
Vol.:(0123456789)1 3

Australasian Physical & Engineering Sciences in Medicine (2019) 42:453–464 
https://doi.org/10.1007/s13246-019-00740-x

SCIENTIFIC PAPER

Effects of spray parameters on skin tumour ablation volume 
during cryotherapy

Chandrika Kumari1 · Amitesh Kumar2 · Sunil Kumar Sarangi3 · Arunachalam Thirugnanam1 

Received: 16 May 2018 / Accepted: 20 February 2019 / Published online: 5 March 2019 
© Australasian College of Physical Scientists and Engineers in Medicine 2019

Abstract
The main purpose of the study is to establish correlations for the ablation volume and the ice front as a function of the spray 
parameters. The ablation volume and the ice front depend upon the nozzle diameter, spraying distance and the freeze duration 
(spray parameters). The estimation of the ablation volume using the spray parameters shall be useful in surgical practice to 
ablate the different sizes of tumours. Liquid nitrogen spray cooling is carried out with 0.8 mm, 0.6 mm and 0.4 mm nozzle 
diameters. The spraying distance is maintained at 9 mm, 18 mm and 27 mm. The spray cooling is carried out for a single 
freeze–thaw cycle where freezing and thawing consist of 120 s and 130 s duration respectively. A two-dimensional heat 
flow equation with phase change is considered for the numerical study. The numerically calculated transient temperature (2 
mm and 5 mm from the gel surface) and ice front values show confirmatory results with the experimentally measured data. 
Correlations are obtained to determine the ablation volume (− 50 °C and − 25 °C isothermal surfaces) and ice front (axial 
and lateral) with a goodness of fit ≥ 95%. The nozzle diameter has a greater impact on the ablation volume as compared to 
the spraying distance during 120 s of freezing. The nozzle diameter of 0.8 mm, 0.6 mm and 0.4 mm can be effectively used 
for cryotherapy with spraying distance up to 27 mm, 18 mm and 9 mm respectively.
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Introduction

Cryoablation is a surgical technique that uses a freezing 
temperature to treat skin tumours in the field of dermatol-
ogy [4, 16]. This method uses a freezing agent to remove 
the heat from the tissue to ablate the unwanted cells. There 
are various freezing agents available such as ice (0 °C), ice-
salt mixture (− 20 °C), freon (− 29.8 to − 40.8 °C), carbon 
dioxide (− 79 °C), liquid oxygen (− 183 °C) and liquid nitro-
gen (− 196 °C). Among these, liquid nitrogen is effective to 
use because of lower boiling temperature and risk-free to 
a human being [3]. The benign and malignant lesions are 

generally treated with various cryosurgical techniques such 
as cotton swab soaked in cryogen, carbon dioxide snow with 
the modulated shape, cryoprobe, copper disc and cryospray 
set up [36, 40]. Cryogen spray is mainly used for superficial 
skin tumour because it provides higher cooling efficiency 
at the skin surface as compared to other techniques and 
controlled frozen depth unlike copper disc. A plethora of 
work related to ablation of skin lesions or tumours using 
cryogen spray cooling have been reported in the literature 
[4, 16, 19, 34, 36, 38, 40]. From surgeons experience and 
practice skills, it has been found that open spray technique 
is suitable for a smaller size of skin tumours ( ≤ 20 mm in 
diameter and 5 mm in depth) [4]. Furthermore, it was noted 
that a margin (temperature should reach to − 30 °C) should 
be assigned across skin tumour before the commencement 
of cryotherapy [36].

