copper heating block was established, the upper surface 
of which was a circle with a diameter of 2.4 cm. Six electric 
heating rods with a power of 300 W were used as the input 
heating power. The maximum heating capacity of the simu-
lated heat source was 1800 W. The instantaneous tempera-
tures were collected by an Agilent 34972A data acquisition 
instrument.

To prepare the nanofluids, IKA company model RW20 
digital overhead stirrers (shown in Fig. 2) and a KQ-50DE 
ultrasonic cleaner from Kunshan Ultrasonic Instrument Co., 
Ltd., (shown in Fig. 3) were used. The Al2O3, TiO2 (rutile 
type), ZrO2, and SiO2 nanoparticles used in the experiments 
were provided by Shandong Taipeng New Material Co., 
Ltd., with a particle size of 75 nm. The surfactants used 
in this study, SDBS and CTAB, were provided by Tianjin 
Dingshengxin Chemical Co., Ltd., and Fuzhou Phygene 
Biological Co., Ltd., respectively. As shown in Fig. 4, four 
K-type thermocouples were arranged vertically on the cop-
per column to measure the temperature at different positions. 
Calibration was performed before the measurements. The 
uncertainty of the equipment and specific parameters are 
shown in Tables 1 and 2.

2.2 � Experimental procedures

For the experiments, the optimized nozzle was selected first. 
Then, a performance evaluation experiment with different 
nanoparticles and surfactants was carried out. As the steady 
state was reached, the measurement data was acquired for 
analysis.

2.2.1 � Nozzle selection experimental procedure

In the experiment, nozzles with different types and pole 
sizes were selected. Under the conditions of constant flow 
and heat flux, spray cooling experiments were carried out 
with water as the cooling medium, and the cooling effects 
were compared. The nozzle which had the best cooling 
effect was selected as the nozzle for subsequent experi-
ments. The nozzle optimization experimental procedure 
is as follows:

(1)	 Adjust the position of the nozzle height from the heat-
ing surface to 100 mm by rotating the thread above the 
spray chamber.

Fig. 2   Overhead stirrer

Fig. 3   Ultrasonic cleaner
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(2)	 Turn on the micro high-pressure pump and adjust the 
flow regulating valve to maintain a flow of 50 L/h.

(3)	 Turn on the heating tube and adjust the heating power 
regulator to maintain a surface heat flux density of 
100 W/cm2.

(4)	 Turn on the data acquisition instrument and computer 
to record the temperatures measured by the thermocou-
ples.

(5)	 Record data when the steady state is achieved. Turn off 
the heating tube to stop heating.

(6)	 Keep the micro high-pressure pump working until the 
surface temperature of the heat source is reduced to 
the ambient temperature; then, turn off the micro high-
pressure pump.

(7)	 Change the nozzle and repeat steps 3 to 6.

2.2.2 � Nanoparticle concentration experimental procedure

The experiments concerning nanoparticle concentration 
were performed with the optimal nozzle selected through 
the procedure in Sect. 2.2.1. The effect of the mass fraction 
of nanoparticles in the nanofluid on the spray cooling perfor-
mance was studied, and the optimal nanoparticle concentra-
tion was selected without adding a surfactant.

Four nanomaterials (Al2O3, ZrO2, SiO2, and TiO2) were 
selected for the experiment. The dispersion method was used 
to prepare the nanofluids. Considering the low mass frac-
tion of the nanofluids used in this experiment and the short 
length of a single group of experiments, only mechanical 
stirring was used to disperse the nanoparticles. The proce-
dure for preparing the nanofluids is as follows:

(1)	 Calculate the mass of water and nanomaterials needed 
to prepare the nanofluids according to the experimental 
scheme.

(2)	 According to the calculated mass, use the experimental 
balance to weigh the suitable nanomaterial, and use the 
graduate to measure the appropriate mass of water and 
place it in the beaker.

(3)	 Mix the nanomaterials with the water and stir at 
500 rpm for 30 min to complete the preparation, as 
shown in Fig. 5.

After the cooling medium was prepared, the spray cooling 
process was performed as listed in Sect. 2.2.1.

