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Abstract

Cryogen spray cooling (CSC) is an effective method to minimize or even eliminate laser-induced irreversi-
ble injury to the epidermis during laser surgery of various cutaneous anomalies such as port wine stain (PWS).
This paper conducts an experimental investigation of the atomization characteristics and surface heat transfer
dynamics in pulsed cryogen spray cooling of epidermis by R-134a, focusing on the effect of the nozzle diameter.
A Phase Doppler Particle Analyzer (PDPA) is used to measure the distributions of the diameter and velocity of
the liquid droplets in the spray. The temperature of liquid droplets in spray is measured by a micro-thermocouple
with a bead diameter of around 100 um. A thin-film thermocouple of 2 um thickness is deposited directly onto
the epoxy resin substrate (which serves as the skin phantom) to monitor the variation of the surface temperature
induced by the CSC. The dynamic variation of the surface heat flux and convective heat transfer coefficient in
CSC can then be quantified from the measured temperatures using the Duhamel’s theorem. Four nozzles with
diameter ranging from 0.48 mm to 1.75 mm have been used and a systematic parametric study was conducted to
illustrate the effect of nozzle diameter on spray characters and surface heat transfer dynamics. It is found that the
nozzle with the smaller diameter produces finer liquid droplets and larger droplets velocity than that with the
larger diameter. Furthermore, the temperature of droplets from the smaller diameter nozzle decreases faster with
the spray distance. Analysis of surface heat transfer indicates that the size and velocity of liquid droplets in spray
has a large effect on surface heat flux and heat transfer coefficient, with large droplets leading to high heat flux
at the cooling surface. In addition, a criterion is proposed to evaluate the cooling efficiency of a given nozzle
based on the variation of heat extraction from the cooling surface within the effective cooling time. These results
can be used to guide the selection of nozzles during cryogen spray cooling for laser dermatology.

1. Introduction

Port wine stain (PWS) is one kind of congenital vascular birthmarks in the dermis that occur in approxi-
mately 0.3% to 0.5% of infants. Initially, it appears as flat, pink to red patches that may progressively be darken
and thicken with age [1]. PWS mostly happens on body’s exposed places, such as head and neck, which may
significantly impede the patients’ psychosocial development and will-being [2]. Recently, the Pulsed Dye La-
ser(PDL) of wavelengths at 585 nm or 595 nm is the most common choice for the treatment of PWS, following
the principle of selective photothermolysis [3]. The objective is to cause selective thermal damage to subsurface
targets (chromophores such as blood vessels) without causing damage to the overlying normal tissues (e.g. epi-
dermis). However, the absorption of laser energy by the melanin in epidermis not only reduces the therapeutic
outcomes but also causes irreversible thermal damage to skin [4]. Cryogen spray cooling (CSC) is therefore used
to precool selectively the superficial layer of skin to minimize or even eliminate laser-induced irreversible injury
to the epidermis [5]. The standard refrigerant currently used in the clinical laser surgery is R-134a, which can
make the skin surface temperature drop above 40 °C within very short time (tens of milliseconds) after it is re-
leased through the straight-tube nozzle. The effective cold protection to the epidermis by CSC has inspired lots
of studies on this unique spray in the last twenty years, but mainly focused on the surface heat transfer dynamics.
Aguilar et al. [6] firstly used a copper rod as the spray object to study the heat flux (q) and heat transfer coeffi-
cient (h) produced by the straight-tube nozzles with two diameters (0.7 mm and 1.4 mm) under the steady spray.
They found that the large diameter nozzle could produce much higher g and h. Then cryogen was sprayed on the
upper surface of a thin silver disk (10.48 mm diameter and 0.42 mm thickness) with a type-K thermocouple (300
um bead diameter) attached to its lower surface to study g and h of two commercial nozzles (with diameter 0.5
mm and 0.8 mm) under pulsed spray [7]. Similarly, they found that large diameter nozzle produced the higher
maximum heat transfer coefficient (hya). In this study, they also investigated the variations of droplet diameter
and velocity by the PDPA. The results showed that the smaller diameter nozzle produced a better atomization.
More recently, they developed a fast response surface temperature measurement method to monitor the fast tem-
perature variation of pulsed spray which consisted of a thin (30 um) aluminum foil attached to a small thermo-
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couple (50 um) on the lower surface and exposed to the cryogen spurt on the upper surface [8]. Based on this
method, the effect of spray angle [9], spray distance [10] and spurt duration [11] on the surface heat transfer dy-
namics was studied. Their results showed that the spray angle and the spurt duration had insignificant impact on
the surface heat transfer dynamics while the spray distance was the major factor. Brain et al. [12] utilized four
types of delivery devices to investigate the effects of droplet size and spray density on the heat removal from the
skin phantom (Epoxy resin). They found that the variation of heat removal by various delivery devices was mod-
est in spite of the relatively large differences in cryogen mass output and droplet size.

