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Measurement of Heat Flux and Heat Transfer
Coefficient During Continuous Cryogen Spray
Cooling for Laser Dermatologic Surgery

Guillermo Aguilar, Wim Verkruysse, Boris Majaron, Lars O. Svaasand, Enrique J. Lavernia, and J. Stuart Nelson

Abstract—Cryogen spray cooling (CSC) has been used for I. INTRODUCTION
selective epidermal cooling of human skin during laser therapy
of patients with port wine stain (PWS) birthmarks. Unfortu-
nately, current commercial CSC devices do not provide optimal URING laser treatment of skin lesions, such as port wine
cooling selectivity and, therefore, provide insufficient epidermal stain (PWS) birthmarks, two competing absorbers of light
protection for some PWS patients. To assist in the development of 5 ye igentified: melanin, mostly located within the epidermis,

i izi I i liabl h i . .
;?:g rgvseg ﬂg{l 'ﬁ:jl)? igoﬁzgdzzél%c: ’iﬁtiﬁé%ké: ??033 t%g#]%rglfé and hemoglobin, located in the targeted blood vessels. Unfortu-

determine the heat flux (g,) and heat transfer coefficient ) atthe nately, the absorption of energy by melanin not only reduces the
surface of a sprayed object, based on measurements of steady-stat@mount of energy that can be delivered to and absorbed by the
temperature gradients along a thin copper rod during continuous  PWS blood vessels, but it also causes heating of the epidermis,

cryogen spraying. For an atomizing nozzle of inner diameter PRI ; ; ; _
dy = 0.7 mm, we found thatq, varies from 15 to 130 W/cn? which, if not controlled, may lead to blistering, scarring, or dys

and h increases nonlinearly from 15000 to 35000 W/@K in _pigmentatiop [_1]' The latter _poses an upper limit .on t_he_ mf’:\X-
the explored range of surface temperatures T., from —32 to imum permissible laser radiant exposure—a major limitation
—7°C). Values of g, obtained with a wider diameter nozzle for the treatment of patients with darker skin types. Applying
(dny = 1.4mm) are approximately twice as large than those of g cryogen spurt to the skin for an appropriately short period
the narrow nozzle. The corresponding values ok are significantly of time (10-100 ms), allows selective epidermal cooling prior

higher (32 000-40 000 W/rA-K) and almost independent of T, .
within the same temperature range. When combined with fast to laser exposure, while the temperature of the deeper targeted

f|ash|amp photography (FFLP) of spray shapes and Sprayed structures, PWS VeSSGlS, remains relatiVEly unaffected [2]—[4]
surfaces, the results demonstrate that the liquid cryogen layer, as Such cooling allows high-energy laser pulses to cause thermal
deposited by finely atomized sprays from narrower nozzles, can damage to the PWS while protecting the epidermis. Inevitably,
significantly impair g.. In contrast, the higher-momentum impact however, thermal diffusion induces some cooling of the PWS

of coarser sprays from wider nozzles reduces the thickness of the Is. d di t durati t ¢ d
liquid layer in the impact area and/or enhances convection within VESSEls, depending on spurt duration, Spray temperature an

it, yielding a larger q.. quality of the thermal contact between the cryogen and skin.
Index Terms—Cryogen spurt, nozzles, port wine stain, skin Introduction of cryogen spray cooling (CSC) technology has
cooling. enabled safe use of high-energy laser pulses, improving ther-

apeutic outcome of PWS [1], [3], [5], telangiectasias, heman-
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The second group of studies focuses on the mechanisms TABLE |
of cryogen-surface interaction and measurements of the heat ~ -ENGTHS (/) AND INNER DIAMETERS (dv) OF THE FOUR
.. . STRAIGHT-TUBE NOZZLES
transfer coefficientsk) at the cryogen-surface interface. Torres

et al. [13] used a block of epoxy with micro-thermocouples Nozzle iy(mm)  dy(mm)
embedded at various depths, including one on the surface. From

thermocouple measurements during a 100-ms cryogen spurt, Short narrow (SN) Y 0.7
they have determined a cryogen temperaturg .o —44°C .

