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From a thermal point of view, water-agar gel can reproduce the behavior of human soft
tissues with a good approximation. For this reason, agar gel is widely used to mimic the
thermal diffusion inside the latter, in order to study the effect on human tissues of new
techniques and probes used to solve various health diseases. Cryoablation is part of these
techniques and its effectiveness strongly depends on the biological response of the tissues
to the freezing action and heat diffusion and therefore on their thermo-physical properties.
This study presents the values of thermal conductivity and thermal diffusivity, measured
on water-agar gel samples, using the transient plane source method, forward and backward

from room temperature down to —60°C. The freezing transient and the temperature at which
the phase transition begins are highlighted, as well as the temperature dependence of both
thermal conductivity and diffusivity.

1. INTRODUCTION

Agar is a substance (unbranched polysaccharide) extracted
from several species of red seaweeds, which has many
applications in different fields.

For example, agar is used to prepare foods and beverages
for people suffering from celiac disease who need a gluten free
diet [1, 2]. Several studies report information on seaweeds-
based composites used for food packaging as well as for
pharmaceutical applications [3, 4].

Agar also plays a crucial role in medicine, where it is used
as tissue-mimicking phantom because it reproduces the
thermal behavior of biological soft tissues with a good
approximation. For this reason, agar can be a good substitute
for ex vivo animal tissues, for example bovine tissues (e.g.
liver and heart), commonly wused in experimental
investigations [5, 6]. Based on what just written, the agar gel
could be used to better understand the behavior of the
biological tissues when the latter undergo a process of
cryoablation.

Today cryoablation is a procedure used in various medical
therapies on patients suffering for example from cancer or
atrial fibrillation [7-9] and a deep knowledge of the tissues
response to this freezing could increase the success rate by
reducing recurrences. The cooling dynamics (i.e. the
temperature at which the formation of ice begins and the rate
at which it advances) depends on the equipment available and
on other parameters such as the temperature of the freezing
agent and the cooling rate. These last two parameters are
strictly connected to the behavior of the tissues and therefore
to their thermo-physical properties.

As far as the authors know, the thermal properties of the
agar gel at low temperature are not reported in the literature.
The only paper found in the literature [10] shows the effect of
agar concentration on the thermal conductivity of water—agar
gel samples at temperatures well above the freezing point.
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For this reason, the purpose of this work was to investigate
the temperature dependence of the thermal conductivity, and
thermal diffusivity of water-agar gel samples from room
temperature down to —60°C. The experiments were carried out
using the transient plane source method, which is commonly
applied to measure the thermal conductivity of liquids, foams
and solids in the range 0.1 <100 WmK™ [11-13].

In the paper are described the method and the apparatus
used to carry out the experimental investigation, as well as the
procedure used to prepare the samples. The results obtained
are shown and discussed.

2. EXPERIMENTAL APPARATUS AND METHOD

The device used to perform the measurements is a
commercial instrument, a Hot Disk® model TPS 500. This
instrument applies the transient plane source method to
measure the thermal conductivity and thermal diffusivity of
solid materials while allowing the calculation of the
volumetric specific heat [14, 15].

The TPS 500 uses a sensor that works at the same time as
heat source and thermometer. The sensor (Figure 1) consists
of a very thin metallic double spiral (concentric rings), sealed
between two Kapton sheets, which act as electrical insulators.

The sensor has four electrical connections: two of them
carry the heating current while the other two are used as a
resistance thermometer, which measures the voltage drop
across the spiral.

The experiments are performed applying a stepwise current
to a C5501 sensor [16], 6.403 mm in radius and with 14
concentric rings, which is clamped between two samples of the
material to be tested (Figure 1). In this way, a Joule heating is
obtained, which produces a temperature transient in both the
sample and the sensor.


https://crossmark.crossref.org/dialog/?doi=10.18280/ijht.380302&domain=pdf

The dependence on the temperature of the electrical
resistance of the sensor is determined, according to Eq. (1):

R(®) =Ry [1+ B - AT(8)] ey

In Eq. (1) the average temperature increase ATs(t), at each

time t, is determined using the value of the reference resistance

Ro and the temperature coefficient S. These last two

parameters are obtained by calibration performed by the
manufacturer.

Figure 1. Typical assembly of samples and sensor

An example of the increase in the average sensor

temperature recorded is shown in Figure 2 as a function of time.