From the literatures mentioned above, one can see that lots of efforts have been conducted to study the sur-
face heat transfer dynamics induced by CSC and to optimize the nozzle design. Nevertheless, the most recent
review paper finds that a large population of patients with PWS responds poorly to laser treatment, with a range
of 12% to 80% of patients achieving less than 50% clearance [13]. Therefore, there is still necessary to develop
the treatment strategies and to enhance the cooling efficiency. This paper presents an experimental investigation
of the atomization characteristics and surface heat transfer dynamics in pulsed cryogen spray cooling of R-134a,
focusing on the effect of the nozzle diameter since the length of the nozzle has little impact on the surface heat
transfer [6, 14]. Four straight-tube nozzles which resemble those used in the commercial devices with diameter
ranging from 0.48 mm to 1.75 mm have been used in the experiments to measure the distributions of the diame-
ter and velocity of the liquid droplets in the spray. After the measurement of temperature of liquid droplets and
the epoxy resin substrate (which serves as the skin phantom), the dynamic variation of the surface heat flux and
convective heat transfer coefficient in CSC can then be quantified from the measured temperatures through Du-
hamel’s theorem. The effect of the spray distance on the spray characteristics and surface heat transfer dynamics
is also investigated. In addition, a criterion is proposed for the guidance of selection of nozzles for the use of
CSC.

2. Experimental System and Numerical Methods
2.1. Spray setup

Fig.1 is the schematic of the experimental system. It consists of a pressure vessel for storage of cryogen, a
three-dimensional translational electric position stage (WN105TA300M by Beijing Winner Optics Instruments
Co., China) with space resolution of 8 um, a solenoid electric valve (B2021SBTTO24DVC by Gems, USA) that
can open or close within 5 ms, and four straight-tube nozzles. The geometry of the nozzle resembles that of the
commercial nozzles used for cryogen spray cooling in the laser surgeries, which is made of a stainless steel tube
with the same length of 40 mm and different diameters of 0.48 mm, 0.96 mm, 1.21 mm and 1.75 mm, respec-
tively. The vessel is a commercial R-134a (Dupont) cryogen container and is pressurized at the saturation pres-
sure of this cryogen at room temperature (0.67 MPa at 25 °C). The Valve is installed in the position stage, which
controlled by the computer can exactly adjust the position of the nozzle in three dimension. The nozzle fits tight-
ly into the opening of the solenoid valve. A standard high-pressure hose connects the cryogen vessel to the valve.
A micro-scale flowmeter (931-06xx by Gems, US) is located in the middle of the high-pressure hose to monitor
the flow rate of the spray.
2.2. Droplet Size and Velocity Measurement

A phase Doppler Particle Analyzer (PDPA by TSI, USA) is used to measure the velocities including the axi-
al and radial directions and diameter of the droplets in the cryogen spray of-R134a. The PDPA generates four
interfacing laser beams of different wavelengths, which focus on a probe volume, typically smaller than 1mm?®.
When droplets go through the probe volume, these beams are interfaced and a Doppler signal with a frequency
shift proportional to the droplet velocity is generated. The phase difference between the signals collected by ad-
jacent detectors is proportional to droplet diameter. Before taking the measurements, the optimum values of the
PDPA parameters had to be selected including the diameter range, velocity range and the laser power. For each
measurement, the spray duration lasts 10 seconds. In this study, we chose the Sauter mean diameter (Ds,) and the
arithmetic mean axial velocity (U) as the average droplet diameter and velocity.
2.3. Temperature Measurements

A standard type-T thermocouple (Omega, USA) with bead diameter of 100 um is placed to the spray to
measure the average temperature of cryogen in spray along the central axis. Since the estimated response time of
the thermocouple is fairly long, about 10ms, only a steady state cryogen temperature of spray is obtained.

