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Fig. 1 Schematic of experimental system of cryogen spray cooling
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Table 1  Thermal properties of epoxy resin and human
epidermis™'*

Parameter Epoxy resin Epidermis
Specific heat capacity
_ _ 1631 3600
c,/Jekg ' eC™H
Density p /(kgem *) 1019 1200
Thermal conductivity
o 0. 14 0.21
A/(Wem " «K™ )
Thermal diffusivity s s
8.43X10 4,86 X10
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Fig. 2 Epoxy surface temperature variations as a function of time for various spray distances and certain spray duration.
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Fig. 3 Epoxy surface heat flux variations as a function of time for various spray distances and certain spray duration.

(a) t,=20 ms; (b) t,=100 ms
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Fig. 4 Epoxy surface heat transfer coefficient as a function of time for various spray distances and certain spray duration.
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Fig. 5 Epoxy surface temperature variations as a function of time for various spray durations and certain spray distance.

(a) L=20 mm; (b) L=50 mm
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Fig. 6 Epoxy surface heat flux as a function of time for various spray durations and certain spray distance.
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Fig. 7 Epoxy surface heat transfer coefficient as a function of time for various spray durations and certain spray distance.
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Dynamic Heat Transfer on Skin Phantom Exposed to R404 A Pulsed
Spray Cooling

Yang Ran, Zhu Xingang, Yang Tao, Zhou Zhifu , Chen Bin
State Key Laboratory of Multiphase Flow in Power Engineering, Xi’an Jiaotong University, Xi’an,
Shaanxi 710049, China

Abstract

Objective

Cryogen spray cooling (CSC) with several tens of milliseconds prior to laser irradiation has been widely

used in laser surgeries for treating port-wine stain (PWS). CSC can protect the epidermis from nonirreversible

thermal injuries due to competitive absorption by melanin in the epidermis; thus, enhancing the threshold of laser

energy. However, the currently used cryogen R134a has shown little efficacy in protecting dark patients as compared

with white patients because of the higher melanin content in the epidermis. Meanwhile, to improve the cooling

capacity, R404A has been proposed to replace the R134a due to its lower boiling temperature, higher latent heat of

vaporization, nontoxicity, and friendly with ozone depletion. In this paper, the influence of spray distance and the
duration on the dynamic heat transfer of R404A spray cooling is quantitatively investigated through experiments to
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analyze the mechanism of heat transfer under different conditions. These results are useful in selecting optimal CSC
parameters for PWS patients with dark skin, which are significant for the clinical applications of R404A spray cooling
in laser dermatology.

Methods This study developed an experimental system of CSC, which included the cryogen spray generation and
surface transient temperature measurement parts (Fig.1). The cryogen spray generation system consists of a high-
pressure nitrogen bottle, cryogen container, fast-response solenoid valve, and straight-tube nozzle. The liquid
cryogen R404A was stored in the cryogen container that connected with the high-pressure nitrogen bottle to adjust its
pressure. A solenoid valve was used to precisely control the opening and closing of the pulsed spray, and the nozzle
was fitted tightly into the outlet of the solenoid valve. The relative space between the nozzle tip and the
measurement points on the cooling surface was controlled by a three-dimensional positioner. The measurement part
consists of a fast-response film thermocouple and data acquisition system. The thin-film thermocouple (TFTC) with
2 pm thickness was directly deposited on the skin phantom (epoxy resin) through the magnetron sputtering
technique. The response time of TFTC is only 1. 2 ps fast enough to capture the rapid change of surface
temperature. A LabVIEW software system was used to control the temperature sampling, the start and close of the
solenoid valve. Then, Duhamel’s theorem was used to calculate the heat flux of the epoxy resin surface based on the
measured surface temperature. The heat transfer coefficient was estimated using Newton’s law of cooling. The
boiling curves on the cooling surface were also obtained based on the heat flux and surface temperature.

Results and Discussions The effect of spray distance on the surface temperature depends on the duration scale.
The minimum temperature T, under short spray duration, such as 20 ms, increases as the spray distance increases.
However, for a long spray duration, such as 100 ms, there exists an optimal spray distance of 30 mm that obtains the
minimum temperature T, (Fig. 2). As the spray distance decreases, the rate of surface temperature change
increases, resulting in a higher maximum surface heat flux q,., and higher maximum surface heat transfer coefficient
I - Thus, the maximum heat flux q,., and heat transfer coefficient &, decrease monotonously with the spray
distance regardless of the spray duration (Figs. 3 and 4). Therefore, increasing the spray duration can only prolong
the remaining time of the cryogen liquid film on the epoxy resin surface (Fig. 5). However, the maximum heat flux
Q mx and maximum heat transfer coefficient h,, hardly change (Figs. 6 and 7). The spray distance has more obvious
influences on the surface heat transfer characteristics than the spray duration. The boiling curves of heat transfer of
R404A pulse spray cooling under different conditions are quite similar (Fig. 8). A piecewise linear correlation of
dimensionless heat flux has been proposed through theoretical analysis (Fig. 9). It demonstrates the similarity of
dynamic heat transfer on epoxy resin exposed to R404A pulsed spray cooling. The entire cooling process can be
separated into two stages: the impinging nucleate boiling and liquid film evaporation.

Conclusions R404A can replace R134a due to its stronger cooling capacity in CSC. In this paper, the influence of
spray distance and duration on the dynamic heat transfer of the R404A spray cooling is quantitatively investigated
through experiments to analyze the mechanism of heat transfer under different conditions. The results show that
increasing spray duration can prolong the cooling time of the liquid film; thus, improving the cooling protection of the
skin. The maximum surface heat flux ¢, and maximum heat transfer coefficient ., decrease as the spray distance
increases. It is worth noting that q,., changes slightly before 30 mm. Thus, the distance of 30 mm may be regarded
as the optimal spray distance that obtains the lowest minimum temperature and relatively high heat flux. Finally, the
dimensionless heat flux correlation is proposed based on theoretical analysis.

Key words medical optics; laser dermatology; pulsed spray cooling; dynamic heat transfer; R404A; port-wine
stain
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