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Abstract. Cryogen spray cooling (CSC) protects the epidermal layer during dermatologic laser surgery (DLS) of superficia
vascular lesions. Because of spray characteristicsthe protection provided radially isrelatively uniform only by the spray axis. The
present work explores mass-deposition passive-control during CSC in order to increase the radial homogeneity of heat extraction.
A stainless steel mesh is placed 5 and 10 mm away from the nozzle tip of the spray system, and a fast-response thermal sensor
is used to measure temperatures across the radius of the sprayed surface of a human skin phantom. Surface measurements along
with an analytical expression are used to compute heat fluxes. Lower temperatures and higher heat fluxes are obtained without
the mesh. Consequently, the mesh quantitatively reduces cooling. However, radia distributions of temperature and heat flux
show that more uniform heat transfer in time and space takes place using the mesh. Evolution of temperaturesin time and space
shows that the mesh introduces a thermal delay, which may be used to compensate for the reduction in cooling. Therefore,
passive mass-deposition during CSC through awire mesh effectively allows to establish a more uniform temporal and radial heat

transfer.

1 Introduction

Superficia vascular lesions, such as hemangiomas and
port wine stain (PWS) birthmarks, are congenital and pro-
gressive vascular maformations of the dermis. To remove
them, laser energy is irradiated at appropriate wavelengths
inducing permanent thermal damage to abnormal blood ves-
sels. However, laser energy is also absorbed by epidermal
melanin causing localized heating therein, and, if not con-
trolled, complications such as hypertrophic scarring and skin
dyspigmentation may occur. To prevent damage, epidermal
protection is provided by means of cryogen spray cooling
(CSC), which is a spatially selective heat transfer technique
that spurts liquid cryogen onto the skin surface. Epidermal
temperature decreases upon evaporation of liquid cryogen.
Consequently, the laser fluence threshold for epidermal dam-
age increases alowing the safe use of higher dosages [1].
Although CSC has been used for years and dramatically
improved the therapeutic outcome of vascular lesions laser
surgery, there are still many clinical, optical and heat and
mass transfer limitationsin current procedures. For instance,
theinability of CSC to provide uniform-radial epidermal pro-
tection.

Heat removal from skin during CSC is a function
of many fundamental spray parameters—such as average
droplet diameter and velocity, mass flow rate, temperature
and spray density among others[2, 3|—that vary in time and
space within the spray cone. Therefore, heat extraction from
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skin during CSC-assisted dermatologic laser surgery (DLS)
is non uniform [4,5]. Uniform heat extraction for epider-
mal protection within the sprayed area is highly desirable.
In previous studies we have experimentally addressed the ra-
dia and temporal evolution of heat transfer during CSC, and
found that cooling is uniform radially within 2 mm of an 8
mm radius of the sprayed surface of a skin phantom [6]. In
further studies, these measurements were used as boundary
conditions of a mathematical model of CSC-DLS for PWS
therapy to study effects of radial variationsin cooling on epi-
dermal protection; it was found that, at the end of a 60 ms
spurt there are large temperature differences along the radial
and depth coordinates within the epidermis, such that a 0.45
mslaser pulseat 585 nm and 5 Jcm? caused irreversible dam-
agetherein. A 60 msdelay between end of spurt and laser on-
set was successfully introduced to allow for a more homoge-
neous temperature distribution and, consequently, overcome
skin damage in this particular procedure [7]. In order to en-
hance epidermal protection, our research group has carried
out several investigations, such as control of cryogen deposi-
tion, for which results showed that wire meshes—placed in
between the spray nozzle and cooling surface—reduce heat
extraction efficiency and prolong cooling duration in the cen-
ter of the sprayed surface[8].

2 Objective

The aim of the present work is to investigate temporal
and radial variations in surface cooling of a skin phantom
during mass-deposition passive-control of CSC, specificaly,
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Fig. 1. Experimental set up.

through the use of awire mesh.

3 Experimental and Numerical Methods
Temporal and radial profiles of surface temperature are
experimentally obtained with and without wire mesh. Ex-
perimental data along with an analytical solution—based on
Fourier's law of heat conduction and Duhamel’s theorem
of superposition—are used to calculate surface heat fluxes.
Next, surface heat transfer with and without mass-deposition
control is compared to assess relative merits and disadvan-
tages of each case. Finally, a discussion about the implica-
tions of using wire meshesin CSC-assisted DL Sis presented.