The main task in open spray technique is to destroy 
an unwanted tumour and save the healthy tissue during a 
freeze–thaw cycle. In this procedure, intraoperative monitor-
ing techniques are available to monitor the ice ball propaga-
tion within tissues during cryotherapy. Numerous experi-
mental studies have used the intraoperative techniques, such 
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as ultrasound, CT scan and MRI, to visualise the ice front 
propagation in the skin or phase change medium [7, 34, 38]. 
Although, these studies helped in defining the path of ice 
(− 0.5 °C) in a tissue or a simple gel model, it is important to 
find the lethal isotherm within the ice zone. Surgeons assign 
the lethal isotherm of −25 ◦C and −50 ◦C for benign and 
malignant lesion respectively [16, 40]. It is crucial to note 
that lethal isotherms are difficult to monitor through non-
invasive devices. However, infrared (IR) camera helps in 
tracking the lethal zone at the surface and IR thermography 
can be used to record the lethal zone at the surface during 
cryoprobe cooling [24]. In addition to this, thermocouples 
are helpful in measuring lethal depth in the skin or gel model 
[26, 29, 36]. Meanwhile, there are difficulties in measuring 
lethal temperature with thermocouples at multiple tissue 
locations.

Regions of lethal zone and ice zone can accurately be 
estimated using numerical methods for cryosurgery [10, 
14, 17, 21, 27, 28]. This information is critically important 
for surgeons because the ablation of healthy tissue leads to 
unavoidable complication and cosmetic appearance. Further-
more, a limited number of numerical studies have reported 
the ablation volume and temperature field in the skin model 
using cryogen spray cooling as compared to cryoprobe tech-
nique [6, 8, 22, 25, 30–32].

The relationship between the axial and lateral ice spread 
has been demonstrated in the skin or tissue-like substances 
during the experimental study [7, 34, 38, 40] while few 
numerical studies have illustrated the regression analysis for 
lethal depth, liquidus depth and intracellular ice volume as 
a function of convective heat transfer coefficient for 30 s of 
freezing [31, 32]. However, studies that correlate the effect 
of spray parameters (nozzle diameter, spraying distance and 
freeze duration) on the ice front and ablation volume during 
open spray technique are rare.

In order to address the problem, this study proposes a 
correlation of ice front (axial and radial) and ablation vol-
ume ( −50 ◦C and −25 ◦C isothermal surfaces) in a tissue-
mimicking gel as a function of nozzle diameter, spraying 
distance and freeze duration. Furthermore, the influence of 
these parameters on necrotic volume and ice front propaga-
tion in the gel phantom are studied during cryotherapy for 
the application of superficial skin tumour ablation.

Materials and methods

Experimental setup

Figure 1 depicts the experimental setup for the liquid 
nitrogen spray cooling on a tissue-mimicking gel. 0.6% 
(w/v) of agarose gel is used as a gel phantom during cryo-
therapy. The initial temperature of gel phantom is 24 ◦C to 

maintain the integrity of gel while the ideal temperature 
of the human skin is around 34 ◦C to 37 ◦C . The liquid 
nitrogen spray cooling is carried out with cryogen spray 
setup (SMTPraha, CS-1, Czech Republic) with 0.8 mm, 
0.6 mm and 0.4 mm nozzle diameters. The distances from 
the nozzle to gel surface (z) were set to be 9 mm, 18 mm 
and 27 mm. The spray cooling was carried out for a single 
freeze–thaw cycle, where freezing and thawing consist of 
120 s and 130 s cycles respectively. The K type thermo-
couples were used to record the temperature at different 
axial and radial locations as shown in Fig. 2. The accuracy 
in the temperature measurement using K type thermocou-
ple is ±2 ◦C . The data acquisition (DAQ) device (National 
Instruments, USB 9213, US) is attached to thermocouples 
to acquire the temperature with the help of Lab View 2013 
software in ◦C.

COMPUTER

LIQUID NITROGEN
SPRAY

AGAROSE GEL

DAQ DEVICE

THERMOCOUPLE

Fig. 1   Schematic representation of the liquid nitrogen spray cooling 
on gel phantom
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Fig. 2   Thermocouple locations in the lateral and axial directions in a 
tissue-mimicking gel
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The transient temperature is measured in radial and axial 
directions for 120 s freezing and 130 s thawing cycles. Each 
set of experiment was conducted in triplicate to obtain accu-
rate results. The average temperature has been calculated from 
three trials, and the standard deviation for the experimental 
data has been represented by error bar. The temperature data 
has an overall uncertainty of ±8 ◦C for the three times meas-
ured temperature for all the cases. The ice front propagation 
in the lateral and axial directions for 120 s cycle of freezing 
is captured using a digital camera Nikon COOLPIX L27. The 
data of the ice front have been measured with Image J software 
where the accuracy in the measurement is 0.4 mm. Also, the 
experimentally measured ice front in triplicate has an uncer-
tainty of 0.8 mm.

