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In this study, a closed-loop spray cooling system using R134a as the working flu-
id was established. The heat transfer characteristics and influencing mechanism
of transient spray cooling were studied. The transient spray cooling curve under
quenching was built accurately. The results show that the vapor film suppressed
time, ty,, is the main period that the spray cooling must pass through. The flow rate
and the sub-cooling of R134a have little effect on the cooling rate but the critical
heat flux, which are mainly affected by chamber pressure. The transient Jacob num-
ber decreases with the increases of chamber pressure. As Jacob number decreases,
the growth of vapor film is inhibited, then the t,,, reduces in consequence. The sur-
face temperature drop point and critical heat flux increases with the rise of chamber
pressure. The maximum critical heat flux is 70.08 W/cm? in this experiment.

Key words: transient spray cooling, surface heat transfer, cooling rate,
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Introduction

Spray cooling is an efficient heat transfer technology that atomize working fluid under
certain pressure and spray it on a heat sink surface to remove heat. Compared with convention-
al heat dissipation methods, spray cooling has numerous advantages such as low heat transfer
temperature difference, less flow rate demand, high heat flux and uniform temperature distri-
bution [1].

Today, transient heat transfer involving in many fields: medical field, metallurgy, mi-
croelectronics, machining, aerospace, and other fields [2-5]. In medical field, it is used to pre-
vent skin or tissues from injury during high power laser therapy [6]. In metal heat treatment,
the quenching of workpiece at the high initial temperature is a typical transient cooling process.
The application of spray cooling technology will improve the rate and quality of quenching [7].
The rapid cooling of electronic chip after overtemperature is to prevent the equipment from
damage in continuous high temperature [8]. The cooling process of laser weapon in intermittent
operation [9]. In these conditions, how to improve the cooling rate of the equipment is of great
attention. As of today, studies in transient spray cooling is relatively insufficient, which requires
further improvement.

Spray cooling involves complex multi-phase flow progress, and the heat transfer
mechanisms and influence factors of which are relatively abundant. Cabrera et al. [10] inves-
tigated the effects of droplet Sauter mean diameter, droplet velocity, ambient pressure, surface
roughness and other factors on heat flux using water as the working fluid, and a series of empir-
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ical formulas were proposed to describe the nucleate boiling and critical heat flux (CHF). Xie et
al. [11] studied the heat transfer performance of enhanced structure surfaces in spray cooling.
They found that besides enhancing the heat transfer, macro-structured surfaces also give other
advantages in reducing the duration when the heater surface remains in the high temperature
regime (which is the film boiling stage in this study) after switching off the power. Chen et al.
[12] discovered that the droplet velocity has the major effect on CHF, followed by droplet flux.
The influence of the Sauter mean diameter was negligible. Peng ez al. [13] used R21 as the
working fluid to study the heat transfer performance of transient spray cooling and obtained
the regulation of surface temperature with the change of initial surface temperature. They also
found that in nucleate boiling regime, heat flux at given surface temperature increases with the
spray flow rate, and has a maximum value with nozzle-to-heater distance. Hsieh et al. [14] em-
ployed R134a as the working fluid to investigate the effects of mass flux, Weber number, and
sub-cooling on the process of cooling the circular surface with a full cone or circular nozzle. Liu
et al. [15] studied the heat transfer performance of diverse micro-structure surfaces, and it was
concluded that the heat transfer enhanced mechanism of micro-structure was mainly related to
the surface area, compactness and arrangement, and the increase of surface area was the main
factor. Cao et al. [16] established a closed-loop spray cooling system using R134a as the work-
ing fluid to study the cooling performance under different mass-flow rate, chamber pressure,
and heat flux. The result shows that the experiment has the excellent heat transfer performance
and the maximum CHF reached 130 W/cm? while the surface temperature could be controlled
below 45 °C. Lu et al. [17] investigated the effects of spray height, flow rate and other factors
on the heat transfer performance of spray cooling based on the numerical results. Liu et al. [18]
enhanced the spray cooling performance by adding different proportion of ethanol and n-buta-
nol into water. The results reveal that the performance of spray cooling is gradually enhanced
with increasing concentration before the optimum concentration. Rini et al. [19, 20] studied
nucleation density, growth and life cycle of bubbles in spray cooling using FC-72 as the work-
ing fluid. The results declared that bubbles formation process in spray cooling was alike to that
in pooling boiling. Tian et al. [21] observed the similarity of dynamic heat flux with different
cryogens, nozzles, and substrates, and proposed a dimensionless correlation by the spray Biot
number. Liu et al. [22] studied the influence of air on a closed-loop spray cooling process. The
results show that the spray cooling is mainly affected by the liquid subcooling and surface su-
perheat when air is present. The chamber total pressure has a negligible influence on the spray
cooling heat transfer, which differs from the spray cooling behavior without air.