3.1 Cryogen spray system

Liquid cryogen R-134a, with aboiling temperature at at-
mospheric pressure of Ty =~ —26 °C, is delivered to a fuel
injector attached to a straight-tube nozzle with inner diame-
ter d = 1.4 mm and length | = 55.6 mm. The spray systemis
electronically controlled and set to deliver 60 ms single cryo-
gen spurts. The nozzle is positioned 40 mm away from the
human skin phantom.

3.2 Massdeposition control

To control the deposition of liquid cryogen, a stainless
steel wire mesh of size 400 (9231744 McMaster-Carr, Los
Angeles CA) is placed among the sensor surface and nozzle
tip a 5 and 10 mm from the nozzle tip. A scheme of the
experimental set upisshowninFig. 1. The meshisalowed
to dry before each spurt in order to avoid water condensation
and freezing on the mesh.

3.3 Skin model and thermal sensor

A fast-response thermal sensor—similar to that proposed
by Aguilar et a. [11]—is placed on top of a Plexiglas sub-
strate.  The sensor is schematicaly shown in Fig. 2. A
miniature type-K thermocouple is placed on top of a6 mm
thick polymethyl methacrylate (Plexiglas®) bar, and a 0.5
mm thick cellulose tape (Scotch tape®) is placed next to the
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Fig. 2. Fast-response temperature sensor.

Tablel. Thermal properties of epidermis [9] and sensor components [10].

c[¥kgK]  plkg/m3] k[W/mK]
epidermis 3600 1200 0.21
Plexiglas® 1300-1500 1150-1190  0.19-0.24
Al foil 896 2710 205
Scotch tape® 1400 1280 0.22

thermocouple bead to fill the gap between aluminum and hu-
man skin phantom. According to the manufacturer, the time
constant of the thermocouple bead is ~ 2 ms. A piece of
aluminum foil (15 x 10 mm surface and L = 0.2 mm thick-
ness) covers the sensor, and therma paste around the ther-
mocouple bead is used to ensure good thermal contact. This
temperature sensor provides a substrate with thermal proper-
ties similar to human skin such that their thermal responses
are comparable. Thermal properties of epidermis and sensor
components are shown in Table 1.

The temperature of the thermal sensor at room condi-
tionsis~ 21 °C. Initialy, the thermocouple bead is placed at
the center of the spray cone and, subsequently, it is displaced
using a BiSlide® positioning system (Velmex Inc., Bloom-
field NY) to measure temperatures every 1 mm from the cen-
ter, r = 0 mm, to the periphery of the sprayed surface, r = 8
mm. Independent runs with fixed parameter values showed
good experimental repeatability. Temperature is acquired
through an A/D converter (instruNet, GW Instruments Inc.,
SommervilleMA) hardware and LabView software (National
Instruments, Austin TX) at 2000 Hz, and noiseis filtered out
by averaging 30 adjacent points.

3.4 Heat transfer computations

Time, depth and length scales in laser therapy assisted
by CSC dlow the heat transfer to be modeled as a one-
dimensional heat diffusion problem with known surface tem-
perature [11,12]. The material thermal diffusivity o is de-
fined as the ratio of thermal conductivity k to density p and
specific heat ¢, i.e, o = k/(pc). For the aluminum foil, the



thermal diffusion time is L?/o ~ 5x 1078 s, and the Biot
number [10], hL/k, for a typical heat transfer coefficient of
spray, h ~ 10000 W/m?K [10],is~ 1 x 1073, SinceBi << 1,
the temperature of the foil is assumed to be spatially uniform
in the vicinity of the thermocouple bead. If the surface tem-
perature is known, a direct heat conduction problem for the
temperature distribution within the substrate may be solved
to determine the temperature gradient at the surface and, sub-
sequently, the surface heat flux from Fourier's law. Alterna-
tively, Duhamel’s theorem can be used to evaluate the tem-
perature gradient at the surface if thermal properties remain
constant. Both methods provide nearly identical solutions,
however, the latter is used herein since it is easier to imple-
ment numerically.