Approximation of surface boundary condition

Figure 3a, b and c show the transient temperature at the gel 
surface during 120 s freezing cycle with nozzle diameters of 
0.8 mm, 0.6 mm and 0.4 mm for a spraying distance of 18 mm. 
The symbols with error bar represent the experimental values, 
and a solid line curve shows the best curve fit obtained from 
the experimental data ( Tsur ). It is observed that the temperature 
obtained at various locations decreases continuously during 
the freezing duration. In Fig. 3 fluctuations in the temperature 
field have been observed during 120 s of freezing due to liquid 
nitrogen disintegration into spurts while leaving the nozzle. 
The temperature obtained at Tr1.5 and Tr3 locations are similar 
with Tl1.5 and Tl3 locations respectively. This shows that ice 
front propagates radially and axially in a symmetrical manner; 
hence, an axisymmetric two-dimensional model has been used 
for the numerical study. The cryogen spray zone for 0.8 mm, 
0.6 mm and 0.4 mm nozzle diameter were approximated as 
3 mm, 2 mm and 1.1 mm respectively. The approximation is 
based on the lesser temperature gradient within the specified 
cryogen spray zone. A similar observation has been made for 
other cases of z = 9 mm and 27 mm. The general expression 
for the best curve fit to calculate Tsur is given below; Tsur is 
used as a boundary condition at the cryogen spray zone for 
120 s of freezing,

(1)Tsur = Tmin + (Ti − Tmin) exp
(

−a ⋅ t

120

)

where a is the value of coefficient used for calculating Tsur , t 
is time, Ti is initial temperature and Tmin is the lowest temper-
ature observed at the gel surface. This equation is calculated 
using R software with the method of least squares. The value 
of a and Tmin are enlisted in Table 1 for 0.8 mm, 0.6 mm 
and 0.4 mm nozzle diameter with three different spraying 
distance of z = 9 mm, 18 mm and 27 mm for each nozzle. 
The present estimated surface temperature Tsur within the 
cryogen spray zone provides an accurate boundary condition 
for the modelling of skin cryotherapy using spray cooling.

Mathematical formulation

A heat flow equation with phase change [9, 37] is considered 
for the numerical study. This equation is given as follows:

where H is total enthalpy, hlat is latent heat, h is sensible 
heat, c is specific heat, L is latent heat of fusion, g is liquid 
fraction and T is the temperature of gel domain. Then the 
final equation which is used to solve the temperature field 
in the whole domain is

where the value of g is estimated using [37]

where l and s denote the liquidus and solidus region respec-
tively. The mushy region in the gel domain lies in the tem-
perature range of −1 ◦C and 0 ◦C . The thermal properties 
such as density ( � ), specific heat (c) and thermal conductiv-
ity (k) during phase change are determined as [37].

(2)
�(�H)

�t
= � ⋅ (k�T)

(3)H = h + hlat

(4)h = cdT

(5)hlat = Ldg

(6)�c
�T

�t
= � ⋅ (k�T) − �L

�g

�t

(7)Frozen region ∶ g = 0.0

(8)Mushy region ∶ g =
T − Ts

Tl − Ts

(9)Unfrozen region ∶ g = 1.0

Table 1   The value of constant a and T
min

 for predicting T
sur

N
d
 : nozzle diameter

N
d
 (mm) 0.8 0.6 0.4

z (mm) 9 18 27 9 18 27 9 18 27
a 6 4.5 3.5 3.5 2.8 1.8 2.6 1.5 1.3
T
min

 (°C) − 183 − 181 − 176 − 155 − 145 − 130 − 70 − 60 − 25
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The final Eq. (6) remains the same during a single 
freeze–thaw cycle; the thermal properties are going to vary 
depending upon the phase change region in the gel domain. 
The experiment was performed on a tissue-mimicking gel 
and hence, the metabolic heat generation and blood perfu-
sion are not considered in the present study. The average 
depth of a skin tumour is 1.8 mm [15], which majorly cover 