2.2.3 � Surfactant concentration experiments

According to the experiments in Sect. 2.2.2, the optimal 
mass fraction of nanomaterials for each nanoparticle was 
obtained, and the effect of the concentration of the added 
surfactant on the performance of spray-cooled nanofluids 
was studied. To further enhance the heat transfer perfor-
mance, a surfactant was added in the cooling medium. 

Fig. 4   Schematic of the vertical arrangement of the thermocouples

Table 1   Experiment equipment

Equipment name Model Manufacturer Range Accuracy

Thermocouples K-type armored thermocouple OMEGA Engineering Inc 0–1300 °C ± 0.8 °C
PT100 temperature sensor WZP-291 Shanghai Jiutian Equipment Co., Ltd -200–400 °C ± 0.15 °C
Micro high-pressure pump PA104 Fluid-o-Tech 0–100 L/h N/A
Data acquisition instrument Agilent 34972A Agilent Technologies Inc N/A N/A
Flow meter LZ500 Suzhou Xianchi Co 0–200 L/h ± 5L/h
Ultrasonic cleaner KQ-50DE Kunshan Ultrasonic Instrument Co., Ltd N/A N/A
Overhead stirrer RW20 digital IKA 60–2000 rpm ±30 rpm
Spray nozzles 1/8G-SS1507, 1/8G-SS1514, 

1/8G-SS3.6SQ, 1/8G-SS6SQ
Spraying System Co N/A N/A

Table 2   Surfactant parameters

Surfactant type Molecular  
formula

Relative 
molecular 
mass

Purity  
specifications

SDBS C18H29NaO3S 348.48 Analytical reagent
CTAB C19H42BrN 364.45 Analytical reagent
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For the Al2O3 [43] and TiO2 nanoparticles [44], SDBS 
was used as the surfactant, and for SiO2 and ZrO2 nano-
particles, CTAB was used as the surfactant [45, 46]. The 
procedure is as follows:

(1)	 Calculate the mass of water, nanomaterials, and sur-
factants needed to prepare the nanofluid according to 
the experimental scheme.

(2)	 According to the calculated results, use an experimental 
balance to weigh the appropriate mass of water and 
surfactant.

(3)	 Mix water and surfactant in a beaker and use mechani-
cal stirring to ensure that the surfactant is soluble in 
water.

(4)	 Add the nanoparticles to the mixture of water 
and surfactant, stir at 500  rpm for 30  min, and 
then use ultrasonic vibration for 1  h to prepare 
uniform Al2O3-SDBS-H2O, TiO2-SDBS-H2O, 

ZrO2-CTAB-H2O, and SiO2-CTAB-H2O nanofluids, 
as shown in Fig. 6.

After the mixture of the nanomaterial and the surfactant 
was prepared, the spray cooling process was performed as 
listed in Sect. 2.2.1.

2.3 � Data processing

As shown in Fig. 2, the distances between the K-type ther-
mocouples K1. K2, K3, and K4 and the upper surface of the 
heat source were 17, 25, 33, and 41 mm, respectively. To 
set thermocouples in position, laser drilling was used on 
the thermocouple installation on the heat copper block. 
Because of the limitation of the processing technology, 
the uncertainty was ± 0.1 mm.

Using the temperature data from the four thermocou-
ples collected by the data acquisition instrument, the 

Fig. 5   Preparation of nanofluid 
without surfactant

Fig. 6   Preparation of nanofluid 
with surfactant
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temperature of the simulated heat source surface can be 
obtained by fitting to the one-dimensional Fourier heat 
conduction law:

where q is the heat flux of the simulated heat source surface, 
� represents the thermal conductivity of copper, and ΔT(y)

Δy
 is 

the slope of the temperature distribution, which can be 
obtained by fitting the temperature data from the four 
thermocouples.