Duhamel’s theorem is based on the principle of superpo-
sition and states that the substrate thermal responseat t equals
the total sum of what the substrate experienced in small steps
prior tot [13-15]. For constant thermal properties, the tem-
perature form of Duhamel’stheoremis

t T
8(zt) = eo+/ uzt -1 3 ar, )
to dt

where 6 is the substrate temperature, 0, is the uniform ini-
tial temperature, u is the temperature response function of
the substrate (initially at zero temperature) to a unit step in
surface temperature, z is the coordinate perpendicular to the
surface, t — 1 is the time that has elapsed since the step at
T, and T is the surface temperature [13, 16]. Using Eqg. 1,
Fourier's law [10], for a continuous surface temperature in
time, can be written as
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where partial derivatives are evaluated at the surface (z= 0).
The unit step function for a semi-infinite planar solid is

u(zt)=1- erf(z\/_> 4
then
ou/dz= —1/+/mot, (5)

[14,15]. Substituting Eqg. 5 in 3 the surface heat flux can be

written as
/kp 1 dT
6
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Assuming that the surface temperature is measured at dis-
cretetimest; and that the surface temperature varies linearly
in time between successive times, Eq. 6 can be integrated
analytically to obtain

G = \/7§I:<t.—t1l—l 11) (Vi —tica—vh—t), (7)
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+ Vi =tz
where § is the approximate surface heat flux for a semi-
infinite planar body. A more detailed discussion about this
approximation can be found in references [6, 15]. For sim-
plicity, § iswritten as g in the following sections.

©)

4 Resultsand Discussion

In this section, surface temperature T represents the av-
erage value of two independent measurements, and surface
heat flux g are computed using T. As shown in [6], the cryo-
gen spray is very stable, thus, the experiment repeatability is
also very good.

4.1 Temporal evolution of heat transfer

Dynamics of T without and with mesh are shownin Fig.
3. The arrow in each subfigure indicates the correspondence
between measurements and radial location, that is, the bot-
tom curve correspondsto T at r = 0 mm while the top one to
T atr =8mm. Att =0 ms, every locationisat 21 °C (room
temperature), and, as the spray reaches the surface, each lo-
cation experiences a different cooling rate because of radial
variations in the spray characteristics, such as particle size
and vel ocity of the impinging cryogen droplets. Note that the
differencein surfacetemperature betweenr = 0and 8 mmin-
creases during heat extraction, and, subsequently, decreases
as the skin phantom goes back to thermal equilibrium. With-
out mesh, Fig. 3(a), att ~ 100 ms, temperature values at each
location are similar except for the three outermost (which cor-
respond tor = 6, 7 and 8 mm,; i.e., the three curves on top).
Similarly, with the mesh at 5mm and 10 mm, Figs. 3(b) and
(c), at t =~ 200 and 250 ms respectively, temperature values
at each location are similar except for the same three outer-
most locations. Note also that the period of time with similar
temperaturesis larger with the mesh at 10 mm than without
it. Thisillustrates that the wire mesh certainly has an effect
on the temporal and radia distributions of the spray. With-
out mesh, Fig 3(a), the overall minimum surface temperature
Tirin &= —40 °C (68 ms) occurs by the center of the sprayed
surface, which coincides with the center of the spray. With
the mesh, Tmin &= —32 (72 ms) and -30 °C (71 ms) for 5 and
10 mm, respectively. It followsthat the mesh limits reduction
of temperatures by the center of the spray.

Dynamics of q without and with mesh are shown in Fig.
4. The arrow in each subfigure indicates the correspondence
between computations and radial location, that is, the top
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Fig. 3. Temporal evolution of surface temperature.

curve corresponds to g a r = 0 mm while the bottom one
togatr =8 mm. Att = 0 ms, the skin phantomis in ther-
mal equilibrium, and, as the spray reaches the surface, a heat
flux between the skin phantom and surroundings occurs. Be-
cause of the difference in cooling rates between radial loca-
tions, the greatest g occurs by the center of the sprayed area
without and with mesh. Without mesh, Fig. 4(a), the dif-
ference in maximum heat flux, gmax, between the center and
perimeter of the sprayed surface is 80 kw/m?, and the time
of occurrence of qmax Variesfrom onelocation to another: the
farther from the center, the later gmax Occurs. With the mesh
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Fig. 4. Temporal evolution of surface heat flux.

at 5 and 10 mm, Figs. 4(b) and 4(c), the difference in qmax
between center and perimeter is 142 and 148 kW/m?, respec-
tively. The overal gqmax occurs without mesh for which the
heat extraction is over at 300 ms, whereas with the mesh the
heat extraction goes on beyond 500 ms. Therefore, the mesh
reduces quantitatevely the surface heat extractionin every lo-
cation but extendsit in time.
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Fig. 5. Radia evolution of surface temperature.