and an average = 2400 W/nT - K. A recent attempt to use the Short wide (SW) 32 14
same experimental approach in our group with a straight-tube Long narrow (LN) 64 0.7
nozzle ¢ = 1.4 mm) resulted in a markedly high&rvalue .

of ~ 10000W/m?K at 7, = —49°C [14]. However, a stability Long wide (LW) 64 14

analysis suggested a very large uncertainty interval for that
value of (20 000/ —4000 W/nt - K) and+1°C for T, [14].
The large uncertainty i is a manifestation of the instability, sprays—unlike the epoxy-block method. This is a very impor-
related to the well-known inherent ill-posedness of inverse hdant aspect because temperature variations higher tha@ 10
diffusion problems. The marked skewedness of the uncertaifgve been measured over lateral distances less than 3 mm (90
interval points to a strong nonlinear relationship between tign below the surface of a cooled epoxy block) [14]. Finally,
heat flux @,) and the thermocouple response time [15]. Fdhe proposed measurements can be performed at different fixed
large values of:, the thermal resistance of the cryogen laydarget surface temperaturds ), which provide new insight into
becomes too low compared to that of epoxy and, consequentiie mechanisms of heat transfer across the surface-cryogen in-
the epoxy’s thermal diffusivity becomes the physical limitatioterface during CSC.
for the amount of heat that can be extracted per unit time, The basic elements of the metal-rod method and preliminary
causing the method to become insensitive to variatiorts in ~ data have been presented earlier [14]. In this work, this method
Besides this inherent limitation of the epoxy-block methods utilized to investigate systematically CSC with straight-tube
there are other effects that contribute to the inaccuracy of m@éemizing nozzles of different dimensions. The results fully
surements, or introduce unknown systematic errors to the meamply with an earlier presented hypothesis [14] stating
sured data [14], [16]. Such effects include inaccurate positionitfgat a thin layer of liquid cryogen, which is often formed on
and large size of the thermocouple beads relative to their dibe sprayed surface during CSC [18], [19], may present a
tance from the cooled surface—a large source of systematicleasrier to heat extraction from skin due to its relatively low
rors considering the steep temperature gradients involved; ihermal conductivity. Our results also demonstrate directly that
accurate estimation of the response time of the thermocouptErser sprays, as produced by straight-tube nozzles having
beads; inaccurate determination of epoxy’s thermal propertigs; = 1.4 mm can provide up to two times higher cooling
which we found to be strongly temperature dependent; heates as compared to finely atomized sprays of nozzles having
flux along the thermocouple wires, which may severely affedtv = 0.5-0.7 mm. This further emphasizes the importance of
the measurement and/or perturb the temperature field evaipray droplet momentum in CSC, which is in good agreement
tion in the epoxy; and a long cryogen spray development tinméth the hypothesis put forward by Verkruysseal. [14], as
(20-30 ms) [10], during which the heat flux is not constant [17jvell as with recent systematic measurements of cryogen spray
In view of this, while the epoxy-block method may be a usefydroperties ande as a function of distance from the atomizing
instrument to study the temperature field evolution in humarpzzle [18].
skin, the related quantitative determinatiomdbcks the accu-
racy and reproducibility required to monitor changes in cooling II. METHODS
dynamics induced by variations in nozzle geometry or other )
spraying conditions. A. Cryogen Delivery and Nozzles
To this end, we have developed an alternative measurementhe cryogen utilized in the present study is the same as that
method, which enables reproducible and much more accurased in previous studies and current clinical devices (1,1,1,2
determination ofy, andh during continuous CSC. The maintetrafluoroethane, also known as R134a, with boiling temper-
difference from the previously discussed method is that terature7;, ~ —26°C at atmospheric pressure.) Cryogen is kept
perature is measured in a metal substrate, rather than epdxya container at saturation pressure (approximately 6.6 bar at
The significantly higher metal thermal conductivity and diffu25°C) and delivered through a standard high-pressure hose to
sivity ensure much lower temperature gradients and faster as-electronically controlled fuel injector, to which various at-
tablishment of steady-state conditions when these gradients oamzing nozzles were attached.
be reliably determined. In addition, the thermal properties of Four straight-tube nozzles made of stainless steel of two dif-
pure metals are known with high accuracy and vary only maerent lengthsi(y) and two different inner diameterg ) were
ginally within the temperature interval being studied. Furtheconstructed. The tubes were soldered to custom-made copper
more, shaping the detecting element as a thin rod ensures thecaaplings, which in turn fitted tightly around the fuel injector.
lidity of a one-dimensional (1-D) approximation, which is used@able | shows the dimensions and acronyms of the four noz-
in the forthcoming analysis. It should be noted that this feales used in this study. The dimensions of the SN nozzle were
ture also enables characterization of laterally inhomogenedased on the geometry of a commercial cryogen spray device
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(DCD for ScleroPlus, by Candela, Wayland, M4; =~ 25 mm,
dx =~ 0.75 mm); the others were scaled by a factor of two with