The temperature of the surface of the heat source can be 
calculated from the following formula:

where Tw represents the temperature of the surface of the 
heat source, T

1
 is the temperature measured by thermocouple 

K1, and y
1
 represents the distance from the surface of the 

heat source to the thermocouple K1.
The surface heat transfer coefficient can be obtained by 

the following formula.

where h is the surface heat transfer coefficient between 
the cooling droplets and the heating surface, and Tin rep-
resents the nozzle inlet temperature of the cooling sub-
stance. Therefore, the temperature difference in Eq.  (3)  
is the value between the surface temperature and the inlet 
temperature, which is represented by Tw − Tin . The noz-
zle inlet temperature was measured by a PT100 platinum  
resistance sensor.

Based on error transfer functions, on this experimental 
setup the uncertainty of heat flux, surface temperature and 
heat transfer coefficient can be expressed as follows:

According to the error transfer functions in our previ-
ous study [10], the maximum uncertainties of the heat 
flux and heat transfer coefficients were ± 4.9% and ± 5.7% 
respectively.

(1)q = �
ΔT(y)

Δy

(2)Tw = T
1
−

ΔT(y)y
1

Δy

(3)h =
q

(Tw − Tin)

(4)�q
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(
��

�
)
2

+ (
�T

T
)
2

+ (
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y
)
2

(5)�Tw =

√

(�T
1
)2 + (�ΔT)2

(6)�h

h
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√

(
�q

q
)
2

+ (
�Tw

Tw − Tin
)
2

+ (
�Tin

Tw − Tin
)
2

3 � Results and discussion

3.1 � Comparison of the cooling performance 
of different nozzles

The nozzle diameter and shape are important factors that 
affect the spray cooling performance. As the diameter 
increases, the atomization performance of the nozzle is 
significantly changed. Meanwhile the shape of the nozzle 
also affects the distribution of droplets, thereby affecting 
the heat transfer performance. Therefore, in this section 
the nozzles for further experiments were selected from 
the square nozzles and narrow-angle nozzles with a diam-
eter of 1.6 mm and 2.4 mm. In Fig. 7, the heat transfer 
performance of different nozzles is compared according 
to the heat transfer coefficient. Using the square nozzle, 
the heat transfer coefficient can reach a maximum of 1.24 
W∕cm2

⋅K  , while when using the narrow-angle nozzle, it 
can reach a maximum of 1.58 W∕cm2

⋅K . The cooling per-
formance of the narrow-angle nozzles is better than that of 
the square type nozzles. As shown in Fig. 8, the droplets 
sprayed from the square type nozzles were distributed in 
square shapes that were larger than the heating surface, 
causing more than half of the droplets to be sprayed off of 
the heating surface. The flow of droplets that participated 
in the heat exchange was smaller, results in a worse heat 
transfer coefficient.

Because the spray angle of the narrow-angle nozzles was 
only 15 ◦ , most of the droplets were concentrated on the 
heating surface, directly participating in the heat exchange 
with the heating surface. Therefore, the narrow-angle noz-
zles have a better heat transfer performance than the square 
nozzles.

Fig. 7   Comparison of the cooling performance of different nozzles
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Regardless of the nozzle shape, as the nozzle diam-
eter increased, the spray cooling heat transfer coefficient 
decreased. The reason is that under the condition of constant 
flow, a smaller nozzle diameter will cause the outlet pressure 
of the cooling medium to increase, thereby increasing the 
droplet ejection speed, accelerating the liquid film flow on 
the heating surface, and thus strengthen the heat exchange 
effect. Considering all the factors above, the narrow angle 
nozzle with pore size of 1.6 mm was applied in the follow-
ing experiments.

3.2 � Effects of nanofluid concentration 
without a surfactant on the heat transfer 
performance of spray cooling

3.2.1 � Heat transfer performance of the Al2O3‑H2O 
nanofluid for spray cooling

Five groups of Al2O3 nanofluids with a mass fraction of 0.1 
to 0.3% were prepared, and spray cooling experiments were 
carried out. The heat transfer coefficients of the Al2O3 nano-
fluids are shown in Fig. 9. In addition, the mass fraction of 
0% in Fig. 9–15 and Fig. 17 means the experimental condi-
tion of using pure water. It can be seen from the figure that 
when the mass concentration of nanoparticles in the nano-
fluid increased from 0.1 to 0.2%, the heat transfer coefficient 
gradually increased. The maximum value of the heat transfer 
coefficient (1.58 W∕cm2