In the post process phase, the apparatus analyses this
temperature transient to measure both the thermal diffusivity
and the thermal conductivity of the material under test.

0 + }
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Figure 2. Average increase in sensor temperature vs time

Neglecting the initial part of the transient (usually less than
a couple of seconds and due to the insulation of the sensor),
the measured average temperature increase is in good
agreement with
AT,(t) =m-F(t,n) 2)
where, m is a parameter, which will be discussed after,
and F (t,n) a shape function, for the number n of concentric

rings of the heat source, which depends on the dimensionless
time 7 as shown in the following equation

F(t,n)
= [+ 10] 7 e[S S e (- 50) - 1 (54)]de. (3)
where, € isa dummy integration variable, and lo is the modified
Bessel function of the first kind zero order.

With the well-defined number n of concentric rings, the
shape function is obtained by integrating the instantaneous
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ring source over the dimensionless time t [17], which in turn
depends on the thermal diffusivity «:

H

“)

T=
r

Figure 3, for the measured transient reported in Figure 2,
shows the linear relationship between ATg(t) and F(t,n),
established by Eq. (2), and allows to determine both the
thermal diffusivity and the thermal conductivity of the sample.

0.1 0.4 0.5

Figure 3. Average increase in sensor temperature vs shape
function

In fact, the numerical value of the thermal diffusivity « is
the one that produces the maximum likelihood for the linear
trend imposed by Eq. (2), with the slope m linked to the
thermal conductivity A as:

P
M

&)
where, P is the input power and r is the radius of the sensor.

Using the TPS 500 the declared accuracy for thermal
conductivity is #5%, while the declared reproducibility is
0% for thermal diffusivity, and #12 % for volumetric
specific heat [16, 18].

3. SAMPLES PREPARATION AND EXPERIMENT
SETUP

Three pairs of samples were prepared using double distilled
water mixed with a 2% in weight concentration of agar powder
(Sigma-Aldrich Phytagel™). To obtain a good homogeneity
of the samples, the double distilled water was heated up to
40°C using a Pirex™ container placed on a stirring hot plate.

Two cylindrical molds (60 mm in diameter and 30 mm
thick) in polyurethane foam were prepared and the sensor was
positioned between them (see Figure 4), then pouring the
water-agar gel inside. In this way, the sensor resulted to be
drowned in the water-agar gel avoiding the contact resistance
between the sensor and samples due to trapped air. The
samples were kept at room temperature for a couple of hours
to obtain the desired compactness.

To perform the measurements at different temperatures, the
experimental assembly shown in Figure 4 was placed inside a
climatic test chamber (CTC). This CTC allows for tests from
—70°C to +180°C, with an accuracy in the set point definition
of £1°C and a set point stability of +0.1°C.



Figure 4. Experimental assembly: (a) sensor, (b) water — agar
gel sample, (c) upper mold, (d) suspended metallic plate

During the experiments, the relative humidity inside CTC
was not controlled and the test chamber was considered
anhydrous. To avoid, after the jellification, a significant
change in the water content of the samples during the
measurements the mold was not removed. Furthermore, a
metal plate (not shown in Figure 4) used as a cap, and similar
to the support plate “d”, shown in Figure 4, was positioned on
the top of the experimental assembly.

If, on the one hand, this assembly prevented the dehydration
of the sample, on the other it implied that it was not so easy to
correlate the time required for the sample to reach thermal
stability with that needed for the CTC to reach the imposed set
point. For this reason, a small K type thermocouple (0.076 mm
diameter wires), with exposed welded tip junctions, was used
to check the thermal stability of the sample before
measurements. This temperature value, typically different
from the nominal set point fixed for the CTC, was the one to
which the measured properties were referred. As shown in
Figure 5, this thermocouple was placed close to the outside
edge of the sensor and its signal was recorded using NI cDAQ-
9178, TB-9212 and LabVIEW SignalExpress.

Figure 5. Hot disk sensor with outer ring radius of 6.403 mm
and K type thermocouple with 0.076 mm diameter wires

4. RESULTS AND DISCUSSION
4.1 Preliminary tests

Using the reference samples supplied with the TPS, some
preliminary tests were carried out, from room temperature to
—60°C, to check the behavior of the components of the
equipment when they are placed in the CTC during the
experiments. The reference samples, shown in Figure 1, are
made of steel type SIS2343 (equivalent to AlSI 316).

