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ABSTRACT

The objective of the present work is to correlate the time-
dependent flow characteristics of cryogen sprays to the induced
thermal dynamics at the surface of a human skin model. First,
a humerica analysis to evaluate our skin model is carried out.
Next, diameter and axial velocity of droplets impinging onto the
skin model are measured. Diameter, velocity and surface tem-
perature are acquired simultaneously at the center of the spray
cone close to and at the skin model surface, respectively. Spurt
durations of 10, 30 and 50 ms are investigated. Finaly, mea
surements are used to compute spray number, mass and kinetic
energy fluxes and surface heat flux.

Numerical modeling shows that, subject to the same heat
flux, the thermal response of our model and human skin is qual-
itatively similar but the total temperature drop in skin is about
50% less than that of the model. A simple transformation can
be used to map the temperature response of the model to that
of skin. Experimental measurements show that during the initial
spray transient, fast and small droplets (respect to steady state
values) induce large temperature drops and the highest heat flux
because the temperature difference between liquid and substrate
is the largest; during the spray steady state, surface temperature
remains at its lowest value; during the final transient, droplets
are fast and small again, athough their impact on the surface
heat transfer is negligible due to decreasing mass and kinetic en-
ergy fluxes and reduced temperature differences between liquid
and substrate.

*Address all correspondence to this author; email: wfranco@uci.edu

INTRODUCTION

Cutaneous laser surgery assisted by cryogen spray cooling
has proven essentia in cutaneous and cosmetic laser surgery. A
short cryogen spurt precools the epidermis to avoid excessive,
unintended injury therein during laser irradiation from excessive
heating induced by melanin absorption of laser light [1]. Heat
extraction from skin during CSC is a function of many funda-
mental spray parameters, such as average droplet diameter and
velocity, mass flow rate, temperature and spray density among
others[2], that vary in time and space within the spray cone.

The objectives of the present study are the following: (i) to
evaluate an epoxy block substrate as a therma model of human
skin; (ii) to determine the flow characteristics of cryogen sprays
in transient state impinging onto the human skin model; (iii) to
correlate the spray characteristics to the surface heat transferred
from the human skin model.

EXPERIMENTAL AND NUMERICAL METHODS

First, a numerical analysis to evaluate an epoxy block sub-
strate as skin model is carried out. Next, an epoxy substrate with
an embedded thin foil sensor is used to measure surface tem-
peratures, and a phase doppler particle analyzer (PDPA) is used
to measure the diameter and axial velocity of cryogen droplets
impinging onto the skin model with thermal sensor. PDPA and
surface temperature measurements are acquired simultaneously
at the center of the spray cone 32.5 and 35 mm downstream from
the nozzle tip, respectively. Spurt durations of 10, 30 and 50 ms
areinvestigated. Finaly, the surface heat flux is computed using
the solution of adirect heat conduction problem, and spray num-
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epidermis epoxy

k (W/m K) 0.21 0.14
p (kg/md) 1200 1019
¢ (JkgK) 3600 1631
o, (M?/s) 49%x108% 84x10°8

Table 1. Thermal properties of epidermis [6] and epoxy [7].

ber, mass and kinetic energy fluxes are computed using Roisman
and Tropea's algorithm [3].

Spray System

Refrigerant hydrofluorocarbon 134a (Suva®134a, Dupont)
is delivered through a high pressure hose to an electronic valve
(Series 99, Parker Hannifin Corp., Cleveland OH) attached to
an angled-tube nozzle with 40 mm length and =~ 0.5 mm inner
diameter; valve and nozzle are part of acommercial skin cooling
device (GentleLase, Candela, Wayland MA). The valve is set to
deliver a downward vertical spray in our experimental set up.
R134a has a boiling temperature at atmospheric pressure of =
—26 °C andiskept inits original container at a pressure of 600
kPa and room temperature of 21 °C. In this study, we will look
into 10, 30 and 50 ms spurts delivered 35 mm away nozzle-skin
distance.

Thermal Sensor and Human Skin Model

A thin-foil K type thermocouple (CO2-K, Omega Engineer-
ing, Stamford CT) is used to measure surface temperatures on a
human skin model. Although the width and length of its mea
surement junction are ~ 0.5 mm, the thin-foil sensor has athick-
ness of 13 um that provides high vertical temperature resolution.
Thisfeature makesthe sensor suitable for measuring surfacetem-
perature during CSC because the vertical temperature gradient in
either skin phantom or human skin is much larger than that in
the latera direction [4]. The estimated response time is around
2 ms and measurement uncertainty associated with K-type ther-
mocouplesis about 0.28 °C after calibration. The skin model is
composed of an epoxy resin (EP30- 3, Master Bond, Inc., Hack-
ensack NJ), which contains the embedded thermal sensor at the
surface level. Thermal properties of epidermis and epoxy are
shown in Table 1 and detail s about preparation of the skin model
can be found in [5]. The sensor is placed at the center of the
spray cone, where the highest heat extraction occurs. The human
skin model isreferred as skin phantom herein.