⋅K ) was achieved when the mass 
fraction of nanoparticles in the Al2O3-H2O nanofluid was 
0.2%. For lower mass fractions, the interaction of the nano-
particles with disturbances in the heated surface liquid film 
and the irregular movement of nanoparticles can enhance 
heat transfer. As the mass fraction of the nanoparticles 
increased above 0.2%, the heat transfer coefficient showed 
a downward trend. When the mass fraction of nanoparticles 

in the Al2O3-H2O nanofluid was 0.2–0.25%, the heat transfer 
effect was still superior to that of water, but the enhancement 
was limited because of the combined impact of the heating 
surface roughness and the deposition of nanoparticles on 
the surface, which created contact thermal resistance. At 
high concentrations, the particles accumulate on the heat-
ing surface, which isolates the cooling medium from the 
heat source and thus reduces the amount of heat exchanged. 
From the perspective of fluid flow on the heating surface, 
the increase in surface tension caused by a higher concen-
tration of nanoparticles also impairs the fluid flow and the 
heat transfer. Specifically, the heat transfer coefficient of the 
Al2O3-H2O nanofluid with the best mass fraction of 0.2% 
was only enhanced by 0.33% compared to water. The reason 
is that when using the narrow angle nozzle, the droplets are 
concentrated in a small area of the heating surface, which 
results in nonuniform heat transfer and has a negative impact 
on the heat transfer effect. At the same time, the continu-
ously produced contact thermal resistance caused by the 
deposition of nanoparticles also has a negative effect.

3.2.2 � Heat transfer performance of the TiO2‑H2O nanofluid 
for spray cooling

The TiO2-H2O nanofluid spray cooling heat transfer coeffi-
cients for different concentrations of nanoparticles are shown 
in Fig. 10. It can be seen that when the mass fraction of nan-
oparticles in the TiO2-H2O nanofluid was 0.0125–0.025%, 
the heat transfer effect of the nanofluid was superior to that 
of water. In the first experimental point, the heat transfer 
effect of the nanofluid reached the optimal value, which 
corresponded with a mass fraction of 0.0125%. The rea-
son is that the thermal conductivity of the TiO2 particles 

Fig. 8   Droplet distribution of the square nozzle with pore size of 
2.4 mm Fig. 9   Heat transfer coefficients for the spray cooling of Al2O3-H2O 

nanofluids with different concentrations of nanoparticles
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(8.05 W/m·K) is greater than that of water (0.663 W/m·K) 
[47], and a small number of nanoparticles can disturb the 
liquid film. Because of these two factors, a low concentra-
tion of nanoparticles in the TiO2-H2O nanofluid can enhance 
the heat transfer effect of the fluid. As the mass fraction of 
nanoparticles in the TiO2-H2O nanofluid increased, the heat 
transfer coefficient gradually decreased. For mass fractions 
higher than 0.025%, the nanoparticles in the water had an 
increasingly significant role in deteriorating heat transfer. 
This phenomenon is also related to the thermal resistance 
caused by the deposited particles and the increasing surface 
tension of nanofluid. The TiO2 nanoparticles used in the 
experiment were not surface modified, which allows them to 
easily absorb moisture from the air to form a liquid bridge. 
Under the static liquid bridge force, nanoparticles tend to 
agglomerate and form large nanoclusters, which are more 
detrimental than smaller nanoparticles to heat exchange 
with the heated surface. Therefore, even at a low concentra-
tion, that TiO2-H2O nanofluid has a poor heat transfer abil-
ity. In general, the heat transfer effects of Al2O3-H2O and 
TiO2-H2O nanofluids share the same trend on the changes in 
the concentration of nanoparticles, and both show a phenom-
enon that the heat transfer effect decreases as the concentra-
tion of nanoparticles increases.