A thin film thermocouple (TFTC) of type-T of two microns in thickness is deposited directly on the epoxy
substrate (50 mm x 50 mm x 5 mm) to monitor rapid change of the surface temperature during a pulsed spray.
The reason for choosing epoxy resin as the cooling substrate is that its thermal property likes that of human skin
[12, 15]. The response time of TFTC is about 1.2 us, which is fast enough to measure the rapid change of the
surface temperature [16].So the TFTC sensor indeed provides ‘real-time’ surface temperature measurements. For
detail information of the method of surface temperature measurement using TFTC, please refer to our previous
job reported in the literature [16].

For surface temperature measurements in pulse spray, both the solenoid valve and the thermocouple are
connected to the computer and controlled through a Labview control system. The thermocouple measurements is
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acquired at 100 kHz and converted to the temperature data using a DAQ board (NI: M-6251). During experi-
ments, the spray duration is firstly set in the Labview controlling panel. When the valve is turned on, the temper-
ature data from TFTC is acquired simultaneously.

Separate cases have to be carried out to make the PDPA and temperature measurements. The volume flow
rates of liquid R-134a under the steady spay are 0.21 ml/s, 3.39 ml/s, 5.69 ml/s and 11.48 ml/s respectively, from
the minimum diameter nozzle to the maximum diameter nozzle through the micro-scale flowmeter experimental
results. The relative error is less than 2% with our calibration using water. In order to save the consumption of
the refrigerant, the PDPA measurement in the section 3.1 didn’t include the maximum diameter nozzle (dy=1.75
mm) since the spurt duration for PDPA measurement should be long enough (10 s). For all the experiments, the
room temperature was kept at about 25 °C, and the relative humidity was about 20%.

2.4. Heat Transfer Calculations

The surface temperature measured by TFTC can be seen as the real surface temperature since it is directly
deposited on the substrate surface with the depth of only 2 um. Then the Duhamel’s theorem can be used to
evaluate the temperature gradient at the substrate surface and get the surface heat flux with the assumption of
one-dimensional heat transfer problem along the depth direction. Franco et al. [17] and Zhou et al. [18] have
given a detailed description of solving this problem using Duhamel’s theorem, and the heat flux equation is giv-
en as equation (1).

1= \/EJ‘ x/l_ dr dz 1)

Where q is the surface heat flux, «, p, c are the heat conductivity, density and specific heatcapacity, respective-
ly.T is the temperature, t, and t are the initial time and the terminate time at the time stepz. Once known g,the
surface heat transfer coefficient can be calculated by the following equation,

t
() = =30 @
Td _Ts
Where h is the heat transfer coefficient, Tqand T,are the temperature of spray droplets and surface of the cooling
substrate at the given spray distance.

3. Results and Discussion
3.1. Droplet density, diameter and velocity

The spray characteristics of the nozzles are shown in the term of the variations of centerline droplets number,
diameter, velocity and temperature with the spray axial distance. We firstly examine the variation of the center-
line droplets number by PDPA measurement along the spray axial distance for different diameter nozzles except
the maximum diameter nozzle, dy= 1.75 mm (and this is the same as the following for the show of droplet diam-
eter and velocity). To ensure the statistic meaning of the results, the droplets number detected by PDPA should
be large enough. For each point measurement, the spurt duration is 10 s. It’s can be seen that the droplets num-
bers at most of the measured points are more than 5,000, except for the points that are very near the exit of the
nozzles. The droplets number firstly increases with the increment of the spray distance until reaching the maxi-
mum value at different places for different nozzles. Generally, the smaller the nozzle diameter is, the closer the
point where the maximum value emerges is from the nozzle exit. If we define the distance between the nozzle
exit to this point is the best atomized distance, it can be noticed that the smaller diameter nozzle has the shorter
best atomized distance. Additionally, Fig.2 shows that all the variations of centerline droplets number with the
axial spray distance present the Gaussian shape.

Fig.3 illustrates the droplets number variations with the dimensionless spray axial distance normalized by
the droplet diameter (dy). It can be found that all of number points can be linearly fitted using the Gaussian dis-
tribution function. The non-dimensional best atomized distance for all the nozzles is about 100.