In recent years, lots of scholars have engaged in the field of spray cooling. However,
most of these studies were about steady-state, being short of the researches on transient spray
cooling. In this paper, the closed-loop spray cooling system was set up to study the transient
heat transfer process of spray cooling. From a review of proposed studies, the effects of flow
rate, sub-cooling and chamber pressure on the spray cooling process were investigated. The
physical mechanism and method of improving spray rate were explored.

Experiment
Experimental system

Figure 1 shows the closed-loop spray cooling system in this study, which mainly con-
sists of a spray chamber, a heating system, a liquid-giving system and a data acquisition system.
Its operation process is first the gaseous working fluid-flowed out of the gas-liquid separator,
then compressed by the compressor and entered the pre-cooler for preliminary cooling. Later
it was condensed to the subcooled liquid in the condenser. After the subcooled working fluid
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passed through the flow meter, it would be sprayed on the top surface of the experiment block
by the nozzle. The well-atomized droplets impacted the top surface and evaporated to remove
a great deal of heat. Then the working fluid entered the pre-cooler to absorb heat to ensure that
the working medium is gaseous. Before flowing back to compressor for next cooling cycle, the
gaseous working fluid-flowed through the water cooler to ensure the working fluid temperature
meet the requirement of the compressor inlet temperature.

According to the research results of Liu et al. [22], to eliminate the influence of air in
the exploration experiments of the effect of the chamber pressure on heat transfer, the spray sys-
tem should be vacuumed before charging the R134a in this study. In each of the experimental
conditions, the heating system should be started first. When the temperature measuring points
T reaches to the initial cooling temperature, heating system should be turned off and the spray
cooling system be started immediately.

The R134a and R410A are extensively used in many kinds of the spray cooling sys-
tems due to their high latent heat, low boiling point, zero ozone depletion potential and low
global warming potential. However, R410A requires higher operating pressure because of its
lower boiling point. Considering the safe operation of the system, R134a was selected as the
working fluid in the experiment due to its relatively high latent heat and boiling point (217.0 kJ/
kg and —26.1 °C, respectively at ambient atmosphere).
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Figure 1. Schematic of the closed-loop spray cooling experimental system

Spray chamber and heat source

The structure of spray chamber designed in present work is shown in fig. 2. The cham-
ber is well sealed and its upper limit pressure is about 10 bar. The whole chamber (except for the
observation window) was isolated from surrounding environment by the thick aluminum sili-
cate fiber cotton. The thickness of the observation window is 15 mm, which is used to observe
the spray state. A spray nozzle (Spraying System Co. 1/8GG-SS3002.5) was installed in the top
of the spray chamber, adjoining by a height adjustment device that could alter the spray distance
between nozzle and the top surface of the experiment block. This type of nozzle has several
advantages including good corrosion resistance and uniform distribution of spray droplets.



Zhou, N., et al.: Heat Transfer Performance and Influences of Spray Cooling ...
4808 THERMAL SCIENCE: Year 2021, Vol. 25 No. 6B, pp. 4805-4815

Height adjustment Top surface
Top flange

Nozzle 5
Spray chamber

o

—

Observation window | 1
Top insulation layer
Heat source

Aluminum silicate
fiber cotton filler

Bottom flange

Cartridge heaters

Figure 2. Structure of the spray chamber Figure 3. Structure of the heat source

Figure 3 illustrates the structure of heat source which is pure copper. Installing the
K-type thermocouples to the experiment block, the points are named as 7, 75, 75, and 7;. The
diameter of the top surface is 24 mm. The heating power is controlled by an intelligent param-
eter acquisition device (PW9901) and its range is 0-1500 W.
Uncertainty analysis of measuring instruments

The accuracy of the measuring devices used in the experiment are shown in tab. 1.