respect to the SN. cryogen
spray
B. Fast Flashlamp Photography (FFLP) nozzle
A progressive-scan CCD camera with a shutter speed p§60
(9700 TMC by Pulnix, Sunnyvale, CA) was used to acquire im- | €poxy
ages of the spray shapes and of the cryogen layer deposited on platform
a black plastic plate 30 ms after application of 20 ms spurts. A
fast flashlamp (FX-1160, EG&G Electronics, Salem, MA) pro- d
vided illumination gating by 5:s-long pulses that “freeze” the
images of flying cryogen droplets. The supporting electronics 5
Imag ying cryog p upporting ! thermocouples” || copper rod

enabled acquisition of image sequences at 30 frames/s with pre-

cisely controlled delays relative to onset of the cryogen spurt.
The spray shape images were taken under identical condi-

tions, with the camera axis perpendicular to the spray axis. The

field of view from a distance of 130 mm was approximately

17 x 14 mm. The flashlamp was positioned in the same hori-

zontal plane and directed toward the nozzle tip at an anglefd. 1. Schematic of the metal-rod experimental setup. The distal end of the

30° with respect to the camera axis. For images of the cryogéﬂg is in contact with an adjustable continuous heat source.

sprayed target, the camera was aimed perpendicular to the target

surface at a distance of 130 mm. The spray was aimed towgjghpped into insulation material to reduce lateral loss of sup-

the block at an angle of 20° with respect to the camera axisplied heat.

The flashlamp was placed on the opposite side of the camerarhis method requires the temperature profile inside the rod to

aimed at the sprayed surface at & 4fgle with respect to the reach steady-state conditions. The time for this to happen may

normal at a distance of 80 mm. be estimated by the heat diffusion time for the whole rog:
22 1/ acu = 90s, whereac,, is the copper thermal diffusivity
C. Cryogen Spray Temperature (ew = 1.12x 10~* m?/s). Therefore, to ensure steady-state

conditions, all temperature measurements were taken at least

Cryogen spray temperature was measured by inserti : . .
a type-K thermocouple with a bead diameter of 300 ?f\?v:rafter onset of spraying or any change in the supplied heat

(5SC-TT-E-36 by Omega, Stamford, CT) into the center S Only one equation was required for the analysis, the convec-

the spray cone at ap_prpxmately 50 mm from the nozzle tIff\'/e (also called radiative, or Robin) boundary condition [20] at
Also, an array consisting of eight identical thermocouple,[ﬁe sprayed end of the copper rod is

was built to determine lateral variations of spray temperature.

Beads were mounted into small indentations along the edge

of a thin plastic foil & 150 um thi_ck) at uniform distance.s. K <d_T> =h(T,-T,). 1)
of approximately 3 mm and the foil was supported by a rigid dz ) . _o+

frame. Thermocouple readings were acquired and converted to ] o

temperature data using an A/D converter board and dedicafé@f®: ~cu is the thermal conductivity of copperg.. = 397