The measured values of thermal conductivity for the
reference material versus temperature are shown in Figure 6.
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The comparisons of the measured values with those of
literature [19] showed a good agreement within the accuracy
declared for the TPS (error bars £5%). This verification has
therefore made it possible to verify that there is no reason to
consider inappropriate the use of the apparatus inside the CTC
within the mentioned temperature range.
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Figure 6. Thermal conductivity vs temperature for the steel
reference samples (error bar 5%)

4.2 Water — agar gel tests

Tests on the agar samples were performed in the above
mentioned temperature range. All samples were tested
executing measurements back and forth from ambient
temperature down to —60°C and vice versa, fixing in this range
some intermediate values useful to identify the temperature
trends and the onset of the phase transition.

For each temperature set, the measurements were executed
waiting for both the CTC and the sample to reach steady state
conditions. The initial set point temperature was chosen lower
than the laboratory temperature (about 10°C lower) to
overcome the difficulties of the CTC temperature controller in
achieving stability around ambient conditions. At any set point,
two consecutive measurements were performed by changing
the input thermal power P, in the range 100 mW =300 mW,
or alternatively the duration of the thermal impulse, in the
range 40 =120 s. At each temperature the average values of
the measured properties was considered.

Table 1 shows the number of measurements performed on
each of the three samples in the different temperature ranges.
In Table 1, measurements taken during cooling down to —60°C
and measurements taken during subsequent heating to return
to room temperature are classified as forward (F) and
backward (B), respectively.

Table 1. Number of measurements performed

Samplel Sample2 Sample 3

T (°C) F B F B F B
-1.9-+10.9 3 2 3 2 3 2
Around -35 - - 2 - - -
—49-+-14 2 1 2 2 2 1

14+61 6 4 7 4 6 4

Figure 7 reports, for a set point temperature of —6.3°C, two
examples of temperature increase, obtained with an input
power of 300 mW and 250 mW respectively, and with a pulse
duration of 60 s for both the cases.
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Figure 7. Example: sample temperature measured using the
thermocouple placed near the outer edge of the sensor

It can be noted that for both the measurements the
temperature increase, recorded by the thermocouple at the
sensor boundary, is very small and slightly higher than 0.5°C.
Furthermore, Figure 7 shows that while the time for the
increase in temperature, corresponding to the duration of the
pulse is 60 s, the relaxation time, i.e. the time required to return
to the initial temperature, is about an order of magnitude
higher.

In previous experiments [5], devoted to investigate the
formation and growth of ice inside the agar gel, during which
a cooling rate of about 20 K/min was used, the beginning of
the formation of ice was found in a super-cooled state at
temperatures around —7°C.

In the present experiments, with very low cooling rates
(more than two orders of magnitude smaller than the previous
one), the onset of the phase transition was expected at higher
temperature, closer to the triple point of pure water. Therefore,
to identify the thermal properties as close as possible to the
onset of the phase transition, several measurements were
carried out in the temperature range between the triple point of
water and the onset temperature of ice formation reported in
the reference [5].
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Figure 8. Onset of the phase transition and set of
measurements to identify the properties of water — agar

The typical behavior observed at the onset and during the
phase transition is reported in Figure 8 as an example. Initial
ice formation was clearly detected for all samples with a
sudden increase in temperature, from the onset value (-3.5°C
in the case shown in Figure 8) to a value just under the triple
point of pure water (—0.2°C in Figure 8).

After this sudden increase in temperature, the phase
transition occurs in the entire volume of the sample with a slow
isothermal process. In the tested samples, some differences
were observed in the temperature of the onset of the phase
change, with values between —2.5°C and —4.2°C. When the
transition is completed, the temperature begins to decrease
slowly and the sample reaches the reference value at which it
is desired to determine the properties, represented in this case
by the state A, —6.3°C (Figure 8).

For the case shown in Figure 8, attempts were made to
measure the properties of the water—agar gel during the phase
transition, state A’, and along the transient toward the
reference temperature, state A”. Both attempts highlighted
critical issues in determining properties.

Regarding state A’, the heat released due to the phase
change overlaps with that generated by Joule effect through
the hot disk, disturbing the measurement signal and preventing
any determination of the properties regardless of the input
thermal power adopted.