(10)for Ts < T < Tl ∶ c = gcl + (1 − g)cs

(11)for Ts < T < Tl ∶ k = gkl + (1 − g)ks

(12)for Ts < T < Tl ∶ 𝜌 = g𝜌l + (1 − g)𝜌s

the dermis part of the skin. Thus, 0.6% (w/v) agarose gel is 
used to mimic the tissue because its thermal properties are 
comparable with water [28] and dermis layer of skin [12, 
31]. The properties of the gel used for solving the numerical 
equation are obtained from previous studies [18, 33]. The 
thermal conductivity and specific heat of tissue-mimicking 
gel are assumed as temperature dependent properties.

A two-dimensional axisymmetric cylindrical domain was 
used for the formulation such that axial and radial domains 
have dimensions of 70 mm each. The structured orthogonal 
grid is considered for the numerical domain and solved with 
finite volume method [13, 17]. The implicit three time level 
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Fig. 3   Surface temperature obtained at the spray zone using 0.8 mm, 0.6 mm and 0.4 mm nozzle diameter for z = 18 mm. a Nozzle diameter: 0.8 
mm, b nozzle diameter: 0.6 mm and c nozzle diameter: 0.4 mm
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method with time increment of ∇t = 0.01 s is used to solve 
the unsteady part while central difference scheme is used to 
discretise the diffusive part for solving the numerical Eq. 
(6). The initial and boundary conditions for the numerical 
study is shown in Fig. 4. The upper surface of gel domain is 
divided into two zones, i.e., cryogen spray and convective 
region during 120 s of freezing. The Tsur is assumed across 
the cryogen spray zone, while convective heat transfer coef-
ficient, h = 10W/m2K , is applied in the convective region 
during freezing [31]. Within 130 s of thawing, the convec-
tive heat transfer coefficient is assumed at the upper surface 
of gel.

Results

The transient temperature and ice front propagation were 
measured experimentally in an in-vitro study during cryo-
therapy. The liquid nitrogen spray cooling on the gel sur-
face has been carried out with nozzle diameters of 0.8 mm, 
0.6 mm and 0.4 mm. Also, the spraying distance from the 
nozzle to the target site has been maintained as 9 mm, 18 
mm and 27 mm. The freeze–thaw cycle during cryofreezing 
procedure consists of 120 s freezing and 130 s thawing. In 
this numerical formulation, heat flow equation with phase 
change is solved on a two-dimensional axisymmetric orthog-
onal grid with finite volume method. The numerically calcu-
lated data were verified with the experimentally measured 
data for an in-vitro study. The ablation volume is predicted 
numerically; this information is useful for the surgeon in 
order to properly manage cryotherapy procedures. Further-
more, this study has proposed unique dependence of ablation 
volume and ice front on freeze duration (t), nozzle diameter 
( Nd ) and distance from the nozzle to the gel surface (z).

Validation of predicted results with measured data

Temperature distribution

Figure 5a and b represent the transient temperature in the 
axial direction at 2 mm and 5 mm locations from the gel 
surface for z = 18 mm. The result shows the temperature 
profiles for 0.8 mm, 0.6 mm and 0.4 mm nozzle diam-
eters for 120 s freezing and 130 s passive thawing. The 
temperature field decreases gradually during freezing, 
while the temperature suddenly rises from an end tem-
perature to 0 ◦C during initiation of thawing. This tem-
perature remains constant for further thaw duration. The 
end temperature ( Tmin ) obtained at TC2 location with 0.8 
mm, 0.6 mm and 0.4 mm nozzle diameters for z = 18 mm 
is −138 ◦C , −68 ◦C and −8 ◦C respectively while at TC5 
location it is −66 ◦C , −4 ◦C and 8 ◦C respectively. Hence, 