. ) ; — — oh)i
software (instruNet, Omega Engineering, Stamford, CT). W/MK), T, = T(z = 07) is the rod surface temperature
and7., is the average temperature of the cryogen layer on the

sprayed surface. This relationship equates the heat flux con-
ducted through the copper rod with the rate of convective and
The experimental apparatus consisted of a copper rod (allyaporative heat extraction by the cryogen spray, expressed by
110), with a diameterd,.q = 6.35 mm (1/4-in) and length, h.
zrod = 100 mm. The end of the rod was sprayed with cryogen In these experiments, the temperature gradient at the sur-
and surrounded by a 12-mm-thick epoxy platform, which prdace, (dT/dz)._q+ and surface temperature of the copper
vided a flat target surface to prevent dripping of liquid cryogerod, 7,, were determined by extrapolation of best fit through
onto the copper rod (Fig. 1). Concurrently, a constant but afiermocouple measurements acquired simultaneously along
justable heat source was applied to the opposite end of the ribeé length of the rod. Evidently, heat flux across the end
The heat source consisted of either a constant flux of hot auirface of the copper rodz{) is then easily calculated as
from a hair dryer (low heat fluxes), or a pair of soldering irong; = xcy, (dT/dz).—qo+.
(higher heat fluxes) brought into thermal contact with the copperA series of measurements was performed while varying
rod at varying distances from the sprayed end. Four type-K tharhich can be achieved by adjusting the heat source power, or
mocouples with a bead diameter of 300 ;m were attached by changing the effective length of the copper rod (i.e., distance
to the side of the copper rod at known distances varying frobetween the heat source and the sprayed end). To provide ad-
z = 20-9 mm from the sprayed surface (Fig. 1). The rod waktional insight into the involved heat transfer mechanisms, the

D. Heat Flux @) and Heat Transfer Coefficienk}
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Fig. 2. FFLP images of cryogenic sprays from four straight-tube nozzles (see Table | for nozzle dimensions). The field of view is approximately 17 mm.

Thay i il
Crymgen

Inver

Fig. 3. Images of a sprayed black surface, taken 30 ms after the end of a 20 ms spurt from the (a) LN and (b) LW nozzles. Cryogen was sprayed from the left
side at an angle of about 2@vith respect to the normal to the surface. The area sprayed with the LN nozzle (a) is covered by a liquid cryogen layer, whereas with
the LW nozzle (b) the target area is dry.

determined,, were then plotted as a function of corresponding A comparison between Figs. 2 and 3 suggests that
T,. According to (1), if the values of andZ,. were constant fine-droplet sprays produced by thearrow nozzles are
within the range of the surface temperatures involved, the expdeposited more gently in the central zone of the sprayed surface
imental points of the, versusl’, graph should lie on a straightand, therefore, allow the build up of a liquid layer when the
line with a slope equal th, intersecting the temperature axis atlelivered mass flux exceeds the rate of evaporation. In contrast,
T.. the wide nozzles produce coarser sprays, capable of pushing

excess cryogen aside from the impact area, thus causing the

Ill. RESULTS latter to dry quicker after spurt termination.

A. Fast Flashlamp Photography (FFLP) B. Spray Temperature Measurements

Fig. 2 shows images of spray shapes produced by the four_.

nozzles. For the twparrownozzles (SN and LN) a cone-shaped. Fig. 4 presents the lateral variation of spray temperature
and finely atomized spray is evident [Fig. 2(a) and (b)], whi%'e" average spray droplet temperature), as measured with the

for thewidenozzles (SW and LW) the cryogen exits in a jet-lik inear array of eight thermocouples. The array was positioned

fashion [Fig. 2(c) and (d)], resulting in coarser atomization. o mm from the nozzle tip. A commercial atomizing nozzle
[Fig. 2(c) (d)] g CD for ScleroPlus) withd, slightly larger & 0.75 mm)

appears that the influence of nozzle length on spray char&g@ | dfor th H
teristics is minimal when compared to the marked influen% an oumarrow nozzles was used for these measurements. The

of nozzle diameter. For this reason, subsequent measurem fts N Fig. 4_represent the standard deviation computed from
fgﬂa consecutive measurements. All measurements were per-

comparing spray features were carried out using either the
of sf?ort (gN?/erysus SW) ofong (LN versus LW? atomizing pormed after both the spray and thermocouples reached thermal
nozzles steady-state conditions (i.e., more than 120 ms after beginning
Fig. 3(a) and (b) shows images of liquid cryogen depositio(H the spurt). The results indicate that spray temperature is
ractically constant{ —58°C; dashed line) up to 6 mm away

on the flat surface of a black plastic block, with the LN an ) T ) ’
LW nozzles, respectively. Each photograph is taken 30 ms aﬁ?m the spray axis, which is twice the radius of the copper rod
gtector.