A different kind of analysis must be done for the
measurement at the state A” (Figure 8), carried out during the
cooling phase. Despite the slow rate of cooling (about 0.04
K/min), the determination of the properties under transient
conditions involves a bias in the calculated residuals, i.e. a lack
of linearity in the shape function mentioned above respect to
the temperature increase measured (see Figure 3), which
provides a lower reliability of the measured value. Nonetheless,
these measurements were initially considered in the analysis
with the same precision as the others.

For all the agar samples tested, the measured values of the
thermal conductivity and thermal diffusivity as a function of
the temperature are shown in Figures 9 and 10 respectively.
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Figure 9. Thermal conductivity vs temperature
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Figure 10. Thermal diffusivity vs temperature



Table 2. Linear regression coefficients (To = 273.15 K)

Thermal Coefficients

properties

—1.9°C < (T —T,) < 10.9°C
a; = 0.5917 W/(m K)

b; = 0.0011 (K1)
—61°C < (T—-Ty) <—-49°C
a; = 2.0987 W/(m K)

b, = —0.0039 (K~1)
—1.9°C < (T —T,) < 10.9°C
a, = 0.1342 mm?/s
by = 0.0035 (K1)
—14°C < (T -T,) < —49°C
a, = 0.5902mm?/s
. = —0.0918 (K1)
—61°C < (T—-Ty) <-14°C
a, = 1.2320 mm?/s
b, = —0.0066 (K1)
pe(T) = a1+ by (T — Tp)]
a(x[l + b(x(T — To)]

Conductivity, W/(m K)
AT) = ay[1 + by (T - Tp)]

Diffusivity, mm?/s
a(T) = Qg [1 + bu(T - TO)]

Volumetric specific heat,
MJ/(m3 K)

The investigation was performed moving back and forth
within the specified temperature range, imposing for each
sample a freeze — thaw thermal cycle, starting from room
temperature and returning to it. Referring to the measurement
accuracy and repeatability declared for the TPS 500 apparatus,
no hysteresis of the measured properties along the freeze —
thaw cycle was identified for any sample.

In these figures, the vertical gray bar represents the
temperature range (—2.5°C + —4.2°C) in which the onset of ice
formation was detected in the cooling processes performed. In
Figure 9 and Figure 10 the empty and black circles represent
the measurements performed. The error bars are 5% and
+10% respectively for thermal conductivity and thermal
diffusivity, showing a good repeatability of all the
measurements, independently of the possible inhomogeneity
of the samples. The black circles inside the gray band refer to
the measurements carried out in the state A of Figure 8. Solid
lines are the best linear fits of the property values obtained for
frozen and non-frozen states. In the case of thermal diffusivity
(Figure 10), two linear trends were assumed for measurements
in the frozen state before and after —14°C. Linear regression
coefficients are reported in Table 2 for both the measured
properties.

In the temperature range —1.9°C =+ —4.9°C it was not
possible to perform measurements at steady state. Assuming
for the properties determined in this range (state A”) the same
measurement precision used for the other points (steady state),
and linking these values with the trends calculated for the
frozen state, it was clear that these data could not be excluded
from the statistics, as shown in Figure 9 and Figure 10.

Comparing (Figures 9 and Figure 10) the linear trends
calculated for both the thermal conductivity and diffusivity
(solid lines) with the values found in literature [20] for pure
water (dashed lines), a similar behavior clearly appears for the
states at a temperature above the freezing point. On the
contrary, considerable differences can be noted for the values
after freezing. An attempt was also made to compare the
obtained thermal conductivity with literature data for mixtures
of water and agar at different concentrations [10].

Unfortunately, in the temperature range of validity for these
experimental results (greater than 5°C), with the concentration
of agar at 2%, the thermal conductivity values are practically
coincident with those of pure water.
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Considering the measured values with the relative error bars,
there are no significant differences, neither for the thermal
conductivity nor for the thermal diffusivity, between the
samples made of water — agar gel investigated and the pure
water above its triple point, on the contrary appreciable
differences were found in the frozen state.

After the onset of the phase transition, and then at lower
temperatures, the thermal conductivity of agar gel shows a
trend similar to that of pure water albeit with appreciably
lower values, while for the thermal diffusivity the most evident
differences with water concern what happens immediately
after the phase transition. This behavior of agar gel was
highlighted introducing two different slopes for the linear
trends of the thermal diffusivity versus temperature, as shown
in Figure 10. To try to provide a plausible explanation for this
behavior, a preliminary investigation was performed on the
structure of the water - agar mixture, before and after the phase
change.