it has been observed that the lethal temperature is obtained 
up to 2 mm depth from gel surface with 0.6 mm nozzle 
diameter while it is 5 mm depth from gel surface with 0.8 
mm nozzle diameter. A similar observation of temperature 
drop has been made with 0.8 mm, 0.6 mm and 0.4 mm 
nozzle diameter for z = 9 mm and 27 mm. The numerical 
results are verified with experimental results as shown in 
Fig. 5. The temperature difference of ±8 ◦C is observed 
between experimentally measured and numerically calcu-
lated results for all the cases. This change is significant 
in physiological term but the imaging of freezing front 
from ultrasound leads to uncertainty of 1 mm (10–15 ◦C ) 
as reported in the earlier study [28] and hence, this error 
is acceptable during cryofreezing.

Icefront

Figure 6a and b demonstrated the experimentally and numer-
ically measured axial and radial ice fronts for z = 18 mm 
during liquid nitrogen spray. In a similar way, ice propa-
gates for 0.8 mm, 0.6 mm and 0.4 mm nozzle diameter with 
spraying distance of 27 mm and 9 mm as represented in 
Table 2. The maximum and minimum ice front difference 
between experiment and simulated data are 0.2 mm and 3 
mm respectively. From this, it can be stated that the aver-
age differences between the experimentally measured and 
numerically calculated results are 1.6 mm. The uncertainty 
of 1 mm is acceptable during cryofreezing as mentioned in 
the above section while the average difference of 1.6 mm is 
nearly similar to this value. The ice front generally forms 
in a symmetrical manner for all the cases but few cases are 
shown in Fig. 7a and b.

Fig. 4   Initial and boundary conditions of the computational domain
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Correlation for ablation volume and ice front

The correlation for necrotic volume ( Vn ) enclosed by the 
−25 ◦C and −50 ◦C isothermal surfaces are obtained using 
the least squares method; where −25 ◦C and −50 ◦C rep-
resent the lethal isotherm for benign and malignant lesion 
respectively [16, 40]. The value of the coefficients are pre-
sented in Table 3.

(13)Vn = (A + BN2
d
+ Cz2)tDzENF

d

The calculated value of ablation volume from correla-
tion is shown in Fig. 8a and b for 0.8 mm and 0.6 mm noz-
zle diameters. The ablation volume enclosed by −50 ◦C and 
−25 ◦C isothermal surface have the R2 value of 99% between 
the numerically evaluated and the correlated values.

From these results, experimentally measured radial and 
axial ice fronts have been correlated during 120 s of freez-
ing. The ice front gives an idea of the spread of ice ball in 
both lateral and axial directions. The expression for correla-
tion of the ice front (I) is given in Eq. (14)

(14)I = (AzB)t0.5NC
d
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The lateral and axial ice fronts obtained from correlation 
is shown in Fig. 9a–d. The R2 value for the lateral and axial 
ice front are 97% and 95% respectively between the experi-
mentally measured and the correlated data.

Figure 10 represents the − 50 ◦C , − 25 ◦C and 0 ◦C iso-
therms in a gel model at 120 s of cryogen spray using 0.8 
mm, 0.6 mm and 0.4 mm nozzle diameters for z = 27 mm, 
18 mm and 9 mm.

Discussion

Liquid nitrogen spray cooling is an effective method to treat 
skin tumours and the efficiency of cryoablation technique 
depends upon the spray parameters used by the surgeon. 
The spray parameters during a liquid nitrogen spray cool-
ing technique affect the lethal and ice front propagation in 
the skin tissue/phase change medium. In the present study, 
the influence of liquid nitrogen spray cooling is studied by 
varying the nozzle diameter (0.8 mm, 0.6 mm and 0.4 mm) 

Table 2   Experimental and 
numerical values of ice front at 
various freeze duration (Axi: 
axial ice front; Lat: lateral ice 
front; Exp: experimental; Num: 
numerical)

Nozzle diameter 
(mm)

