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ABSTRACT

Thermal measurements are collection of data which are either heat flux or temperature data.
Thermal measurements have been used in detecting distribution of heat transfer through the
boundary of a thermal system; as an example, the case of modeling burn depth, or skin
cancer, etc., where damaged tissue suffers dysfunction perfusion process. Damaged tissue
causes blood perfusion either to increase (inflammation process) or decease (burns). In this
study, an investigation was carried out to develop an optima modeling method to simulate
heat transfer through a compartment of non-perfused and perfused layers. The first model
was one-Layer compartment (thermal resistance model), in which the effect of thermal
capacitance of the non-perfused layer was not counted for. The second model was two-
layer compartment (perfused and non-perfused layers), in which the effect of thermal
capacitance of non-perfused layer was included.

For the one-layer compartment model, a numerical solution was developed based on finite
difference method to describe heat transfer through a perfused layer. This one-layer
compartment finite difference solution has perfusion effect and without thermal capacitance
effect. The non-perfused layer was represented in the one-layer FD-solution explicitly as
thermal resistance. For the two-layer compartment model, another finite difference solution
was used to describe the two layers along with the thermal capacitance effect. The results of
this investigation demonstrate that by modeling with thermal resistance of a non-perfused
layer, the complexity in handling two-layers is going to be reduced, and the estimated
parameters of both models was close.

Keywords: thermal measurements; modeling thermal system; thermal capacitance effect
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1. INTRODUCTION

An optima model minimizes complexity and speeds the search for
unknown thermal system parameters. Representing a non-perfused layer as a
thermal resistance eliminates the need to discretize the non-perfused layer
(Numerical approaches). The thermal resistance model smooths the thermal
system boundaries and that makes it easier to derive an analytical solution

for two inhomogeneous layers (perfused and non-perfused layers).

These methods have significant usage in thermal research; such as for
counting for thermal insulation of a soil-layer flowing above a river.
Another application of this research is in building a medical diagnostic
device; where the heat transfer through a tissue can be used to monitor and
detect any abnormality in perfused flow (Blood perfusion). The perfused
flow in most thermal system is a heat carrier; as an example, the amount of
thermal energy transported by blood indicates the status of the tissue. In
living tissue (Perfused layer), blood perfusion delivers oxygen and nutrients
to the cells while rgjecting wastes and hezt.

The goal of the present research is to evaluate two thermal models of a non-
perfused layer. The one-Layer compartment finite difference model which
has no therma capacitance effect is tested versus the two-Layer
compartment finite difference model which includes thermal capacitance
effects.
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2 EXPERIMENTAL THERMAL MEASUREMENT
METHODS

2.1 TISSUE SSIMULATOR (PHANTOM TISSUE)

Experimental measurements were obtained with the temperature-heat flux
sensor using the Phantom Tissue System of Mudalier et al. [14]. This test
stand is designed to supply perfusate into the tissue simulator at a controlled
temperature and flow rate. The bottom area of the tank stores water
maintained at a constant 37 °C temperature (core body temperature) by a
temperature controller in conjunction with a cartridge heater. The perfusate
flow is provided by a small centrifugal pump from the water bath directly
through a flowmeter into the porous matrix which acts as the tissue

simulator.

22 TEMPERATURE-HEAT FLUX SENSOR

Thermal measurements are collected using temperature-heat flux sensor,
where the heat flux sensor is a BF-02 heat flux gage (from Vatell company),
which has sensitivity of 2.1 mV/ (W/cm?. This is a 0.25-mm thick
thermopile-based heat flux sensor. The coupled temperature-heat flux sensor
isacompletely sealed sensor (0.28-mm thick) with athin-film thermocouple
next to the test material, as illustrated in Fig. 1. This coupled temperature
and heat flux sensor provides direct measurement of heat flux and
temperature between the non-perfused layer and sensor, as well as a water

tight seal to protect the sensor from moisture present in tissue.
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2.3COOLING SURFACE OF NON-PERFUSED LAYER

Initially the thermal system (perfused and non-perfused layers) is thermally
in equilibrium with the tissue simulator (Phantom Tissue), which provides
continually the perfused layer with an internal heating source (perfusion

carrying heat with a constant core temperature).