The micrographs in Figure 11, made with a transmission
microscope with 25x magnification, show the water — agar
structure before freezing (a), when frozen (b) and after
thawing (c). Pictures (a) and (c) were taken at the room
temperature, while picture (b) was taken at a temperature close
to that at which in the frozen state the trend of the thermal
diffusivity versus temperature changes.

Each sample shows air bubbles trapped in the gel of a few
tenth of millimeter. The presence of air bubbles and their size
are in agreement with what is reported in the literature [21].

Samples in picture (a) and (c) show a similar structure for
the water-agar gel matrix, and this fact can probably justify the
absence of hysteresis phenomena in the measured thermal
properties, during the freeze-thaw cycles.

Before the ice formation, picture (a), the structure appears
homogeneous with agar powder well dispersed in the water.
After the phase transition the structure is clearly different. In
fact, sample in picture (b), which shows the growth of ice
within the matrix of agar, exhibits an uneven structure with
disordered ice crystals. This occurrence can probably explain
the reduced conductivity of the frozen agar gel in comparison
with pure water. Furthermore, the scattered growth of ice is
probably also responsible for a different dependence of the
density on the temperature, and it could justify the less abrupt
transition in the measured values of thermal diffusivity.

The volumetric specific heat pc(T) shown in Figure 12 was
obtained from the definition of thermal diffusivity, using the
equations and coefficients in Table 2. This diagram is
consistent with the previous analysis, and the continuous line,
obtained using the aforementioned analytical relations, is in
good agreement with the values calculated starting from the
measured thermal conductivity and diffusivity values.

Figure 11. Samples structure: before (a) and during freezing
(b) and after thawing (c). Area of the samples 2x3 mm?
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5. CONCLUSIONS

The stimulus in characterizing the thermal properties of the
water — agar gel in the specified temperature range arises from
laboratory needs involving the authors, or more generally,
researchers interested in the heat diffusion, ice formation and
its growth inside biological tissues. As mentioned in the
introduction section, to try to make the cryoablation treatments
more effective it is necessary to reproduce in laboratory and to
model the thermal effects induced by a cryoprobe on the
involved biological tissues employing, at the beginning,
materials that allow mimicking their behavior.

Linear  temperature  dependent  functions  were
experimentally obtained for the heat diffusion properties of the
water -agar gel (thermal conductivity and diffusivity) before
and after the phase transition (see Table 2), whereas the
inspection on the ice onset and its heat of formation goes
beyond the scope of this paper.

The limited literature on thermal properties of the water-
agar gel, in particular in the temperature range investigated,
makes it impossible to give adequate emphasis to the obtained
results by comparing them with those of others authors.
However, some concluding remarks can be summarized as
follows:

- the hot disk method and the experimental setup seem
adequate to investigate the thermal diffusion properties
of this kind of material over a wide temperature range;

- compared to the pure water, the properties measured for
the agar gel show values consistent with what is
expected,;

- an important behavior, highlighted for the water — agar
mixture, is a sort of reversibility of its properties when
the material is subjected to freeze — thaw thermal cycles,
without evident hysteresis phenomena in the measured
properties;

- astill open problem is that of the temperature at which
the phase transition begins. With the very low cooling
rates used, we expected the initial ice formation to be
closer to triple point of pure water and, above all,
repeatedly found in a narrow temperature range. This
did not find adequate evidence in the experiments
performed and the authors planned future calorimetric
investigations to understand better the triggering
mechanisms of ice formation.
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NOMENCLATURE

a,b Regression coefficients

c Specific heat, J. kg, K*!

CTC Climatic Test Chamber

F Dimensionless shape function

lo Modified Bessel function

m Parameter (slope) in Eg. (2) and Eq. (5), K

n Number of concentric rings of the heat
source

P Input power, W

r Radius of the sensor, m

R Sensor resistance, Q

pC Volumetric specific heat, MJ. m3. K

T Temperature, K

t Time, s

TPS Transient Plane Source

Greek symbols

(03
p
€

ATs
A

p
T

Thermal diffusivity, m2. s

Temperature coefficient of the sensor
resistance, K1

Dummy integration variable

Measured temperature increment, K
Thermal conductivity, W. m?, K1

Density, kg. m

Dimensionless time