3.2.3 � Heat transfer performance of the ZrO2‑H2O nanofluid 
for spray cooling

Figure 11 shows the heat transfer coefficient of the heated 
surface when ZrO2-H2O nanofluids with different concentra-
tions of nanofluids were applied. Similar to the TiO2-H2O 
nanofluids, the heat transfer coefficient reached the maxi-
mum value for the lowest mass fraction of ZrO2 particles. 

As the mass fraction of nanoparticles increased, the heat 
transfer coefficient showed a downward trend. When the 
mass fraction of nanoparticles increased to 0.3%, the spray 
cooling performance was already worse than that of water, 
and the heat transfer coefficient continued to deteriorate as 
the mass fraction of nanoparticles increased further. The 
reason for the above phenomenon is the same as for the 
TiO2-H2O nanofluid.

3.2.4 � Heat transfer performance of the SiO2‑H2O nanofluid 
for spray cooling

With the SiO2-H2O nanofluid as the working fluid, the heat 
transfer phenomenon was similar to the Al2O3-H2O nano-
fluid, as shown in Fig. 12. Heat transfer was enhanced as 
the concentration of SiO2 nanoparticles increased within 
0.1–0.2%, and the heat transfer coefficient reached 1.64 W/
cm2·K when the concentration was 0.2%, which is 4% higher 
than that of pure water. As the mass fraction of nanoparti-
cles increased from 0.2 to 0.8%, the heat transfer coefficient 
decreased. The cooling performance was inferior to water 
when the mass fraction of SiO2 nanoparticles increased to 
0.6%.

At lower concentrations, a small number of nanopar-
ticles can move and rotate randomly under the Brownian 
force, which can improve the heat transfer. The number of 
particles in the nanofluid increases as the concentration 
increases, resulting in a decrease in particle mobility. The 
increase in concentration also causes agglomeration of the 
nanoparticles and increases of kinematic viscosity of the 
nanofluids, resulting in an increase in the volume of droplets 
from the spray, which impairs heat transfer. The density of 
SiO2 nanoparticles (2.2 g/cm3) is smaller than that of Al2O3 

Fig. 10   Heat transfer coefficients for the spray cooling of TiO2-H2O 
nanofluids with different concentrations of nanoparticles

Fig. 11   Heat transfer coefficients for the spray cooling of ZrO2-H2O 
nanofluids with different concentrations of nanoparticles
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nanoparticles (3.9 g/cm3). Therefore, at the same mass frac-
tion, the SiO2-H2O nanofluid contains more SiO2 nanopar-
ticles, which makes the heat transfer coefficient of the SiO2 
nanofluid larger.

In summary, it was found that, compared with the water, 
nanoparticles could enhance the heat transfer coefficient at a 
low concentration. The reason is that at low concentrations, 
the Brownian motion of nanoparticles, which are constantly 
impacted by liquid molecules, can remove heat quickly [48]. 
During the spray process, the nanoparticles impacted the 
heated surface, which disturbed the liquid film and enhanced 
the heat transfer effect. By increasing the concentration of 
nanoparticles in the nanofluids, the heat transfer enhance-
ment was reduced and even deteriorated at large concentra-
tions. The main reasons are as follows:

(1)	 Because of the large number of particles in the high 
concentration nanofluids, the impact of the particles 
is reduced, and the possibility of collisions between 
nanoparticles and agglomerates is greatly increased, 
resulting in a weakening of the Brownian motion of the 
particles and the capacity to transfer energy.

(2)	 The increase in the concentration of nanoparticles in 
the nanofluids leads to an increase in the liquid viscos-
ity and surface tension, which directly affects the noz-
zle atomization effect.

(3)	 Because of the influence of heating surface roughness, 
nanoparticles will remain on the heating surface after 
contacting with the surface, and even sinter onto the 
surface at high temperatures, creating surface thermal 
resistance that isolates the cooling medium from the 
heating surface, and the increase in the mass fraction of 
nanoparticles in the nanofluid undoubtedly aggravates 
this phenomenon.

Therefore, adding only nanoparticles into water does not 
sufficiently enhance the heat transfer performance. Other 
additives should be added into the cooling medium to ensure 
adequate Brownian motion of the particles and reduce the 
thermal resistance.

