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ABSTRACT Cryogen Spray Cooling (CSC) is an auxiliary procedure that pre-cools the epidermis during Laser
Dermatologic Surgery (LDS) to avoid non-specific epidermal thermal damage. During CSC, explosive atomization, in-flight
evaporation and droplet-substrate interaction affect heat extraction from the substrate. In order to understand the heat transfer
mechanism of this complex process, we study the heat transfer between a single cryogen (R134a) droplet and an epoxy skin
phantom. In a high pressure chamber, cryogen droplets impact onto a skin phantom instrumented with a fast-response thin-film
thermocouple. The surface temperature variations were recorded and used to calculate surface heat fluxes. Using this setup, we
performed experiments to study the effects of initial surface temperature, droplet size and droplet velocity on the cooling
efficiency of a cryogen droplet. Based on the experimental results, a simple model was developed to approximately estimate the
heat flux between the cryogen droplet and skin phantom during impact process. The results show that the cooling efficiency
increases with increasing initial substrate temperature and increasing droplet impact velocity, but the effect of the droplet size is

weak.
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1. INTRODUCTION

Laser dermatological surgery (LDS) is the treatment of
choice for vascular lesions (e.g., hemangiomas [1] and Port
Wine Stain (PWS) [2] birthmarks) as well as aesthetic
purpose (e.g., hair [3] and tattoo [4] removal). For these
conditions, cryogen spray cooling (CSC) is an essential
auxiliary method that protects the epidermis from excessive
thermal damage during laser irradiation, while the target,
such as PWS blood vessels located 100-500 um below the
skin surface [5] are thermally photocoagulated. The only
cryogen used for this purpose thus far, approved by the
FDA [3], is Tetrafluoroethane-1,1,1,2 (R134a), with a
boiling temperature of -26 °C at atmospheric pressure.
Short cryogen spurts (20—100 ms) [6, 7] are released from a
pressurized container through a spray valve/nozzle system.
Well-atomized cryogen droplets with diameters of 3-20 um
[8] and velocities 10-60 m/s [9] impact onto human skin
and extract heat as they spread and evaporate.

Until now, most studies of CSC applied to human skin
have assessed the cooling efficiency of a variety of nozzles
and/or spraying conditions but assuming or establishing the
same initial skin phantom temperature, i.e., room (20°C) or
normal skin temperature (~30°C). Recently, however, a new
technique consisting of pre-heating skin for a few seconds
prior to CSC and laser irradiation was introduced [10]. The
ultimate objective of this approach is to elevate sufficiently
the temperature of whole skin, including the deep targeted
blood vessels, so lower laser energy is required to reach the
threshold for damage. For this approach to work, however,

it was necessary to prove that the epidermal cooling
provided by CSC nozzles could be at least as efficient as
with normal initial temperature conditions. Using an
aluminum foil sensor, it was shown [10] that similar
minimal epidermal temperature and thus, higher surface
heat fluxes could be reached regardless of the initial skin
temperature. A subsequent numerical study [11] suggested
that the short period of pre-heating could indeed improve
the therapeutic results.

In this study, we aim at providing some insight into the
cooling mechanism that dominates the heat extraction
process during CSC and provide information for
optimization of CSC. For this purpose, we pre-heat a skin
phantom (epoxy substrate) to a steady temperature above
normal skin temperature. Then we use one single cryogen
droplet at Ty ~12°C, which is impact onto a custom-made
fast response nickel-copper thin film thermocouple (TFTC)
to measure the dynamic temperature variation with droplet
size (D) and velocity (V). Subsequently, we calculate the
heat flux between the cryogen droplet and the skin
phantom.

2. EXPERIMENTAL APPROACHES

To study the heat transfer phenomena between a single
cryogen droplet and skin phantom, we conducted our
experiments inside a high pressure chamber to control or
reduce the evaporation of cryogen at room temperature.
Figure 1 shows the schematic of the experimental facilities.
Prior to the experiments, the aluminium chamber (11) with
acrylic glass windows for imaging and illumination was
pressurized to 6.21 bar (T, = 27 °C), which is higher than



the saturation pressure of cryogen (R-134a) at room
temperature (5.71 bar). A Teflon insulator (1) that holds the
heating system (2) and skin phantom with TFTC (4) on the
top surface is mounted on the translation stage (12) that is
used to align the nozzle (5) and TFTC. The cryogen
droplets were formed at the tip of small nozzles, which
were attached to a needle valve (6) connected to a small
cryogen tank (7) pressurized slightly above the chamber’s
pressure (6.42 bar). The different impact velocity was
obtained by changing the distance between the nozzle tip
and the TFTC.