Table 1. Measurement data and accuracy of devices

Measurement data Devices Range Uncertainties
Chamber temperature PrT (PT100) -50-150 °C +0.15 °C
Heat source temperature | Thermocouple (K-type) 0-800 °C +0.004 |T|
Spray inlet pressure Pressure sensor 0-1.6 MPa +0.25 % FS
Flow rate Liquid turbine flowmeter 0-10 Lpm +1%

According to the error transfer formula [23], the uncertainty of heat flux and tempera-
ture of the top surface in the experiment are +5.6% and +2.9%. The random error formulas:

2 2 2 2
Ag=|| QLAT | 4] QL az | 4| Y ps +(a—qmj (1)
o, or, a5, o

2 2 2
AT, = o1, AT | + o, Aq +| L Zw A8, 2)
oT, oq 652

Data process
Data calculation

Good insulation measures were taken on the circumferential side of the experiment
block. Therefore, the temperature distribution of the experiment block follows the 1-D transient
heat conduction in the axial direction [13]. In addition, the heat capacity is taken into consider-
ation in the transient spray cooling state. Heat flux dissipated by transient spray can be obtained:
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where p, ¢,, and 4 are the density, specific heat capacity, and thermal conductivity of experiment
block, respectively, d; — the distance between 7} and 75, and AT; — the temperature difference of Az.
The top surface temperature can be calculated:

0.
T,=T-¢> @

where T, is the temperature of the top surface and d,— the distance between 7., and 7.

In closed-loop spray cooling, the cooling performance in boiling regime is main-
ly influenced by dimensionless parameters such as Prandtl number, and Jacob number,
[24, 25]. Jacob number represents the superheat of vapor film in boiling heat transfer. The
larger Jacob number is, the easier the refrigerant impinging on the top surface vaporizes to
form a patchy area of vapor film, which inhibits the heat transfer. The Jacob number is the ratio
between cooling capacity provided by sub-cooling and latent heat, and Prandtl number rep-
resents the ratio between momentum diffusion capacity and thermal diffusion capacity, which
are expressed:

for &I L)

(%)
7in
Pr = % 6)

where T! is the transient chamber temperature, y,, — the latent heat, and 7, — the saturation

temperature.
IHCP model
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Reliability verification

According to inverse heat conduction
problem (IHCP) method [26], the differential
equations and boundary conditions of experi-
ment block was established, and the integral
equations of interior, top surface and bottom
were discretized in time and space. At last, the
integral equations were converted into matrix
form and then solved by MATLAB software.

Calculated by
egs. (3) and (4)

In the process of verification, the top
surface heat transfer coefficients under vari-
ous conditions are fitted based on the exper-
imental data. The temperature of four points
(T, T, T3, and T}) calculated by THCP are
compared with the experimental values
(T\, T,, Ts, and Ty). If the errors are in the
range, the heat transfer coefficients could be

Errorout | Egs. (3) and (4)
of range™| are unavailable

Error within range

Egs. (3) and (4)
are available

Figure 4. Verification flowchart of the
two calculation methods

applied. Otherwise, these would be adjusted until the errors are allowed. Then the top surface
temperature, 7'\, calculated by IHCP are compared with the temperature, T, calculated by the
egs. (3) and (4). When the deviations of them are in the range, the solution method proposed in
this paper could be applicable. The verification processing is shown in fig. 4.
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At first, the errors between the experimental values and IHCP were compared, the
results are shown in fig. 5. It can be seen the mean relative error between IHCP and the exper-
imental values are very small, so the heat transfer coefficients of the top surface are reliable.
Further, T}, and T,, were compared and the contrastive result is shown in fig. 6.