3.3 � Effect of adding surfactant on the heat transfer 
performance of nanofluid spray cooling

Surfactants can be added into the nanofluid to achieve a 
uniform particle distribution. To better enhance the spray 
cooling of the nanofluid, two typical surfactants, SDBS and 
CTAB, were selected according to the types of nanoparti-
cles. SDBS was used to disperse the Al2O3 and TiO2 nano-
particles [43], while CTAB was used to disperse the ZrO2 
and SiO2 nanoparticles. The mass fractions of the four type 
of nanoparticles in the above experiments corresponding to 
the highest heat transfer coefficients were selected for sub-
sequent experiments.

3.3.1 � Effects of the SDBS surfactant on Al2O3‑H2O 
and TiO2‑H2O nanofluids

Figure  13 shows the heat transfer coefficients of the 
Al2O3-SDBS-H2O nanofluids with different mass fractions 
of SDBS. When the mixing ratio of SDBS and Al2O3 nan-
oparticles was 1:20, and the mass fraction of SDBS was 
0.01% [49], the heat transfer coefficient of nanofluid reached 
1.61 W/cm2·K, which is slightly better than that of the nano-
fluid without SDBS and pure water. When the concentration 
of SDBS increased to 0.02%, the mixing ratio of SDBS and 
Al2O3 nanoparticles was 1:10, and the heat transfer perfor-
mance became worse than the nanofluid without the sur-
factant. The reason is that when the surfactant concentration 
is relatively low, the surfactant adsorbs onto the nanoparti-
cles, reducing the surface tension of the particles. Therefore, 
particle agglomeration can be avoided. The steady small 
particle field can improve the heat transfer ability. When 
the mass fraction of the surfactant is high, the viscosity of 
the base solution increases, and at the same time, too many 
active agents are adsorbed around the nanoparticles, which 
may reduce the Brownian motion of the particles and also 
enlarge the volume of the nanoparticles.

Figure 14 shows the heat transfer coefficients of the 
TiO2-SDBS-H2O nanofluids with different mass fractions 
of SDBS. When the mixing ratio of the surfactant and 
nanoparticles was 1:10 and the mass fraction of SDBS was 
0.00125%, the heat transfer coefficient reached a maximum 
of 1.59 W/cm2·K, which is slightly lower than the cooling 
performance without the surfactant. As the mixing ratio 
increased from 1:10 to 1:1, the heat transfer performance 
decreased. When the mixing ratio of surfactant and TiO2 
nanoparticles reached 1:2, and the mass fraction of SDBS 

Fig. 12   Heat transfer coefficients for the spray cooling of SiO2-H2O 
nanofluids with different concentrations of nanoparticles
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was 0.00625%, the cooling performance of TiO2-SDBS-H2O 
was worse than that when using water as a cooling medium. 
As the mass fraction of surfactant further increased to 
0.05%, the heat transfer performance declined rapidly. The 
cooling performance of the mixed media with different con-
centrations of surfactant in TiO2 nanofluids did not reach the 
performance of that without surfactant, which indicates that 
the heat transfer could not be enhanced.

Because of the serious agglomeration of TiO2, the addi-
tion of SDBS in TiO2-H2O with ultrasonic vibration failed 
to have a good dispersion effect on the micro-clusters in 
the nanofluid and failed to have a positive effect on the heat 
transfer. At the same time, it was found that after adding 
the SDBS surfactant and using mechanical agitation and 

ultrasonic vibration, TiO2 nanoparticles still showed sig-
nificant agglomeration.