Spraying 60 s freezing 120 s freezing

Distance Exp Num Exp Num

Axi Lat Axi Lat Axi Lat Axi Lat

0.8 27 6.0 13.6 5.5 13.0 7.2 20.0 8.1 18.0
18 6.1 14.4 6.0 14.4 8.0 20.5 8.6 19.0

9 6.3 15.1 6.4 14.8 8.1 21.0 8.9 19.2
0.6 27 2.2 6.4 3.4 8.2 4.1 12.3 5.4 11.6

18 3.2 8.1 4.0 9.6 5.2 13.0 6.0 13.4
9 3.8 9.1 4.5 10.2 5.3 13.7 6.6 14.0

0.4 27 0.0 0.0 0.0 0.0 0.0 0.0 1.1 3.2
18 0.0 0.4 1.2 3.6 2.1 4.5 2.3 5.5

9 2.2 4.8 2.0 4.8 3.0 7.0 3.2 6.8

Fig. 7   Symmetrical formation 
of ice ball at 120 s freezing. a 
0.8 mm nozzle diameter: z = 18 
mm and b 0.6 mm nozzle diam-
eter: z = 18 mm

Table 3   The value of 
coefficients for predicting 
ablation volume and ice front

Coefficient (°C) A B C D E F

− 25 − 80.219 396.276 − 0.055 1.035 − 0.067 1.022
− 50 − 42.258 214.37 − 0.033 0.858 − 0.061 1.879
Axial 0 1.9 − 0.163 2.115
Radial 0 3.59 − 0.083 1.903
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and spraying distance (27 mm, 18 mm and 9 mm) for 120 
s of freezing and 130 s of thawing. The transient tempera-
ture history (2 mm and 5 mm depth from the skin surface) 
and ice front (axial and radial directions) obtained from the 
experimental study were validated numerically for various 
spray parameters as shown in Figs. 5 and 6 respectively. 
From the Fig. 5, it is apparent that the numerically predicted 
data are nearly similar to the experimentally recorded data. 
The highest discrepancies are observed for 0.6 mm and 0.8 
mm nozzle diameters during 120 s cycle of freezing at 2 mm 
depth location and the same is observed for 0.6 mm noz-
zle diameter at 5 mm depth location in the gel model. The 
average differences between the numerically predicted and 
experimentally measured results are found to be ±8 ◦C . The 
difference between the simulated and measured data may be 
attributed to the assumed boundary conditions within the 
cryogen spray zone and experimental errors. During thawing 
the numerically predicted data adhere closely to the experi-
mentally measured data and the major differences between 
these results are found for 0.8 mm nozzle diameter (2 mm 
and 5 mm depth locations) and 0.6 mm nozzle diameter (5 
mm depth location). The reason for this difference may be 
due to the assumed convective heat transfer coefficient from 
the literature [31]. The numerically evaluated and experi-
mentally measured ice front data are compared in Fig. 6. 
The axial ice front data obtained using numerical model 
shows good agreement with the experimentally measured 
data till 60 s of freezing whereas it matches till 120 of freez-
ing for the lateral ice front. The similar observations are 
not found for 0.6 mm and 0.4 mm nozzle diameters. The 
average discrepancies between the simulated and recorded 
data are 1.6 mm. These discrepancies may be due to the 

assumed boundary condition during freezing. These values 
only provide the guideline or idea to the surgeons which 
will be helpful during the selection of the spray parameters. 
Similarly, the validation studies have been represented for 
the cryoablation technique [5, 6, 11, 14, 19, 25, 28]. The 
transient temperature continuously decreases for 120 s of 
freezing cycle with all the nozzle diameter except with 0.4 
mm during liquid nitrogen spray. During initiation of thaw-
ing, the temperature remains at sub-zero temperature for a 
short duration and this leads to increment in the ice front 
propagation. However, the propagation of ice front will be 
lesser in such a short span of time as compared to the con-
tinuous spurts duration of liquid nitrogen. In the previous 
study, it is reported that the heat skin occurs at a higher 
rate during freezing cycle as compared to the residence time 
(after freezing when cryogen stays for certain duration) [35]. 
The present study has been carried out on an axisymmetric 
cylindrical domain and previously, a few authors also ana-
lysed the cryotherapy technique using axisymmetric numeri-
cal models [20, 23, 32]. During liquid nitrogen spray cooling 
in the present study, a symmetric ice ball formation occurred 
within the gel phantom as shown in Fig. 7 and hence, the 
data obtained from this study can be used for regular or sym-
metric tumour geometry.