It can be seen the mean relative error is merely 4.36%. Above all, it is practicable to
use the eqgs. (3) and (4) to calculate the heat flux and top surface temperature.
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Figure 5. Comparison between the solution of IHCP and the experimental values
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Figure 6. Comparison between T, and 7\,

Results and discussions
Analysis of transient spray cooling curve

As is shown in fig. 7, the curves of heat
flux and top surface temperature are established
when the flow rate, O, is 0.19 Lpm. As observed
from fig. 7, the closed-loop transient spray cool-
ing curve in the experiment contains four stages:
start-up stage, film boiling stage, transition boil-
ing stage, and nucleate boiling stage.

In the start-up stage, the top surface tem-
perature drops (STD) at a fast speed and the
heat flux increases significantly. The reason of
the obvious heat transfer enhancement is that
a stable vapor film has not been formed on the
top surface at the initial stage of spray cooling.
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heat flux and top surface temperature are all not obvious. In the later stage, the top surface
temperature reaches the STD point , which is 100.8 °C. Nucleate boiling will gradually take the
place of film boiling and becomes the main heat transfer mechanism. Meanwhile, with the rapid
increase of heat flux, the top STD sharply.

The spray cooing process starts to enter nucleate boiling stage when the heat flux in-
creases to the CHF, which is 56.5 W/cm?. Then the heat flux decreases to be steady, and the top
surface temperature also decreases to be steady after a momentary sharp decrease. The process
turns to the single-phase regime after the top STD below the saturation temperature of R134a.
Due to the temperature decreases very slowly in the late stage of nucleate boiling, it would take
a lot of time to pass through the single-phase regime. And the application value of single-phase
regime of R134a is relatively low. Therefore, the heat transfer in the single-phase regime is not
considered in the paper.

Above all, the time of the refrigerant vapor film on the top surface suppressing the
heat transfer, which is called the vapor film ¢, is the main period that the spray cooling should
go through. The physical mechanism to increase the cooling rate is to reduce the vapor film
top that the further reason is the thickness of vapor film. Therefore, the effects of flow rate,
sub-cooling, chamber pressure and its influencing mechanism were given below.

t[s]

Effect of flow rate on heat transfer process

In the experiment, by adjusting the valve opening to change the flow rate of R134a, the
characteristics of top surface temperature and heat flux in transient spray cooling are analyzed.

Figure 8 shows that the time of reaching STD point reduces slightly with the increase
of flow rate. As the flow rate rises from 0.13 to 0.19 Lpm, the time of reaching STD point is
about 56 s ahead of that. Besides, STD point of transient spray cooling without heat source
is not affected by the flow rate, and it maintains about 100.6 °C in this experiment. The time
of reaching CHF also reduces due to the increase of the flow late. The maximum CHEF in this
condition is about 57.11 W/cm?.The vapor film ¢, reduces about 69 seconds which is from
308-239 seconds.

In the investigation of flow rate, the flow rate of R134a may possibly have negative in-
fluence on vapor film. In the film boiling stage, the formation of vapor film is greatly disturbed
with the increase of the flow rate. These results in a slight increase of ¢ and a little reduce of .
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Figure 8. Variations of top surface temperature and heat flux with different flow rate;
(a) variations of top surface temperature and (b) variations of heat flux

Effect of sub-cooling on heat transfer process

In the experiment, by adjusting the water flow rate of the condenser to change the
sub-cooling of R134a, the effect of sub-cooling temperature, 7, (which is the difference be-
tween T}, and T,,) on the transient spray cooling are studied.

As fig. 9 shows, with the increase of the sub-cooling, the time of reaching STD point
is slightly reduced. As T, increases from 4 °C to 8 °C, the time of reaching STD point is about
48 seconds ahead of that. Besides, STD point is also hardly related with 7. and maintains about
100.8 °C in this experiment. The CHF rises while the time of reaching CHF reduces due to the
increase of temperature T... The maximum CHF in this condition is about 60.36 W/cm?. The va-
por film ¢, reduces about 51 seconds which is from 208 to 157 seconds. As the increase of T,
the heat flux in film boil stage increases, that is because the lower spray temperature suppressed
the formation of vapor film. These results in a slight increase of q and a little reduce of #,.
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Figure 9. Variations of top surface temperature and heat flux with different sub-cooling;
(a) variations of top surface temperature and (b) variations of heat flux
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Effect of chamber pressure on heat transfer process

By adjusting the charge of R134a to improve the chamber pressure, P., the effect of P,

on the transient spray cooling are studied.