the end of a 20 ms spurt. Fig. 3(a) shows an oval-shaped liq
cryogen layer, surrounded by a ring of snow/frost and then a

dry area outside this ring. In contrast, the center of the spraﬁd Heat Flux )

area in Fig. 3(b) is dry, while an extensive cryogen liquid layer Fig. 5(a) and (b) shows steady-state temperatures measured
persists adjacent to the impact site. along the copper rod(z), as a function of distance from the
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Fig. 4. Lateral variation of spray temperature. Measurements were taken
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Fig. 5. Steady-state temperature measurements as a function of distance fro
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Fig.6. (a)Heat flux through the copper rod surfage as a function of surface
temperature?’,, as obtained from linear fits to data in Fig. 5(a) and 5(b). (b)
Effective cryogen layer thicknes®(,;) computed from (2) as a function of
T, for the SN (solid line) and SW (dashed line) nozzles, respectively. This
computation assumes thatin (a) can be accounted for by conduction through
aliquid cryogen layer of thickned3...c, which depends linearly dni;. (c) Heat
transfer coefficient$h), as computed from (3) for the SN (solid line) and SW
(dashed line) nozzles, respectively.

through the four simultaneous thermocouple readings, obtained
using different heat source powers. In the presented examples,
we determined that an attempt to use parabolic fits did not im-
prove the overall accuracy of the procedure. As evident from
(1), higher surface temperatures correspond to larger tempera-
ture gradients, which, in turn, reflect higher heat fluxes through
the rod.

Values forg, obtained by multiplying the above-determined
temperature gradients (ranging from 0.4 to 3.2 K/mm) with
Ko, are presented in Fig. 6(a) as a function of corresponding
surface temperature®, (from —34°C to —7°C). The results
obtained with the SN and SW nozzles are represented by
squares and circles, respectively. The bars indicate the standard
errors of ¢, and Z; from the linear fitting to thermocouple
readings. Fig. 6(a) demonstrates that for the ran@e sfudied,
qs obtained with the SW nozzle is approximately twice as large
than with the SN nozzle. With the SN nozzlg, values range
from ~ 15Wi/cnt at 7, = —32°C (6°C belowT;,), up to
~ 130 W/cnT at7T, = —7°C (almost 20C aboveT,).

Fhe gs(Ts) dependence for the SW nozzle is almost linear,

carried out with the SN and SW nozzles, respectively. Each line represeiglicating a rather constant value dfover the range off
a linear fit through four simultaneous thermocouple readings obtained f6r34°C to —13°C). In contrast, with the SN nozzle, the

different powers of the heat source.

same relationship is evidently nonlinear, indicating thaits
increasing significantly with increasirifj,. We can tentatively

sprayed surface;, for experiments using the SN and SW nozattribute these observations to the following effects: in our ex-
zles, respectively. Each line in these graphs represents a linegrditimental design, higher surface temperatures are intrinsically
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related to higher heat fluxes, which should reduce the thicknessa function of distance from the nozzle tip, regardleds,of

of the liquid cryogen layer due to enhanced evaporation. Cdrer example, at a distance of 50 mm, the Sauter mean diameter
sequently, the thermal barrier presented by the liquid layera§spray droplets was 4—&m for thenarrow straight-tube noz-
reduced, leading to increased heahductionacross the layer. zles used in the present study and 10415 for thewide noz-

In addition, a higher surface temperature and heat flux shouks. Qualitatively, the same observation was recently reported
enhance boiling, thereby increasing ttenvectivecontribution by Pikkulaet al. [22]. Our measurements also indicated a sig-

to heat transport across the liquid layer. nificant influence of 5 on the average droplet velocity [10]. As
discussed below, average droplet velocity may have an impact
D. Heat Transfer Coefficienty on cryogen deposition and spreading on the target surface and,