Fig.4 presents the variation of the centerline average droplet diameter (Ds,) with the axial distance for dif-
ferent diameter nozzles, which shows quick reduction in the average droplet diameters in the first 50 mm of the
spray for all the nozzles, and this observation has also been made by Yildiz et al. [19]. One explanation of such a
quick reduction in the droplet size is related to the atomization mechanism of superheated cryogen out of the
nozzle. The high temperature liquid droplets out of the nozzle found themselves in a superheated state and would
be explosively atomized quickly into smaller droplets to reduce the non-equilibrium driving force. After the
quick reduction, there is only very small change in the average droplet diameter in the later spray region. It’s
noticed that the small diameter nozzle produces smaller average droplet diameter at all the measured points. This
means the small diameter nozzle has the better atomized capacity than that of the large one. Comparing our ex-
perimental droplet diameter data with those by others using the same R-134a, it can be found that our data is
comparable with those by Vu et al. [20], while is much smaller than those by Yildiz et al. [19]. The large differ-
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ence may attribute to the difference of the nozzle diameter used in the spray, as the nozzle diameter is 5 mm in
Yildiz’s study, which is much larger than those by Vu et al. [20] and us.

Fig.5 shows the variation of the average droplet axial velocity (U) on the centerlinewith the axial distance
for different diameter nozzles. Contrary to the variation of Ds,, U firstly experiences an acceleration process un-
til reaching the maximum value at the distance of about 30 mm.This acceleration is also observed by Aguilar et
al. [7], Vu et al. [19] and Yildiz et al. [20], which can be explained by the unique superheated atomization mech-
anism. Then U decreases rapidly with increasing the spray distance due to the drag force acting on the droplets
by the surrounding gas. Similarly with Ds,, large diameter nozzle produces large U at all the measured point,
which suggests that the droplets from the large diameter nozzle has a greater impact on the cooling surface at the
same distance.

3.2. Droplet temperature in spray

The variation of average droplet temperature (T) in the spray with the spray distance is shown in Fig. 6. The
details of how this temperature obtained can be found in our previous work [21]. The centerline temperature ini-
tially shows an almost exponential decay [22], with the fastest drop taking place near the nozzle exit for all the
nozzles. The temperature drop slows down as spray develops further for the rapid evaporation of droplets and the
insufficiency of the convective heat transfer from the surrounding. Eventually, the centerline temperature reaches
a minimum value (Tymin) of -60 + 1 °C for the four nozzles at different places. After reaching Tgmin, ONE Sees a
sudden large increase in the centerline temperature due to the continuous heating acting on the droplets by the
ambient gas. Inspecting the temperature variations for different diameter nozzles, it can be found that the droplet
temperature from the nozzle decreases faster and Tqmin emerges earlier with the smaller diameter, which strongly
indicates one should keep cautious to control the spray suitable distance as they use different diameter nozzles in
CSC.

We normalize the droplet temperature for all the nozzles before it rise up in terms of (Tg-Tgmin)/(Tsat-Td,min) S
the function of the non-dimensional axial distance (z/dy), where Tqmin and T, are the droplet minimum tempera-
ture (-60 °C) and saturated temperature at the atmospheric pressure, see Fig. 7. An interesting feature can be
found that all the temperature points show self-similar profile, which can be correlated by an exponential equa-
tion, as given in equation (3).

w = exp(_0025£) (3)

Tsat ~ 'd,min d
3.3. Surface heat transfer dynamics of pulsed spray cooling

Since the spray distance has significant effect on the dynamics of surface heat transfer in CSC [10], the sur-
face heat transfer behavior of different diameter nozzles under different spray distances has been investigated.
The spurt duration for all the experiments in this section is set as 40 ms which resembles that used in the clinical
surgery. Firstly, we display variations of surface temperature (T,) and surface heat flux (q) in Fig. 8, surface heat
transfer coefficient (h) and the total heat extraction per unit area (Q) in Fig. 9 as the function of time for one cer-
tain nozzle (dy=0.96 mm) under one certain distance (z=30 mm) just to point out some critical parameters. As
shown from these two figures, T; first decreases quickly from the ambient temperature to about -20 °C, then fol-
lowed by a slow change over a long period of time until to the minimum surface temperature (Tsmin). After
reaching Tsmin, Ts begins to rise. This surface temperature variation shows same tendency as those in Aguilar’s
studies [10, 11]. However, the time needed for the first quick decrease of Fig. 8 is much less than those by others.
The quick variation of Tsis attributed to the fast response of thin film thermocouple in our experiments. Corre-
spondingly, the surface heat flux (q) experiences a first quick increase to a peak value (Oma) and a followed
gradual decreaseuntil to zero when T begins to rise. However, the surface heat transfer coefficient (h) has a fluc-
tuant stage after reaching the maximum value (h..y), Which is quite different from the variations of T; and g. The
total heat extraction per unit area (Q) monotonically increases with time as expected until the cryogen on the
surface evaporates completely (i. e. Ts begins to rise).