3.3.2 � Effects of the CTAB surfactant on ZrO2‑H2O 
and SiO2‑H2O nanofluids

Figure 15 illustrates the heat transfer coefficients of the 
ZrO2-CTAB-H2O nanofluids with different mass frac-
tions of CTAB. It can be seen from the figure that when 
the mass fraction ratio of CTAB and ZrO2 nanoparticles 
increased from 1:40 to 1:30, the heat transfer coefficient of 
the nanofluid increased slightly and reached the maximum 
of 1.65 W/cm2·K. As the CTAB concentration increased 
further, the heat transfer coefficient decreased. When the 
mass fraction of CTAB was 0.002%, the heat transfer coef-
ficient of the mixed fluid was smaller than that without the 
surfactant. When the mass fraction of CTAB was 0.01%, the 
ZrO2-CTAB-H2O nanofluid no longer had an advantage over 
pure water cooling. The reason is that a low concentration of 
the surfactant can prevent the agglomeration of particles. In 
addition, a small amount of bubbles will be produced when 
a nanofluid with a low concentration of surfactant contacts 
the heating surface, which will disturb the liquid film on 
the heating surface. With a high surfactant concentration 
in the nanofluid, a large amount of foam will be generated, 
which will hinder the heat transfer between the droplet 
and the heated surface. Therefore, the higher the concen-
tration, the worse the heat transfer effect. Figure 16 shows 
the spray chamber for different CTAB concentrations in the 
ZrO2-CTAB-H2O nanofluid after the heat transfer reached 
steady state.

Figure  17 shows the heat transfer coefficient of 
SiO2-CTAB-H2O nanofluids with different mass fractions 

Fig. 13   Heat transfer coefficients for the spray cooling of 
Al2O3-SDBS-H2O nanofluids with different concentrations of SDBS

Fig. 14   Heat transfer coefficients for the spray cooling of TiO2-SDBS- 
H2O nanofluids with different concentrations of SDBS

Fig. 15   Heat transfer coefficients for the spray cooling of ZrO2-CTAB- 
H2O nanofluids with different concentrations of CTAB
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of CTAB. Firstly, the heat transfer coefficient of the nano-
fluids increased as the CTAB concentration increased. When 
the mass fraction ratio of SiO2 to CTAB was 40:1, the heat 
transfer capacity of the SiO2-CTAB-H2O nanofluid reached 
the maximum value of 1.67 W/cm2·K, which is 5.9% higher 
than that of using water as the cooling medium and 1.7% 
higher than that of the SiO2 nanofluid without the surfactant. 
The reason is that a small amount of surfactant reduces the 
agglomeration of the nanoparticles, while a small amount 
of foam increases the movement of nanoparticles. When the 
mass fraction of CTAB reached 0.1%, the heat transfer effect 
was worse than that without the surfactant. The reason is 

that the foam produced by a high concentration of surfactant 
hinders the contact between the droplets and the surface.

According to the experimental observations shown in 
Fig. 18, the foaming property of the CTAB surfactant will 
cause the cooling medium containing the surfactant to pro-
duce bubbles when it impacts the cooled surface. The subse-
quent spraying will cause the bubbles to break on the impact 
surface, and at the same time, new bubbles will be produced. 
The generation and rupture of bubbles can enhance the heat 
transfer by disturbing the liquid film on the heating surface. 
However, if the surfactant concentration is high, the rapid 
generation of a large amount of foam will isolate the heat 
transfer between the droplets and the heated surface. There-
fore, a high amount of the CTAB surfactant will impair the 
heat transfer.

In summary, only small amounts of the SDBS and CTAB 
surfactants can promote the heat transfer slightly. If the mass 
fraction is high, the property changes in the nanofluids will 
cause the deterioration of the heat transfer in spray cooling.

3.4 � Limitations

The selection of nozzles, the optimization of nanoparticle 
types, and the proportion of nanoparticle and surfactant 
mass fraction are considered in Sect. 3.3 for nanofluid spray 
cooling experiments. However, there are still limitations in 
the investigation that require further follow-up study, includ-
ing: (1) how to maintain the stability of the nanofluid to 
ensure the heat transfer performance of the nanofluid with 
the surfactant; (2) how to reduce the large amount of foam 
aggregation generated by the surfactant; and (3) after adding 
the nanoparticles and surfactants, how the increased cooling 

Fig. 16   Foaming of 
ZrO2-H2O-CTAB nanofluids in 
the spray chamber

a                              b                            c
a. Mass fraction ratio of ZrO2 nanoparticles to CTAB is 40:1

b. Mass fraction ratio of ZrO2 nanoparticles to CTAB is 20:1

c. Mass fraction ratio of ZrO2 nanoparticles to CTAB is 5:1

Fig. 17   Heat transfer coefficients for the spray cooling of SiO2- 
CTAB-H2O nanofluids with different concentrations of CTAB
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medium kinematic viscosity affects the pumping capacity of 
the whole cooling cycle.