Figure 1. Experimental setup. (1) Teflon insulator, (2)
Heater, (3) Heat distributor, (4) Epoxy substrate with TFTC
on top surface, (5) Nozzle, (6) Needle valve, (7) Cryogen
reservoir, (8). Illuminator, (9) High-speed camera, (10)
Data acquisition and control cable, (11) High pressure
chamber, and (12) Translation stage.

The skin phantom is made of a mixture of 3100 epoxy
resin and A210 Hardener (RBC Industries, Inc., Warwick,
RI) with a ratio of 3:1 in weight. The heat conductivity,
capacity and density of the epoxy substrate are close to
those of the human skin [11]. A spherical-cap shaped
indentation (3 mm in depth and 4 mm in radius) that is used
to make the cryogen stay on the joint of TFTC was made on
the center of the skin phantom. The top surface and the
indentation were first polished and cleaned. Thereafter the
thin-film strips of copper and nickel were deposited
sequentially using an E-beam evaporator system (model
CV-14, Airco/Temescale). These two strips have a width of
0.5 mm and thickness of 1 pum, respectively and they are
overlapped at the center of the indentation, where the
droplet is deposited.

Since the TFTC is not a standard thermocouple, we
calibrated it by submerging the entire substrate into a liquid
bath (model RTE210, Thermo Electron Co.). The
temperature of the liquid bath was measured with a K-type
thermocouple  (model  STC-KK-(K)-24,  OMEGA
Engineering, Inc.) and the voltage output of the TFTC was
recorded with a data acquisition system (iNet 100, Omega
Engineering, Inc.). Figure 2 shows the variation of the
voltage output with temperature. As seen, it shows a
reasonably good linear relationship for the range of

temperatures presented herein (-20°C to 30°C), which may
be represented by:
T(°C)=49841x X(V) + 34 . (1
This TFTC is designed to measure the surface
temperature and has two advantages. First, the response
time is less than 50 ps [12], therefore it can measure the
dynamic temperature change between cryogen and surface.
Second, the metal layer is only 1 pm in thickness and with
a size of 0.5 mm X 0.5 mm, thus it creates a minimal
disturbance to heat flow across the surface.
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Figure 2. Measured voltages (V) vs. corresponding
temperature (°C).

Once the surface temperature history is obtained with
the TFTC, the heat flux at the surface can then be
conveniently obtained wusing the one-dimensional,
semi-infinite medium solution for a step change in surface
temperature and applying Duhamel's superposition integral
[13, 14].

3. RESULTS

3.1 Effects of the T,

Figure 3 shows the measured temperature variation with
time for different Tp with D = 2.4 mm and V' = 2.4 mm. For
the four different initial temperatures shown herein, it is
seen that the surface temperature drops quickly once the
cryogen droplet establishes contact with the skin phantom.
The maximum measured temperature drop A7 is 12, 14, 15
and 16 °C for T, at 31, 35, 39 and 45 °C respectively. After
the temperature sharp decrease periods, a considerable
stable temperature can be observed because of the slow
evaporation of the cryogen droplet. This period is called as
life time (7) of the cryogen droplet, which is defined as the
time from the lowest temperature to the point where the
temperature begins to increase steadily. 7 is about 2.6, 1.3,
1.2 and 1.1 second for T, at 31, 35, 39 and 45 °C
respectively.

Figure 4 shows the heat flux variation with time for
different Tp with D = 2.4 mm and V' = 2.4 mm according to
the temperature variation shown in Figure 3 during the
drastic temperature droplet period. A noticeable increase in
the maximum heat flux is appreciated as the initial
temperature increases. For the lowest and highest initial
temperatures (31 and 45 °C, respectively) the maximum
heat fluxes g are 118 and 220 kW/m?, respectively.
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Figure 3. Temperature variation with different T, with D =

2.4 mmand V=2.4m/s.
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Figure 4. Heat flux variation with difference Tp with D =
2.4 mmand V=24 m/s.
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Figure 5. Temperature variation with difference droplet size
with T, =45 °C and V'=2.4 m/s.
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Figure 6. Heat flux variation with difference droplet size
with Tp =45 °C and V= 2.4 mv/s
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Figure 7. Temperature variation with difference V with Tp =

45°C and D=1.9 mm.
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Figure 8. Heat flux variation with difference V" with
Tp=45°Cand D=1.9 mm.