Since the relationship, (7 ) presented in Fig. 6(a) deviatesthus, influence cooling efficiency.
from linear dependence, the value fofcan not be computed ~ Spray morphology and characteristics can be further associ-
directly from (1). Therefore, we introduce an oversimplifiedted with spray-surface interactions. Images presented in Fig. 3
model, where the measured is ascribed exclusively to heatindicate that fine spraysiarrow nozzles) form a cryogen pool

conduction through a layer of liquid cryogen with thicknékg  [dark elliptical area in the center of Fig. 3(a)], which is noted
in the region of spray impingement 30 ms after spurt termina-

4 = K ) @) tion. In fact, our recent investigations showed that such a layer

Y Dy could persist even longer on warim vivo human skin; a per-
Here, x is the thermal conductivity of the liquid cryogenSiStence time of_500 ms was Fiocumented after an 80-ms spurt
s Keryo from a commercial, 0.5-mm-diameter nozzle (DCD for Gentle-

(Feryo = 0.0824 W/mK). As afirst approximation, let us assum .
further thatD.g depends off; in a linear manner. When this Ease) [19]. In contrast, for coarse spraydde nozzles), there

: L : . . is no sign of a cryogen pool 30 ms after spurt termination on the
relgt|onsh|p|3|n§erted Into (2.)’ thg resulting functqg(ﬂ”s).can site of spray impingement [the relatively bright, circular spot
be fitted to experimental data in Fig. 6(a). The two best-fit curvés . . :

n the left side of Fig. 3(b)], although a larger cryogen pool is

Egiﬁedn;teﬁstztesrem show thata good match could be Obtamedsgén adjacent to it. The total cooled area (i.e., the zone of spray

The corresponding linear dependenciBs:(Z,) are pre- impingement plus the adjacent cryogen pool), is considerably

sented in Fig. 6(b). For the SW nozzIB. is almost constant larger for coarse as opposed to fine sprays [18], corresponding

over the studied range (dashed line), whereas for the SN, itwgII tothe higher mass flux ofliquid cryogen through the wider

larger and strongly decreasing wiffy (solid line)—in perfect atomizing orifice.

agreement with the discussion in Section IlI-C. Quantitativel&, ?;ills %d ((;)rn resm;lts prrese;t]e(:ak;frt:.i!\ t(iFlr?S} 2 ap[d dS) zlamdwr;orre
all obtained values ofD.g are significantly lower then the ctaile yogen spray characterization reported elsewhere

expected cryogen layer thickness (20 zm) [21], which [10], [18], we can conclude that cryogen droplets from fine

demonstrates that convective, rather than conductive, conﬁ}?—rays have lower momentum (i.e., droplets are smaller and

bution to heat transfer across the layer is dominant for bo ower.). As the spurt develops_, these droplets_ are gent!y
nozzles studied. eposited on the surface, forming a layer that increases in

thickness since the mass flow rate exceeds the evaporation
From (1) and (2)} can now be calculated as rate of the cryogen layer [17]. Furthermore, droplets with
WI,) = Reryo ?) low momentum cannot break through this cryogen layer,
Deq(T5) therefore coalescing with its surface and forming an even
thicker layer. Due to the relatively low thermal conductivity of

. liquid cryogen, the presence of this layer is detrimental to the
with T; over the range of 15000-35 000 Wi for the SN and heat flux from the skin surface (Fig. 6). In contrast, larger mo-

?hz Og\(l)v_ 42 0(:0 .W/ fg Kfor the Sth?Zflg. Therle fore, W'EE t {nentum droplets from coarse spraysde nozzlescause some
€ nozzie 15, Ius, approximately wice as farge as tha cﬁ%ogen droplets to bounce off the sprayed object, resulting in

_the SNand much less depe_ndentonthe surfa(_:e temperature. Rinner layer at the center of the sprayed surface. Moreover,
important to note that despite the fact that our linear model oftﬁg/

The results in Fig. 6(c) indicate thatvalues are increasing

D.a(T,) dependence is not supported by theory, the obtain% ch large momentum droplets can pierce through the cryogen

values forh are meaningful, as long as the corresponding curv er and displace some of the warmer liquid cryogen toward
! gtul, 9 P 9 e periphery. Consequently, both increased heat conduction
qs(T) match the experimental data well.