To the best of the author’s knowledge, this is for the 
first time that the correlations are determined for abla-
tion volume and ice front as a function of nozzle diam-
eter, spraying distance and freeze duration. Eqs. (13) 
and (14) give the correlation for ablation volume and ice 
front respectively for 120 s of freezing. In a related study, 
Torre [34] has presented a correlation between lateral and 
axial spread of ice in a phase change medium. They found 
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out that the lateral spread of ice is 1.3 times that of axial 
spread of ice. Meanwhile, similar result is not observed 
in the current case because cone spray technique was 
used in the reported study. In another study, it has been 
demonstrated that the axial spread of ice is 0.5 times of 
lateral spread of ice during open spray technique [40]. 
However, in the current study, it has been found that axial 
spread of ice does not satisfy the same correlation but 
rather depends on the nozzle diameter, spraying distance 
and freeze duration.

From Fig. 8, it is observed that the propagation of abla-
tion volume represented by the −25 ◦C isothermal surface 
is approximately double of the −50 ◦C isothermal surface. 
The final ablation volume obtained by −50 ◦C isothermal 
surface with 0.6 mm nozzle diameter for spraying distance 
of 9 mm, 18 mm and 27 mm is 79%, 82% and 92% smaller 

than 0.8 mm nozzle diameter respectively. The rate of abla-
tion volume obtained with nozzle diameter of 0.8 mm and 
spraying distance of 27 mm is substantially larger than that 
of nozzle diameter of 0.6 mm and spraying distance of 9 
mm; even though the former has a higher spraying distance 
as compared to the latter. From these results, we could sum-
marise that the effect of nozzle diameter is larger on ablation 
volume as compared to the distance from the nozzle to gel 
surface.

The spraying distance is optimised with nozzle diameter, 
which can provide a better approach to surgeons for skin 
tumour ablation during cryotherapy. In Fig. 8, it is observed 
that the ablation volume significantly increases with increase 
in nozzle diameter and decrease in spraying distance. With 
the increase in spraying distance, the rate of evaporation 
increases and it decreases the efficiency of cryogen spray 
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Fig. 9   Correlation obtained for lateral and axial ice front with respect 
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solid line represents the correlation values obtained from Eq. (14). a 

Lateral ice front; nozzle diameter: 0.8 mm, b lateral ice front; nozzle 
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cooling as reported in an earlier study [2]. The necrotic zone 
characterised by −50 ◦C and −25 ◦C isothermal surfaces is 
substantially higher in the case of 0.8 mm nozzle diameter 
with spraying distance of 27–9 mm as compared with 0.6 
mm nozzle diameter. A similar trend could be observed in 
terms of heat flux and heat transfer coefficient during cryo-
gen spray cooling with wider and narrow nozzle. Wider noz-
zle produces coarser spray as compared to the narrow nozzle 
[1]. In addition to this, the final ablation volume obtained 
with 0.6 mm nozzle diameter for spraying distance of 27 mm 
is smaller as compared to 18 mm and 9 mm unlike 0.8 mm 
nozzle diameter. Furthermore, 0.4 mm nozzle diameter with 

spraying distance of z = 9 mm has a larger ablation volume 
enclosed by −25 ◦C isothermal surface. Thus, liquid nitrogen 
spray with 0.8 mm, 0.6 mm and 0.4 mm nozzle diameters 
can effectively be used for eradication of skin lesion when 
the distance from the nozzle to the target site is up to 27 
mm, 18 mm and 9 mm respectively. In previous studies, it is 
reported that liquid nitrogen spray cooling is effective for the 
treatment of tumours using nozzle size of C = 0.55 mm and 
B = 0.78 mm for a spraying distance of 10–20 mm [4, 16, 
36]. From the present study, it is suggested that 0.8 mm noz-
zle diameter is effective for the treatment of a malignant and 
benign tumour while 0.6 mm nozzle diameter is effective for 