Heat Flux Calculations
Temperatures recorded by the thin-foil sensor are assumed
to be surface temperatures because the foil Biot number (hL/K)

for a heat transfer coefficient h = 20,000 W/(m?2-K) [8], charac-
teristic length L = 13 x 10~ m and thermal conductivity k = 12
W/(m-K) [9] is =~ 2 x 107?; i.e., the temperature of the foil is
spatialy uniform, hL/k << 1. The following anaytical expres-
sion based on Fourier's law and Duhamel’s theorem is used to
compute the surface heat flux q from temperature measurements
T:

kpc 2‘ T—Ti1
a e RVATIE T VAT T @)

where| isthe total number of measurements, p the density, c the
specific heat, and t the time. A detailed derivation of Eq. 1 can
befoundin [4, 10].

Heat Transfer Modeling

To model the thermal response of human skin and epoxy to
cryogen spray cooling, we solve the-two dimensional heat con-
duction equation:

peST(6y) - VKVT (xy,0)) =0, @
for which the surface boundary condition is specified as
—kVT(x,0,t)-Ai=q(t). (3)

x and y are respectively the lateral and vertical coordinates, fiis
the unit vector normal to the surface and q is the surface heat ex-
traction computed from experimental measurementsusing Eg. 1.
At the other boundaries —kVT - i = 0. The computation domain
isthefollowing: —1x 103 m<x<1x103m, —-1.5x 1073
m <y < 0m. Therma properties of epidermis and epoxy are
shownin Table 1.

Phase Doppler Anemometry and Particle Sizing

Spray droplet velocity and diameter are measured with a
phase doppler particleanalyzer (PDPA; TSI Incorporated, Shore-
view MN). This system is capable of measuring velocity along
two perpendicular axes, but only axia velocities are considered
herein because measurements correspond to the cone center of
vertical cryogen sprays; that is, the magnitudes of lateral veloci-
ties and data rates are significantly smaller than their axial coun-
terparts. The PDPA measurement volume is set 2.5 mm above
the thin-foil surface sensor embedded in the skin model. For the
spray transient analysis, velocity and diameter measurementsare
splitin 1 mstime windows. Approximately 10 runs are made for
each spurt duration under study to allocate a minimum of 100
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data points in each time bin. The deviation percentage from the
cumulative size distribution as a function of the sample size N
can be estimated as 127.32- N~%4%2 [11], which corresponds to
amaximum deviation of 13% in our study.

Spray Flux Calculations
Number, mass and kinetic energy fluxes of cryogen sprays
are estimated from PDPA measurementsfollowing [3]:

13 g

= — _— iy 4
PRI @
where
1 for the number flux,
¢ = 2D} for the mass flux, (5)
D3v? for the kinetic energy flux.

T is the measurement time, Ny is the number of validated sig-
nals, m is a correction factor, Ay is the reference area of the de-
tection volume, D is the diameter of the ith drop, v is the parti-
cle trgjectory angle, &, is the unit vector in the direction of the
drop motion, p is the density, and V the drop velocity. n ac-
counts for count errors due to multiple particles scattering or for
non-validation of particles, it is a function of the relative signa
presence (in the measured volume) of validated and nonvalidated
signals. We use the coincident mode of our PDPA system to de-
fine validated signals; within this operational mode, a diameter
measurement corresponds to a simultaneous velocity measure-
ment. With the coincident mode off, every signal correspondsto
a velocity measurement but not necessarily to a diameter mea-
surement. In addition to D and v, Ay is also a function of V,
burst duration and hardware parameters (such as the width of the
projected dlit and the receiver off-axis angle). Details about the
computation of n and A, are not repeated in this paper. Instead,
the reader isreferred to [3].

