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Abstract

The paper presents experimental verification of the Dual-Phase-Lag (DPL) heat transfer model of a skin tissue. The
simulation for Fourier- Kirchhoff and the DPL thermal models was performed for the same set of the parameters. These models
were solved analytically in frequency domain using the Laplace transform. The non-Fourier heat transfer should be considered
in a tissue as it is a multilayer structure where the perfusion plays an important role in heat transfer. The DPL effect can be
visualize in the high frequency range of the Nyquist plot of thermal impedance. Because of that the experiment for living skin
tissue was performed using a fast cooled single-detector IR head with the high sampling rate. Based on the obtained data, the
DPL model parameters were identified. It confirmed that such model fits well to measurements results and the values of the
parameters are agreed with the literature.

1. Introduction

Thermal modelling of the skin is the field of interest for many researchers. Knowing both thermal parameters of
the skin and its reaction to thermal excitation, it is useful to describe pathologies of the skin tissue like tumors, psoriasis
and inflammations including pre-cancerous lesions and severe cancers. Skin is a complex structure with three or more layers.
There are different approaches to thermal modelling such structures [I],]2],[3].[4],[5].[6]. The most common is the Fourier-
Kirchhoff (F-K) heat transfer model, but it does not take into account heat transfer by blood flow in both large and capillary
vessels. Many models are the modification of the Fourier-Kirchhoff one, e.g. the Pennes [I] model which assumes the presence
of perfusion. The Dual-Phase-Lag (DPL) model assumes that there are additional delays for heat flux and temperature
[0, [81.[9].[x0], [11],[Z2], [Z3],[14], [15], [16], [Z7], [18],[19],[20],|21],[22]. This effect is described by 2 thermal time constants: the
relaxation time constant 74 which indicates the time lag caused by the finite propagation time of heat flux in a tissue and
another thermalization time constant 71 - equation eq. . In the literature there are many simulation results of DPL models,
both for solids and bio-structures.

q(z, t +79) = —kVT(z,t + 1) (1)

Most of them present the numerical solutions. For tissues, the values of parameters especially for DPL model are very different
in many papers [16], [17], [18], [19]. |20], [21]. The thermalization time varies from few milliseconds to few tens of seconds
[14].[15], [16]. [17]. The similar variation of the relaxation time constant for tissues are reported in literature. In this paper
the experimental results of skin tissue DPL thermal modelling are presented.

2. Simulation results

Parameters of the DPL thermal model can be estimated by solving the model in the frequency domain. Moreover
the redefinition of thermal conductivity as a complex number (eq. (2)) has been already presented [22]. The Dual Phase Lag
model assumes that the heat is transferred not only due to the temperature gradient. Thermal energy can be transferred if
either temperature or heat flux are varying in time. In consequence, two thermal time constants are introduced displaying
both an additional relaxation of heat 74 and a lag of temperature 77 [22]. The Laplace transform allows to redefine thermal
conductivity that can be implemented in Fourier-Kirchhoff energy equation including perfusion [22].

E_k1+STT

= 2
1+ s74 (2)

In frequency domain the model has analytical solution for infinite, semi-infinite and a single slab geometry. For
multilayer structures it is possible to formulate the set of linear equations using the interface and boundary conditions [23].
The simulation of F-K and DPL model was performed for 4-layer structure with the parameters listed in table [T}

For F-K model the values of 74, and 7 are equal to 0. The simulation was performed for the assumption that the
heat source is at one side of the structure. Heat flux ¢ = 100 W/m?, surface S = 0.01 m? and heat transfer coefficient on
both sides h = 5 W/m?K were selected. This conditions are adequate to the performed IR experiment where the skin is cool
down and temperature evolution in time is registered on the skin surface after removing the heat source. Finally, the thermal
impedance obtained from the models is presented as the Nyquist plots. Comparison of the plots for F-K and DPL thermal
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Table 1. Model’s parameters
Layer | k,(W/mK) | cv, (J/m3K) | d,(m) | 74,(s) | 77, (s)
1 15 3e6 0.5e-3 0 0
2 2 4e6 2e-3 2 10
3 3 4e6 5e-3 2 10
4 4 4e6 10e-3 0 0
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Fig. 1. Nyquist plots for F-K and DPL model. - for pulsation in range from w = 1u to 1000 rad/s - for high frequencies
- wq corresponds to T4, wt - Tt

models is presented in figure They show that non-Fourier effect is visible in high frequencies as a non-straight line -
figure The difference is caused by presence of the relaxation and thermalization time constants.

In order to verify the correctness of the proposed approach and to visualize the difference in time domain, the
identification of thermal time constants was performed [24]. This is done by using the transfer function estimation (TFEST)

implemented in the Matlab environment with the assumption of 6-pole thermal impedance eq. .

6 R
2(9) = T 5em
i=1

The approximated values of time constants for each poles obtained from the model are in the table[2] This procedure
allows to find temperature response vs. time for power excitation in the form of the Heaviside step function eq. (ED

T(t)= P> Ri(l—e ™)

3)

(4)

The plot of temperature in time is shown in figure Additionally, figure presents zoomed region where the
delay of temperature response can be noticed for the DPL model in comparison to the F-K model.

Table 2. Models parameters

i [ F-K-R;,(K/W) | F-K - 7;,(s) | DPL - R;, (K/W) | DPL - 7, (s)
1 0.005 0.005 0.004 0.004

2 0.014 0.121 0.0130 0.104

3 0.026 0.906 0.019 0.492

4 0.053 5.795 0.050 11.981

5 0.131 33.315 0.143 38.232

6 9.906 6986.852 9.906 6986.923
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Fig. 2. - Evaluation of temperature in time for F-K and DPL models@ - Delay seen for DPL model.

3. Measurement results

The experiment was conducted using the infrared thermography for registration of temperature change after cold
provocation of a skin tissue [25], [26], [27]. The part of the palm is cooled down by a few degrees by a Peltier cooler device.

Fig. 3. Measurement stand with IR cooled single-detector head

In the experiment, the photon, cooled, single-detector IR head with the extended sampling rate up to 1 MHz was
used [28] as shown in figure 3] Based on the simulation results one can assume that the non-Fourier heat transfer effect can be
seen for very short time (sometimes of the order of microseconds or lower), and standard thermal camera might be insufficient
for such an experiment. Due to the reported in the literature values of the DPL model parameters, it possible to conclude
that thermal time constants for biomedical objects are not at the level of microseconds [15], [16], but it was not confirmed
experimentally yet.

The measurement of temperature (in isothermal units) in time from the region of about 1mm? presented in figure
4(a)|allows to register temperature with the high frequency rate but it generates a high-level noise, not only caused by sensitivity
of the sensor but also by the movement of the measured object. In this research the movement correction is not implemented
yet, but using the Kalman filter allows to reach quite smooth curve with reduced noise.
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Fig. 4. |(a)|- Measurement of temperature in time with and without the Kalman filter - Approximated temperature in time
in log scale.

4. Conclusion

In this paper we presented a simple experiment that confirmed the non-Fourier heat transfer in a multilayer skin tissue

structure. The experimental results were compared with simulations performed by the semi-analytical 1D model in frequency
domain. A fast single-detector IR head for temperature measurement was used. The results obtained confirm the redefined
formula of thermal conductivity for a material where DPL effect occurs.
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