4.2 Radial evolution of heat transfer

T as afunction of r for specific times without and with
mesh isshownin Fig. 5. Curves are drawn every 10 ms from
t = 0 (top curve) to 60 ms (bottom curve). The bottom curve
in each subfigure corresponds to the end of the spurt, at this
timeT isuniformradialy in Fig. 5(a) withina4 mmradius—
where the difference in temperatures among the center and
other locations is less than 5 °C—and in Figs. 5(b) and (c)
within a 3 mm radius. Radia distributions of T every 50
ms from t = 200 to 400 ms are shown in Fig. 6. In Fig.
6(a), curves at the bottom and top correspond to 200 and 400
ms, respectively; that is, the heat extraction processis ending
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Fig. 6. Radial evolution of surface temperature.

and the skin phantom is going back to thermal equilibrium
with the surroundings. Note that in Figs. 6(b) and (c) more
uniform temporal and radial distributions are induced by the
mesh. Indeed T is uniform radially in the 10 mm case, Fig.
5(a), within a5 mm radius.

Radial profiles of q for specific times without and with
mesh are shown in Fig. 7. Curves are drawn in 2 ms in-
tervals from O (bottom curve) to 20 ms (top curve) in Figs.
7(a) and 7(b), and from 0 to 26 msin Fig. 7(c). These are
the approximate times when each qmax occurs. In each case
Omax Occurs early in time—before the spurt is over. g is more
homogeneous radially when the mesh isat 10 mm.
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Fig. 7. Radial evolution of surface heat flux.

4.3 Temporal and radial evolution of heat transfer
Isotherms in time and space without and with mesh are
shown in Fig. 8. The more uniform T is radially, the more
straight the isotherm is. By comparing i sotherms among sub-
figures it can be observed that the largest radius of uniform
T is~ 6 mm at t ~ 100 ms without mesh, Fig. 8(a). Con-
sidering the area enclosed by the isotherm at 20 °C in the 5
mm case, Fig. 8(b), thereis aregion of uniform temperature
starting at &~ 150 mswith a5 mm radius and ending at = 450
ms with a 3 mm radius—see also Fig. 3(c). A similar ob-
servation can be made in the 10 mm case, Fig. 8(b), where
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Fig. 8. Temporal and radial evolution of surface temperature.

the region of uniform temperature starts at ~ 150 ms with a
5 mm radius and ends at =~ 450 ms with a4 mm radius; the
20 °C isothermin thisfigure is somehow mideading because
the temperature is oscillating at this value but the same ob-
servation can be madein Fig. 3(b).

4.4 Discussion

Dynamicsof surfacetemperature T and heat flux g, Figs.
3 and 4, show that lower minimum temperature Tin and
higher maximum heat flux gmax are obtained overall by the



center of the spray without a mesh. A previous study that
measured temperatures only at the center of the spray re-
ported the same observation [8]. Radia profiles of T and
g, Figs. 6 and 7, show that the wire mesh at 5 and 10 mm
effectively produces more radial-uniform heat transfer.

Using thewire mesh at 10 mm from the nozzletip—with
the spray system described herein—during cryogen spray
cooling (CSC) would result in a quantitative reduction of sur-
face cooling but a more uniform cooling in time and space,
respect to CSC without mesh. As a result, less deep but
more uniform epidermal protection would be supplied with
the mesh, provided the cooling time periods are the same.
The reduction in cooling may be due to aloss in momentum
and gain in temperature of cryogen droplets going through
the mesh: several dropletsimpact the mesh changing the av-
erage velocity field and, because the mesh is at room temper-
ature, increasing the temperature of the spray. Droplets also
break and collisions may increase at the mesh. Consequently,
the average diameter distribution is also affected. Temporal
and radial evolutions of the temperature field, Fig. 8(a)—(c),
show that the mesh introduces athermal delay since the same
isotherms develop at different times. Certainly, there are
some limit values that will never be reached with the mesh.
Nevertheless, a time delay between the end of the spurt and
the onset of laser irradiation may be used to compensate for
the quantitative reduction in cooling. Figures 6(a)—(c) illus-
trate which temperatures at the center of the sprayed surface
can be reached by introducing a delay when using the mesh.
As reported in similar studies, the time delay between CSC
and laser irradiation is fundamental for maximizing epider-
mal protection [5].

5 Conclusions

Mass-deposition control during CSC through wire
meshes effectively allows to homogenize radial heat transfer,
and, by appropriate readjustment of the time lapse between
spurt termination and laser irradiation onset, to increase the
homogeneity in heat extraction. Mass-deposition control am-
plifiesthe time period and radius of uniform cooling reducing
therisk of epidermal damage at the laser beam periphery dur-
ing the treatment of patients.
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