RESULTS AND ANALYSIS

Droplet velocity V and diameter D and surface tempera-
ture T are measured simultaneously. Spray system and ther-
mal sensors are placed inside of a chamber in order to maintain
a reduced, constant humidity level (16-18%), which otherwise
varies significantly during the day and is known to affect the effi-
ciency of the heat extraction from the skin[12,13]. The chamber,
describedin [14], is made out of transparent acrylic wallsthat are
perpendicular to the PDPA transmitter (laser beams) and receiver
(photodetectors).
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Figure 1. (a) Experimental surface temperature (left scale) and esti-
mated surface heat flux q (right scale). (b) Skin and phantom temper-
ature response, Ts and Tp, to ¢, and mapped temperature T‘; matching
skin response.

An Epoxy Substrate as a Human Skin Phantom

Figure 1(a) shows the experimental surface temperature Te
(left scale) during CSC of the skin phantom with a 50 ms spurt.
The corresponding surface heat flux q (right scale) is shown in
the same figure. This heat flux is next used as the boundary con-
dition for comparing the thermal response between human skin
and skin phantom. Figure 1(b) shows numerical surface temper-
atures of the skin Ts and phantom Ty, . The largest temperature
dropsin skin and phantom (ATs and AT,) are 32 and 66 °C, re-
spectively; temperature drops are 92% and 86% of ATs and AT),
respectively, at t = 20 ms; lowest surface temperatures, -12.4
and -46.2 °C, occur at t ~ 59 and 57 ms, respectively. Although
the dynamic responses of phantom and skin to the same time-
dependent heat flux are qualitatively similar, Tp is significantly
lower than Ts. Thisis not surprising at all since the density—
and mass for the same volume—and ability to conduct thermal
energy of these materials are comparable; however, more heat
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is needed to change the temperature of the skin than that of the
epoxy, Table 1.

It is possible to introduce a simple transformation to map Ty
to Ts asfollows:

To(t) = To+&(Tp(t) — To), (6)
where Ty istheinitial temperature of the phantom and

CE
= ™

The transformation is based on the analytical solution for con-
stant surface heat flux evaluated at the surface [9]. Mapping of
the epoxy surface temperature response to that of skin, T/, is
shownin Fig. 1(b), Ty = Ts.

Our results show that assuming that the heat transferred from
an epoxy skin phantom during CSC is the same asthat from skin,
ATs is approximately 50% of ATp. But the problem is far more
complex, g is afunction of the substrate thermal properties and
the spray thermodynamics, such as, phase (liquid, vapor) and
temperatures among others. Dynamics of q during CSC of hu-
man skin may be similar to those reported in this study; however,
g might be quantitative smaller and, subsequently, Ts may drop
even less than what is shown in Fig. 1(b).

Fluid and Heat Transfer Dynamics during CSC

Spray Fluid Dynamics. The count of coincident and
noncoincident measurements in each 1 ms bin for 10, 30 and
50 ms spurtsis shown in Fig. 2. Except for the last two binsin
each figure (which are excluded from computations), there are
more than 100 samples per bin. The difference between non-
coincident and coincident measurements counts represents the
number of nonvalidated particle size measurements, which in
our PDPA system correspond to mismatches between two inde-
pendent phase shift (particle size) measurements; hence, thereis
only a velocity measurement. This situation may arise, for ex-
ample, when there are two or more drops in the probe volume
simultaneously.

Droplet mean velocity V and diameter D as a function of
time during 10, 30 and 50 ms spurts are shown in Fig. 3. The
times at which steady states begin, to, and end, t¢, are represented
by vertical dashed lines. Cryogen droplets take =~ 4 msto reach
the skin phantom surface from the time at which the valveis en-
ergized. Independent measurements of laser light transmittance
a the nozzle exit (not included) show that this initial delay is
mainly dueto thevalve's opening mechanics. Furthermore, if the
initial dropletsV > 50 ms, their in-flight time from the nozzle to
the phantom surface is < 0.07 ms which is only asmall fraction
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Figure 2. Count of coincident and noncoincident measurements in 1 ms
time bins during spurt duration.

of thetotal delay. For each spurt, theinitial and final spray tran-
sients respectively last =~ 4 and 10 ms; these are the times that
the valve takes to fully open and close, respectively. Figure 3(a)
shows that during the initial transient, t = 4-8 ms, V increases
reaching a maximum of 55 m/s, then decreases to reach steady
state value V = 48 m/s. During the final transient, V increases
monotonically beyond itsinitial transient maximum value. Final
transients begin 8 ms after the period in which the valve is en-
ergized (i.e., nominal spurt duration) ends—these times are also
the end of the steady state, vertical dashed lines t; in the figures.
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(b) Dynamics of droplet diameter

Figure 3. Cryogen droplet mean velocity and diameter as a function of
time during 10, 30 and 50 ms cryogen spurts. Vertical dashed lines rep-
resent the beginning and end, tp and ts, of the spray steady state.