As shown in fig. 10, with the increase of P, the time of reaching STD point is reduced
significantly. As P, increase from 1.85 to 2.89 bar, the time of reaching STD point is about
108 seconds ahead of that. Compared with 7. and Q, the STD point increases with the increase
of P, which rises from 95-112 °C. The CHF rises while the time of reaching it reduces due to
the increase of P.. The maximum CHF in this condition is about 70.08 W/cm?. The vapor film
suppressed time £, reduces about 113 seconds which is from 163-50 seconds.
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Figure 10. Variations of top surface temperature and heat flux with different chamber pressure;
(a) variations of top surface temperature and (b) variations of heat flux

In order to investigate the influence
mechanism of chamber pressure, tab. 2 lists
the properties of R134a under different cham-
ber pressure. As shown in tab. 2, with the in-
crease of chamber pressure, Prandtl number
changes very little. Therefore, the variations
in the thermophysical properties of R134a can
be negligible. Meanwhile, the transient Jacob
number under different chamber pressure is
shown in fig. 11. From fig. 11, it can be seen
that Jacob number decreases obviously as the
spray cooling goes. What’s more, Jacob num-
ber decreases visually with the increases of P..
As the decrease of Jacob number, the growth of
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Figure 11. Variations of Jacob number with
different chamber pressure

Table 2. Properties of R134a under different chamber pressure

P, [bar] | T [°C] | p [kgm’] | ¢, [kI/kg°C] | p[mPas] | A [W/m°C] | y[kl/kg] Pr
1.85 -12.03 1333.5 1.312 0.312 0.0971 207.41 4.196
2.13 -8.47 1322.3 1.319 0.297 0.0958 204.87 4.097
2.68 -2.42 1302.7 1.335 0.275 0.0931 200.43 3.942
2.89 -0.36 1296.0 1.340 0.268 0.0922 198.88 3.893
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vapor film was inhibited, so the heat transfer is enhanced. Furthermore, the transition from film
boiling to nuclear boiling could be promoted. This is a critical for improving spray cooling rate.

Conclusions

In this study, the heat transfer characteristics and influencing factors of a closed-loop

transient spray cooling were investigated. The spray cooling curve was built accurately. From
the analytical and experimental investigations, the following conclusions are drawn as follows.

Closed-loop transient spray cooling curve contains four stages: start-up stage, film boiling
stage, transition boiling stage and nucleate boiling stage. The vapor film £, is the main pe-
riod that the spray cooling should pass through.

In the range of the experiment, the STD and CHF change little with the variations of flow
rate and sub-cooling. The increase of flow rate and sub-cooling has limited effect on cooling
rate as well. On the contrary, the cooling rate can be significantly increased with the increase
of chamber pressure. The STD and CHF increases with the rise of chamber pressure. The
maximum CHF is 70.08 W/cm? in this experiment.

The transient Jacob number decreases with the increases of chamber pressure. Jacob num-
ber represents the superheat of vapor film in boiling heat transfer. As the decrease of Jacob
number, the growth of vapor film is inhibited, furthermore, the transition from film boiling
to nuclear boiling could be promoted.
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Nomenclature

¢, — specific heat capacity, [kJkg'°C™'] /. —heat conductivity, [Wm™'°C']

h  —heat transfer coefficient, [Wem2°C] 4 —dynamic viscosity coefficient, [Pa-s]
P —pressure, [bar] p  —density, [kgm~]

O —flow rate, [Lpm] )

g - heat flux, [Wem?] Subscripts

T —temperature, [°C] ¢ —chamber

AT, — temperature difference, [°C] in — condenser inlet

t —time, [s] lh  —latent heat

At — onetime step, [s] out —nozzle outlet

Greek symbols

sat — saturation
sc —sub-cooling

y  — latent heat of evaporation, [kJkg™] sup — suppress

0, —distance between 7, and 7, [mm] w  —top surface

0, — distance between T, and 7, [mm]
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