3.2 Effects of the Droplet Size D

Figure 5 shows the measured temperature variation with
time for different droplet size D with initial temperature at
45°C and V = 2.4 m/s. AT is almost the same for all three
D, but the 7is 1.8, 1.3 and 0.6 s for D = 2.7, 2.4 and 1.9
respectively.

Figure 6 shows the corresponding variation of the heat
flux for three different sizes according to Figure 5. It shows
that the maximum heat fluxes ¢,,,,” are similar for all three
droplet sizes.

3.3 Effects of the Droplet Velocity V'

Figure 7 shows the measured temperature variation with
different ¥ with T, = 45 °C and D = 2.4 mm. It shows that
the 1 affects not only 47 but also the life time. The AT is 12
and 19 °C for V=0 and 2.8 m/s respectively. 7is 2.6 and
0.4 s for V=0 and 2.8 m/s respectively. Figure 8 shows the
corresponding variation of the heat flux for ¥ with range
from 0 to 2.8 m/s. The effect of V' on ¢, ~ is preeminent.
The heat flux is 120 and 240 kW/m2 for V=0 and 2.8 m/s,
respectively.

4. DISSUSION

Figures 3 and 4 show that as Ty increases, AT and ¢4,
increases too. These observations are consistent and
qualitatively similar to those previously reported by Jia et
al.[10]. Figure 9 shows the heat transfer coefficient (%) is
same at 6.8 kW/(m* K) for different T, with D = 2.4 mm
and V' = 2.4 m/s. It demonstrates that heat transfer is
independent of Ty. Thus, the heat flux is highest for Ty
because it has largest AT. Also in Figure 4, it is shown that
increasing T, the life time 7 decreases because the
evaporation rate increases with higher temperature.
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Figure 9. Heat transfer coefficient for different
TowithD=24mmand V=24 m/s

Figures 5 and 6 show that the droplet size does not
affect the AT and the ¢,.” . This phenomenon, also
illustrated in Figure 10 shows that % is independent of
droplet size D. Furthermore, both 7 and T, are constant in
this case, whiel the maximum heat flux is the same for
different D. The larger D the more mass of cryogen droplet,
therefore, for the same surface temperature, the cryogen
needs more time to evaporate. In other words, 7 increases as
the D increases.

Figures 7 and 8 show that both AT and ¢,,,,” increase as
the V increases with same 7, and D. Figure 10 shows the
heat transfer coefficient increases as V increases. For V=10,
only conduction heat transfer occurs and the heat transfer
coefficient is only 3.8 kW/(m?K). As V increases, the
effects of convection heat transfer becomes more prominent,
and when V' = 2.8 m/s, the heat transfer value can reach 7.2
kW/(m*K). This means that the convection heat transfer is
more efficient to extract heat from the skin phantom than
conduction heat transfer during the cryogen impact process.
Thus, the evaporation time will be shortened and results in
shorter 7 as V increases.

From the above experimental results, we can say that
the heat transfer between the cryogen droplet and indented
skin phantom is related to Ty, D and V. Therefore, a simple
model is developed to predict the average heat flux (¢”)
during the impact process based on previous research of
heat transfer on the impact of droplet onto a flat surface
using the thermal boundary layer theorem.
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Figure 10. Heat transfer coefficient for different D
with 7 =45 °C and V'=2.4 m/s
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Figure 11. Heat transfer coefficient for different
V with Tp =45 °C and D= 1.9 mm.

Considering the droplet impact onto flat surface as
axisymmetric flow, Pasadideh-Fard M. et al [15] proposed
the thickness of boundary layer J, of the cryogen droplet:
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Thus, the ¢~ during the impact process can be expressed as:

AT AT

"=k—=—Nu, 5
I=k5=00 ®)
Where
Nu = Pr®* Re® . (6)

The model above is only suitable for droplets with
certain velocity impact onto flat surface. It is not suitable
for V=0 and indented surface in this study, thus a modified
format of Nu is proposed:

Nu=C, +C,(Pr** Re"® )3, )

where C; accounts for the conduction heat transfer with V' =
0, and C, and C; are added to modify the discrepancy
between flat and indented surface. To find the coefficients
in Eq. (7), the experimental results in Table 1. were used.
The heat flux ¢ ” in this study accounts for the average heat
flux over the first 6 ms from the beginning of temperature
drop [17]. The highlighted rows were used to find the
coefficients using Eq. (5) and (7) and data in other rows
were used to test the proposed model. The final format of
Nu is:

Nu=98+0.15Pr"* Re"> )"0 (8)

Figure 12 shows the comparison of experimental results
with model predicted results. It shows that the majority of
experimental results and model predicted results fit well.
The maximum error between the experimental results and
model predication are below 30%. The errors are caused by
the inaccuracy of the experimental results and using the
smooth method especially for high heat flux zone.