Fig. 10   The − 50 ◦C , − 25 ◦C and 0 ◦C isotherms at 120 s of freezing 
in a gel model. The lethal isotherms are obtained using various nozzle 
diameter such as 0.8 mm, 0.6 mm and 0.4 mm nozzle diameter. For 

each nozzle diameter, the spraying distance is varied as 27 mm, 18 
mm and 9 mm
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the treatment of a benign tumour which is also illustrated in 
Table 4. A similar observation is made for axial and lateral 
ice front propagation in the gel phantom as shown in Fig. 9. 
The rate of ice front propagation is larger than ablation vol-
ume while comparing nozzle diameter of 0.8 mm and 0.6 
mm for 120 s of freezing.

From Fig. 10, it is inferred that cryotherapy with 0.8 
nozzle diameter is suitable for malignant lesions of (depth 
≤ 4.6 mm and diameter ≤ 11 mm) and benign lesions of 
(depth ≤ 6.5 mm and diameter ≤ 14.2 mm), as calculated 
from the numerical study. In the same context, 0.6 mm 
nozzle diameter is effective for benign lesions of (depth 
≤ 4.1 mm and diameter ≤ 9 mm) while 0.4 mm nozzle 
diameter for smaller skin lesions of (depth ≤ 1 mm and 
diameter ≤ 3 mm). The rate of increment of killing zone 
is lesser with an increase in spraying distance as compared 
to the ice zone for each nozzle diameter. In addition, the 
region of gap (the difference between lethal and ice front) 
remains approximately same for each spraying distance 
with 0.8 mm and 0.6 mm nozzle diameters. In a recent 
study, it is reported that the open spray technique is effec-
tive for skin lesions less than 20 mm in diameter and 3 mm 
in depth [39]. However, the data obtained from the present 
results suggest that the maximum depth of 6.5 mm and 4.6 
mm can be effectively used to treat benign and malignant 
lesion respectively with the suggested spray parameters. 
The similar figures for the maximum diameter are 14.2 
mm and 11 mm for the treatment of benign and malignant 
tumour respectively.

During cryogen spray cooling, the heat sink in the skin 
is mainly affected by the thermal properties of tissue, blood 
perfusion and metabolic heat generation. The blood perfu-
sion and metabolic heat generation lead to decrease in the 
ice front propagation as compared to the absence of this in 
the tissue model. However, these terms are neglected while 
solving the numerical equation because the experiment is 
performed on the tissue mimicking gel. Although, the pre-
sent study gives a direction to the dermatologist but it cannot 
be used on patients yet. Hence, the thermal analysis must be 
conducted on in-vivo study in order to obtain precise values 
before proceeding for clinical application.

Conclusion

From the experimental and numerical results obtained in this 
study, we found out that

1.	 The numerically calculated data matches well with the 
experimentally measured data for in-vitro study.

2.	 Correlations exist between ablation volume and ice 
front propagation in radial and axial directions, which 
are valid for freeze duration of 120 s, nozzle diameter 
of 0.8 mm, 0.6 mm and 0.4 mm and spraying distance 
of 27 mm, 18 mm and 9 mm.

3.	 The nozzle diameter has a higher impact on ablation 
volume as compared to spraying distance.

4.	 The nozzle diameter of 0.8 mm, 0.6 mm and 0.4 mm is 
effective with the spraying distance up to 27 mm, 18 mm 
and 9 mm respectively.

5.	 Liquid nitrogen spray cooling with the nozzle diam-
eter of 0.8 mm, 0.6 mm and 0.4 mm is suitable for skin 
tumours with maximum diameter and depth of 14.2 mm, 
6.5 mm, 9 mm, 4.1 mm and 3 mm, 1 mm respectively.
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