The variation of the minimum surface temperature (Tsmin) With spray distance for different diameter nozzles
is shown in Fig. 10. It can be seen that T, i, monotonically increases and declines within the spray distance of 90
mm for the smallest diameter nozzle (i. e. dy =0.48 mm) and the largest diameter nozzle (i. e. dy =1.75 mm),
while it firstly declines and then increases with the spray distance for the two medial diameter nozzles. Mean-
while, the minimum value of Ts i, for these two medial diameter nozzle emerges at the distance of about 30 mm.

Fig.11 shows the variation of the maximum surface heat flux (gmax) With the spray distance for different di-
ameter nozzles. The nozzle diameter has little effect on the trend of the variation of gy, with the distance. For all
the nozzles, gmax firstly increases to the maximum value and then decreases with the spray distances. After reach-
ing the maximum value, qax decreases more rapidly with the smaller diameter nozzle. The distance for the max-
imum value of g,y is 30 mm except the largest diameter nozzle. However, the value of g is dependent on the
nozzle diameter. For all the measured points, the larger diameter nozzle can produce the larger gmax due to the
greater impact on the cooling surface depicted as in Fig. 4 and Fig.5. This finding conforms to those by Aguilar
etal. [6, 7].



ICLASS 2012, 12" Triennial International Conference on Liquid Atomization and Spray Systems, Heidelberg, Germany, September 2-6, 2012

The variation of the maximum surface heat transfer coefficient (hya) with the spray distance for different
diameter nozzles is displayed in Fig. 12. It’s noticed that the four nozzles can be divided into two groups accord-
ing to the performance of hy. One includes the smaller diameter nozzles of 0.48 mm and 0.96mm, in which hya
monotonically decreases with the spray distance. The other one is those with the larger diameter of 1.21 mm and
1.75 mm, where hp first increases, and then decreases with the spray distance. Additionally, the smallest diame-
ter nozzle produces the largest value of hy. as the spray distance is very small (i. e. z=10 mm) due to the much
lower spray droplet temperature as seen in Fig. 6. On the contrary, the larger diameter nozzle generates higher
value of hy, at the spray region of 30 mm to 90 mm due to the larger g..x depicted as Fig. 11.

3.4. Discussion on the selection of the nozzle

From the clinical standpoint to protect the epidermis from the nonspecific thermal injury by the absorption
of the laser energy, CSC should do the best to remove the heat from the epidermis during one pulsed spray. As
shown in Fig. 9, the effective cooling time is about 200 ms for the pray of 40 ms spurt duration. Although further
prolonging the spurt duration may slightly increase the effective cooling time, it will also increase the thickness
of the liquid cryogen film on the cooling surface and will not further decrease the surface temperature, which has
a negligible impact on both g and Q [11]. Therefore, we propose the total heat extraction per unit area within the
first 200 ms (Qqq0) as a criterion to evaluate the cooling efficiency of CSC.

Fig.13 shows the variation of Q.o with the nozzle diameter under four different spray distances. It’s noticed
that Qa0 monotonically decreases with the increment of the nozzle diameter under the very small spray distance
of 10 mm, which indicates that it’s better to use the smaller diameter nozzle for the spray at very small spray
distance. The monotonic decrease of Qg attributes to the large momentum droplets even for the smallest diame-
ter nozzle in this very small spray distance as seen in Fig. 4 and Fig.5. The large momentum sprays may induce a
large number of droplets to rebound from the surface. Increasing the nozzle diameter will further generate higher
momentum droplets and enhance the bounce, which results in further decrease of Qaq. For the other three spray
distances (z=30 mm, 50 mm and 90 mm), Qqo firstly increases and then decreases with increasingthe nozzle
diameter. The first increase of Q. mainly attributes to that the larger diameter nozzle can produce much larger
Omax fOr the long spray distance as seen in Fig. 11. The points that the maximum value of Q,qo happens are 0.96
mm for the spray distance of 30 mm and 50 mm, 1.21 mm for 90 mm, respectively. This early increase of Qag
with nozzle diameter at longer spray distance suggests that one may appropriately use the large diameter nozzle
in order to enhance the heat removal.

4 . .
dy: mm dy: mm

IS
S

w
S
T

Y IS

]
e
et oI
Electric

Valve '
; & Epoxy
Electric ccp resin
Positioner

Container

=
o
T

Count Number (xloa)

Count Number (x10%)
N
5

o
T

Figure 1 Schematic of the exper- Figure 2 Variation of centerline  Figure 3 Droplets number varia-
imental system. droplets number by PDPA meas-  tions with the dimensionless
urement along the spray axial  spray axial distance.
distance for three nozzles.