Figure 13 shows the comparison of the effects of AT
between experimental results and model prediction with D
= 24 mm and different V. It demonstrates that the ¢~
increases linearly with A7 because Nu is constant with fixed
D and V in Eq. (8). Therefore, the ¢” in Eq. (6) linearly
increases with AT, but the ¢ ” increased due to the increased
AT is different for four ¥ values. For V' = 0, the ¢ changes

with AT varying from 0 to 40 °C is about 70 kW/m? but for
V=2.7 m/s, the ¢’ can reach 150 kW/m>.

Table 1. The experimental parameters and results of g~

V=0m/s | V=19m/s | V=24m/s|V=28m/s
Tol q” |To| a7 |To| 9" |To| ¢4~
(CO|KW/m)|CONKW/mHCONKW/m)|(C)|(kW/m?)

31 46 |31 67 |31 76 |31] 63

19l35] 61 [35] 73 [35] 8 [35] 73
mm3ol 62 |39 92 |39] 88 [39] 84
450 67 |45] 112 |45 9145] 115
31| 44 |31 54 |31 71 |31] 76

24|35 58 [35] 75 |35] 83 |35] 96
mml 39l 64 |39] 87 |39 88 |39] 111
451 71 |45] 98 |45 106 [45] 125
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27]35) 63 |35 91 351 83 Break up
mmisgl 72 39| 93 [39] 100 | Breakup

45 83 45| 113 |45 127 Break up

N,....‘] 50 I

§ Data o A

-‘ . " 7’

x -

— . 7 - 7
:c_‘l 00 +20% _uy"s o

i )

,."2 \ A "': :- 7 =

3 / (-.' %4

@ 50 v, & \

= L -20%

] 4.’

T 2%

(o] Vo

= 0~ ; :

0 50 100 150

Experimental results q" (kW!mz)

Figure 12. Comparison of experimental results with model
predicted heat flux ¢ ”.

Figure 13 shows the comparison of the effects of AT
between experimental results and model prediction with D
= 24 mm and different V. It demonstrates that the ¢g”
increases linearly with 47 because Nu is constant with fixed
D and V in Eq. (8). Therefore, the ¢” in Eq. (6) linearly
increases with AT, but the ¢ ” increased due to the increased
AT is different for four V values. For V' = 0, the ¢~ changes
with AT varying from 0 to 40 °C is about 70 kW/m? but for
V=2.7 m/s, the ¢~ can reach 150 kW/m>.

Figure 14 shows the comparison of effects of V' between
experimental results and model results where D = 2.4 mm
and different 7. Apparently, the ¢ increases in the order
of Re** with fixed D and Tp. It also shows that as the T



increases, the effect of V' becomes prominent. For instance,
with T, = 31 °C, the percentage of increased ¢ due to the
V increases from O to 3m/s is, which is less than 20%.
When T, = 45 °C, this percentage is almost 50%.
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Figure 14. Experimental results and model predicted effect
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5. CONCLUSION

Both experimental results and model predictions show
that as the initial surface temperature 7, and droplet
velocity V increases, the heat transfer between the cryogen
droplet and skin phantom enhances. The droplet size, D, has
a weak effect on the heat transfer between cryogen droplets
and skin phantoms during the impact process.

NOMENCLATURE

D droplet diameter [mm]|

h Heat transfer coefficient [kW/(m? K)]
Nu Nussle number

Pr Prandtl number (v/a)

q”  average heat flux during impact [kW/m?]
Gmes  Maximum heat flux during impact [kW/m?]

Re Reynolds number (pVD/n)
To initial temperature [°C]
14 droplet velocity [m/s]

Greek symbol
a thermal diffusivity [m%/s]
or thermal boundary layer thickness [mm]

oy velocity boundary layer thickness [mm]
AT temperature drop [°C]

v kinetic viscosity [m%/s]

P density [kg/m’]

T life time of cryogen droplet [s]
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