across the thinner liquid cryogen layer and enhanced convec-
tive contribution to heat transport across the target-cryogen
interface can contribute to the largérobserved withwide

In Fig. 2(a) and 2(b), it is noted thaarrow nozzles produce nozzles, as noted in Fig. 6(c). Fig. 7 shows a schematic of the
cone-shaped finely atomized sprays, whiliZle nozzles pro- above-described difference in spray depositions for both types
duce jet-like coarser sprays [Fig. 2(c) and 2(d)]. It appears thaitsprays: Fig. 7(a)—(c) for the finely atomized sprays produced
within the investigated range, nozzle diametgg ) is more crit- by narrownozzles and Fig. 7(d)—(f) for coarse sprays produced
ical than length{(v) in determining spray shape. by wide nozzles.

Indeed, our recent work [10] has demonstrated that spraysThe spray temperature measurements shown in Fig. 4 may
with similar morphology (i.e., sprays produced by nozzles oot reflect the cryogen layer average temperatifi¢ \when a
samed ) produce similar droplet sizes and spray temperatursslid object is placed at the same nozzle-to-surface distance.

IV. DISCUSSION
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cryoge cryogen

droplets

Fig. 7. Sketches (a) though (c) illustrate three different stages of how relatively small droplets prodoaem¥mnozzlesnay impinge on the sprayed object and
form a cryogen layer, which incoming droplets may not easily penetrate. In contrast, in sketches (d) through (f), larger droplets produs&itottmesay
splash off and pierce through cryogen deposited on the surface, giving place to a thinner layer and, also reaching a better thermal contacyethabgspr