Figure 3(b) shows that during the transient states, D decreases
and increases when V increases and decreases, respectively; that
is, small dropletstravel faster than larger droplets and vice versa.
D=6pum.

Surface Heat Transfer Dynamics. The skin phantom
mean surface temperature T and heat flux q as afunction of time
during 10, 30 and 50 ms spurts are shown in Fig. 4. Vertica
dashed lines represent the spray t, and ty, which are included
to facilitate the transient-state correlation between spray charac-
teristics and phantom cooling. As in the spray fluid dynamics,
initial and final temperature transients can be identified in Fig.
4(Q): initially, T decreases abruptly during the first 6 ms (t = 4—
10 ms), continues decreasing at a lower rate during the next 10
ms (t = 10-20 ms), and, finally, reaches steady state T = —33
°C, which is also the lowest surface temperature T;; during the
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(b) Dynamics of surface heat flux

Figure 4. Skin phantom mean surface temperature and heat flux as a
function of time during 10, 30 and 50 ms spurts. Vertical dashed lines
represent the beginning and end, to and ¢, of the spray steady state.

fina transient, T slowly increases to reach room temperature.
Figure 4(b) showsthat q is highly dynamic: g increases abruptly
reaching amaximum 5 ms after the dropletsarrive to the surface;
subsequently, q decreases at different rates from high to low—as
evidenced by slope changes in the curves. The highest heat flux
gh = 591 (t = 8.1 ms), 611 (7.8 ms) and 636 kW/m? (7.5 ms)
for 10, 30 and 50 ms spurt durations, respectively. Figures 4(a)
and (b) also show that increasing the spurt duration, increasesthe
timefor which the surfaceremainsat T, (or T), and decreasesthe
rate of change of q that increases T back to room temperature.
This in agreement with previously reported results in [15, 16],
except that Ty was reported to depend on the spurt duration. In
the present study Ty = —33 °C for each spurt duration, Fig. 4(a).
This discrepancy may be due to differences in thermal sensors,
spray system and experimental conditions (such as humidity lev-
els) between the cited and present study.
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Spray and Skin Phantom Fluid-Thermal Interactions

It is during the initial spray transient when small and fast
droplets wet the phantom surface and the largest temperature
drops and highest heat flux occur because the temperature dif-
ference between the cryogenic liquid and warm substrate is the
largest. If T is lower than the boiling temperature of cryogen
Ty, it is reasonable to assume that there is liquid cryogen on the
surface. It follows that during most of the spray steady state the
surface is wet with a pool of liquid since T < Tp. For the 30
and 50 ms spurts, once there are no more incoming droplets T
departs from T (t ~ 50 and 65 ms). For the 10 ms spurt, this
departure occurs during the spray final transient state; a shorter
spray duration implies less accumulation of liquid cryogen dur-
ing the spray steady state, and, consequently, a surface—with a
thinner pool—more sensitive to small changes.

During thefinal transient, droplets are smaller and faster but
do not enhance the surface heat transfer at al. During this tran-
sient, there is an increase in the number flux followed by a de-
crease, Fig. 5 (a)—(c), while the mass flux, Figs. 5 (d)—f), and
kinetic energy flux, Figs. 5 (g)—(i), only decrease. Therefore,
during the final transient, droplets have less energy to pierce or
stir the liquid pool enhancing the heat transfer, and may end up
accumulating on top, which is not significant either due to low
mass flux. Furthermore, even if these droplets impinged on a
surface free of cryogen, the temperature difference between lig-
uid and substrate would be small resulting in small heat fluxes.

CONCLUSIONS

Numerical modeling of epoxy and human skin show that,
subject to the same heat flux, their thermal response is qualita-
tively similar but the total temperature drop in skin is about 50%
less than in the epoxy. A simple transformation can be used to
map the temperature response of the epoxy to that of skin. Exper-
imental measurements of droplet velocity and diameter and skin
phantom surface temperature, show that during the initial spray
transient, fast and small droplets (respect to steady state values)
induce large temperature drops and the highest heat flux since
the temperature difference between cryogen and skin phantom
is the largest; during the spray steady state, surface temperature
remains at its lowest value; during the fina transient, droplets
are fast and small again, although in this period their impact on
the surface heat transfer is negligible due to decreasing mass and
kinetic energy fluxes and, especialy, reduced temperature differ-
ences between cryogen and skin phantom.
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