In the actual application process of spray cooling with 
nanofluids, in areas such as data centers and spacecraft, the 
following problems must also be addressed: (1) After the 
start-up of the system, the mixing state of the fluid and water 
should be confirmed. (2) The effects of the increased kin-
ematic viscosity of the nanofluids and the corrosion of pipe-
lines on the pumping performance of the liquid cycle should 
be considered. (3) Whether the increased cost of using nano-
fluids is cost-effective compared to the heat transfer benefits 
obtained should be taken into consideration.

4 � Conclusions

In this paper, the nozzle with the best cooling effect under 
a heating power of 100 W/cm2, cooling medium of pure 
water, and medium flow of 50 L/h was selected through 
experiments, and the nozzle performances were compared. 
The cooling performance of four nanofluids (Al2O3-H2O, 
TiO2-H2O, ZrO2-H2O, and SiO2-H2O) as the cooling 
media was studied. The effect of the concentration of 
two surfactants on the heat transfer performance of nano-
fluids was also studied, which was SDBS for Al2O3-H2O 
and TiO2-H2O nanofluids and CTAB for ZrO2-H2O and 
SiO2-H2O nanofluids.

The conclusions are as follows:

(1)	 Compared with the square nozzles, the droplets sprayed 
by the narrow angle nozzles are more concentrated on 
the surface of the heat sink and directly participate in 

the heat exchange. Therefore, the spray cooling per-
formance of the square nozzle is inferior to that of the 
narrow-angle nozzle. Under constant flow condition, 
smaller nozzle diameter can have higher droplet veloc-
ity and enhance heat transfer effect. For both nozzle 
types, the heat transfer capacity of the spray decreases 
with increasing nozzle diameter.

(2)	 The Brownian motion of low-concentration nanopar-
ticles can better disturb the liquid film and enhance 
the heat transfer effect. The agglomeration of particles 
in the high-concentration nanofluid and the increase 
of fluid viscosity and surface tension will cause the 
deterioration of the nozzle atomization effect and lead 
to the decrease of heat exchange performance. When 
the mass fraction of the nanoparticles is low, a small 
amount of nanoparticles will enhance the heat trans-
fer performance compared with pure water, while a 
larger concentration will cause the heat transfer effect 
to degrade.

(3)	 Al2O3 and TiO2 nanoparticles absorb moisture to form 
static liquid bridges large agglomerations. Therefore, 
the effect of SDBS dispersion is not obvious, and the 
strengthening effect of the SDBS surfactant on the heat 
transfer performance of Al2O3-H2O and TiO2-H2O 
nanofluids is not significant. At low concentrations, 
the CTAB surfactant provides a modest enhancement 
of the heat transfer effect for SiO2-H2O and ZrO2-H2O 
nanofluids.

(4)	 The lower concentration of CTAB has an obvious effect 
on the dispersion of nanoparticles, and the disturbance 
of the liquid film by a small amount of foam generated 
during the experiment also enhances the heat transfer. 
The maximum heat transfer coefficient in all the experi-

Fig. 18   Foaming of 
SiO2-CTAB-H2O nanofluids in 
the spray chamber

a                            b                            c
a. Mass fraction ratio of SiO2 nanoparticles to CTAB is 40:1

b. Mass fraction ratio of SiO2 nanoparticles to CTAB is 20:1

c. Mass fraction ratio of SiO2 nanoparticles to CTAB is 5:1
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mental results are achieved when the mass fraction of 
SiO2 nanoparticles is 0.2% and the CTAB concentra-
tion is 0.005%. In this condition, the heat transfer coef-
ficient is increased by 5.9% compared to pure water.
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