A, ir:i"‘c')”ls o0 dy:mm 0 dy:mm
ER o S e
£ a0k / ——121
E w ——1.75
o 15+ E 30l
o o}

0l 20t / .
10 /

0 40 80 Z(merZ]()) 160 200 0 40 80 Z(mlrf% 160 200 0 50 100 150 ZZOE)m;E;O 300 350 400
Figure 4 Variation of the center- Figure 5 Variation of the center- Figure 6 Variation of the center-
line average droplet diameter line average droplet axial velocity line average droplet temperature
(Ds) with the axial distance for with the axial distance for differ- with the axial distance for differ-
different diameter nozzles. ent diameter nozzles. ent diameter nozzles.



12th ICLASS 2012

1.0

0.8 -

0.6 -

0.4+ = 40x0.48
e 40x0.96
A 40x1.21
v 40x1.75

—— Fitting curve

0.2

T Tonin T T

0.0

.
1 10 100
z/d

Figure 7 Variation of the center-
line average droplet non-
dimensional temperature with the
axial non-dimensional distance.

0

“10 F

20 F

TS‘ITW'\ (OC)

30 F

40 b

Figure 10 Variation of the mini-
mum surface temperature with the
spray distance for different diame-
ter nozzles.

12
£
2
< 8
=)
g
S
1S4 4
—A—50
—¥-90
0 . . .
0.4 0.8 12 16 20
d,, (mm)

0] S

Ts (°C)

Figure 8 Variations of surface
temperature and surface heat flux
as function of time.

L
0 20 80 100

40 60
z (mm)

Figure 11 Variation of the max-
imum surface heat flux with the
spray distance for different diam-
eter nozzles.

Figure 13 Variation of the effec-
tive heat extraction with the noz-
zle diameter for under different

spray distances.

4. Summary and Conclusions

Spray Characteristics and Surface Heat Transfer Dynamics in Cryogen Spray Cooling: Effect of Nozzle Diameter

8 T T 20
P e [
6 200 L15
< —~
& &
Ea4 /S t10 'x_E’
2 2
< ! o
< 24 ts
d,=0.96 mm
z =30 mm
At=40 ms
0 T T 0

0 50 100 150 200 250 300
t (ms)

Figure 9 Variations of surface
heat transfer coefficient and total
heat extraction per unit area as
function of time.

16

Nimax (KW/m?2K)
® 5

IN
T

0
0

Figure 12 Variation of the max-
imum surface heat transfer coef-
ficient with the spray distance for
different diameter nozzles.

Experiments have been conducted to investigate the spray characteristics by the PDPA and the rapid varia-
tion of the surface temperature during CSC by the fast-response thin film thermocouple. The Duhamel’s theorem
was employed to calculate the surface heat flux (q) and heat transfer coefficient (h). The paper presents a sys-
tematic parametric study to illustrate the effect of the nozzle diameter on the spray characteristics and surface
heat transfer dynamics and proposes a criterion to evaluate the cooling efficiency of the nozzles under different
spray distances. The main findings can be summarized as following:
1) Smaller diameter nozzle has a better atomization capacity characterized by the shorter best atomized dis-

tance, lower average droplet diameter (D3,) and average droplet velocity (U).

2) The average droplet temperature (Ty) in spray from the smaller diameter nozzle shows a faster exponential
decay and a shorter distance for the minimum temperate (Tqmin). However, the value of Ty, for all the
nozzles is nearly the same of about -60 °C, and all T4 in the decay stage can be correlated by one exponen-
tial equation after the normalization.

3) The surface temperature (T), heat flux (g) and heat transfer coefficient (h) show a strong dynamics with
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time. Smaller diameter nozzle produces lower Tgnin and higher hyay at the very short spray distance, while
larger diameter nozzle always produces higher qnax, €specially for the long spray distance due to the impact
of greater droplets on the cooling surface.

4) Based on the criterion that the total heat extraction (Qx) within the first 200 ms, it’s recommended to
choose smaller diameter nozzle at the very short spray distance (z=10 mm) for the use in CSC, while to
choose medial diameter nozzle at the spray distance of 30 mm. Further prolonging the spray distance, one
should use the nozzles with larger diameter to guarantee the cooling efficiency.
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