The reason for this is that high velocity cryogen droplets and One advantage of the steady-state method is that it enables
vapor that flow around the thermocouple bead may actually eus to study the heat transfer mechanisms of CSC when spraying
hance the convection and evaporation of liquid cryogen in coobjects of a constant surface temperature. In earlier stullies,
tact with the thermocouple bead and, thus, result in lower temvas found to be significantly different for surface temperatures
peratures. This effect may be even more pronounced for fiabove and below the medium cryogen boiling temperature [23].
sprays, where the gas (air and cryogen vapor)-to-liquid ratio@hfortunately, due to the lack of experimental data around the
any point within the spray is presumably larger. However, thyogen boiling temperature-@6°C), our results do not con-
obvious alternative of placing a thermocouple sensor on topafisively confirm, nor exclude the presence of such an effect for
the sprayed surface has known drawbacks. In that case, the thtiee-SN nozzle, but do exclude it for the SW. Quantitatively, we
mocouple may measure the average temperature of the cryobelieve that the determined valueshqfl5 000—35 000 W/m K
layer, in which a large temperature gradient may exist. Furthdor the SN; 32 000—42 000 W/m K for the SW nozzle) are
more, if the cryogen layer is smaller than the dimension of thery realistic. Typical values for forced convection in the liter-
thermocouple bead, the measured temperature reflects anaure are reportedly in the range of 50—20 000 W/rK and
erage of the gas on top of the cryogen layer and the layer its@500—100 000 W/K for convection involving a phase transi-
Such an effect is very likely, since the smallest commercialtion [24].
available thermocouple beads are;38 in diameter, while the A drawback of the presented method is that it may not be
cryogen layers are estimated=at20 m thick [21]. Using the suitable for evaluation of short spurts, as used in current clin-
copper rod method and above-presented analysis, howeveigat applications (20—100 ms), due to the fact that transient phe-
is not necessary to measurg independently. From the pre-nomena is likely to be dominant in this case. Therefore, it is
sented data, we obtained estimate$,0& —43°C and—44°C important to note that the values reported above are not to be
for nozzles SN and SW, respectively. These values &@ 4 compared directly witlh estimates from experiments involving
to 8°C higher than those measured with a thermocouple pguch short spurts. Due primarily to the relatively long spray
sitioned in the spray axis at the same distance from the nozdkvelopment time [10], heat extraction during the first 20—-30
for thenarrow (7" = —55°C) andwide (7" = —48°C) nozzles ms of spraying can be expected to be significantly smaller than
[10], in agreement with the explanation presented above. the steady-state value [17]. As an example, using the epoxy-
Our previous work [14] showed that the time evolution oblock technique, we have obtained an average estimdte-of
temperature measured by thermocouples embedded in an epx§00 (+20 000/ —4000 W/m?-K during a 150-ms spurt from
block and positioned 3 mm from the spray axis, was signifithe LW nozzle [14]. More recently, we have introduced a sim-
cantly different than in the center of the spray. However, oilar experimental technique, which permits determination,of
measurements indicated that the lateral variation of spray teamd 2, during short cryogen spurts. Systematic measurements
perature (Fig. 4) is negligible over a cross section of 12 mresulted in an averagevalue around 6400 W/Mm K for 50 ms
in diameter, but varies considerably toward the periphery. This longer spurts from the ScleroPlus commercial cryogen spray
suggests that other relevant spray characteristics (e.g., drogetice ¢y =~ 0.75 mm,iy ~ 25 mm) [18]. This result is in
diameter, velocity) are inconsistent over the entire sprayed aragreement with more recent measurements taken with a similar
The cause for such lateral inhomogeneity is that droplets closerzzle (SN), where a time-dependéft) reached a peak value
to the edge of the spray are subjected to larger drag forces wiuife~ 8000 W/n? - K (somewhat depending on tHe estimate)
moving through steady air and are also in closer contact with taiter an 80-ms spurt [17].
warmer environment (air), thus heating up faster. It is expectedNote, however, that eveniifcan be estimated very accurately
that these differences should appear in future spatially resolweith either of these methods, it may not be directly applicable
measurements as lateral variationgpfnd, thus, of. to spraying human skin. The surface of human skin is not as
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smooth as that of an epoxy block or metal rod, has differetit 35 000 W/n - K for the narrownozzle, whereas they are sig-
chemical composition and likely exhibits a temporal variation afificantly higher and almost independent&f (32 000-40 000
surface temperature during short spurts. Moreover, it has basfm?® - K) with the wide nozzle.
suggested that CSC of human skin involves a significant storagelhe presented results conclusively support a formerly
of latent heat due to transient freezing of water [25]. presented hypothesis that the liquid cryogen layer, as deposited
In terms of spatial cooling selectivity—the premise of CSC ihy the narrow atomizing nozzles, can significantly impair the
laser dermatologic surgery, coarser sprayisl¢ nozzlesseem rate of heat extraction from cooled human skin. In contrast,
preferable. However, with the nozzles investigated in this studgrger-momentum droplets from coarse spraygi¢ nozzles)
these sprays are poorly localized on the cooled area. Moreoyagrce through the cryogen layer and displace the (warmer)
their higher-momentum impact on skin is considerably more uliguid cryogen layer toward the periphery. Consequently,
comfortable for the patient as opposed to the more gentle depoth the reduced thickness of the liquid layer and enhanced
sition of finer sprays. If, in future nozzle designs, the magnéonvection therein contribute to the larggr observed with
tude ofh can be sustained at sufficiently large values (10 00@ide nozzles. Unfortunately, since such coarse sprays are
W/m? - K or higher), while keeping the spray impact comfortaccompanied by poor localization of the cooled area and their
able, such a design would be preferable over current commerdiapact on human skin is uncomfortable, further approaches to
nozzles and even tiveideandnarrow nozzlggeometries investi- optimization of CSC devices for dermatologic laser surgery
gated herein. If this is not possible, a compromise between sprayst be investigated.
localization and patient comfort must be achieved for improved
cooling selectivity and enhance of acceptance and therapeutic
outcome during PWS laser therapy.

One way to increase droplet momentum while keeping a| aporatory assistance provided by E. Williams, A. Prokop,

cone-type spray would be to study the role of nozzle lenih ( 3. Hsu, and E. Karapetian, as well as discussions with K. Pope
in more detail. The differences in average droplet velocitigge greatly appreciated.

we have seen between timarrow and wide nozzlesnay be
more significant than those seen for average droplet diameters.
The possibility still exists to reducéy below 32 mm and, REFERENCES
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