As forced convective cooling (advection) is applied at non-perfused surface
(Boundary of the thermal system), the surface of non-perfused layer startsto
excide the steady state behavior. The non-perfused disturbed layer will try to
replace the rejected energy during convective cooling process. Heat transfer
rate through perfused layer is faster than that through a non-perfused layer;
therefore, it is possible to detect thickness of non-perfused layer. Thickness
of non-perfused layer can be detected by measuring heat rate reected
through surface. That is exactly what happens when burn is initiated, the
thickness of non-perfused layer (dead tissue) increase, and heat transfer rate
IS going to be diminished.
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The amount of heat flux and the time required to return the thermal system
(tissue) to its original equilibrium (steady state), are an indication of any
additiona non-perfused layer (tissue abnormality). These results can be used
as a diagnostic tool to detect thickness of an abnormal tissue, where the
amount of blood perfusion controls the time required to reach back the

equilibrium condition.

In the designed forced convective cooling (therma event), cold air is
provided by nine jets of room temperature onto the top side of the
temperature-heat flux sensor. The jets are created with a compressed air
supply through 0.37 mm holes. When the jets are turned on, the sudden
increase in convection gives a corresponding increase in rejected heat
transfer from the non-perfused surface through the temperature-heat flux
sensor and the thermal contact resistance, asillustrated physically in Fig. 2.
The experimental temperature and heat flux measurements are recorded

with a 24-bit DAQ at sampling rate of sample per second.

Heat flux gage and

9-air jets (@ room temperature)
temperature sensor(Ts)

s 7 i T 1 1 | S
Non-perfused Layer :

—

" Thermal contact

resistance
Perfused Layer

Figure 2 System model

- 139 -



Journal of Humanities and Applied Science (JHAS) Issue No. (28) June 2016

24 MODELING COOLING OF SURFACE OF NON-PERFUSED
LAYER

Modeling cooling of perfused and non-perfused layers is done by applying
energy conservation theorem around the two layers. Where for a biological
thermal system, the top layer simulates a damaged tissue (burn,skin cancer,
etc.); while the bottom layer represents a healthy tissue (perfused tissue).The
dynamical cooling is expressed at the surface boundary as;

d

_k_ :{:0

5 (Ts(t) T(0,1)) (1)

R!J

While the continued internal perfusion heat source provides the far

boundary condition as;

a

a_ |;{—>oo =0 (2)
For this study the Pennes equation (3) is considered in one dimension and
simplified by the assumption of the equality of perfused layer (tissue) and
blood (perfused flow). Also al properties are taken with average values [ 20,
21] where k = 0.5 W/m-K, o, = 1050 kg/m?, and Cpt = 3800 Jkg-K. The

thermal diffusivity isdefinedas a = (k/p ), = (k/p )p
The one-dimensional transient bioheat equation in the x-direction:

92T

dz—wﬂf—f ) 3

d
d

- 140 -



Journal of Humanities and Applied Science (JHAS) Issue No. (28) June 2016

where the terms; w, is perfusion, and wy(T-Teore) represents the continued
internal perfusion heat source. Figure 3 illustrates tissue simulator
(compartment of two-layers perfused & non-perfused), and the
corresponding boundary conditions. The non-perfused layer is a sheet of
plastic, while the perfused layer is a sponge (water perfused through it with
a controlled amount). The thermal contact resistance between the sensor and
plastic layer is represented by R"o, while the thermal resistance of the plastic
layer is R", = L/kp. L and kj, are thickness and thermal conductivity of the
plastic layer, respectively.

I ﬂ - 1{T @ T0,8) Sensor measurements Tft] & a.(t) .
Porly R - ( / Ky
A= cmmmmm g AR e e s y L
[- Plastic Non-perfused layer } Rp B k_
e e i 2
Tissue Perfused layer -
R=R, IR,
ar  @'T
(0o = kg = (oW (' = Logre)
aT ~
x x=l;
e A

Figure 3 modeling a ssmulated two-layer compartment.

The non-perfused layer is either expressed as an additional thermal
resistance neglecting its thermal capacitance or as an additional layer with

all of the plastic properties. The one-compartment finite difference solution
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treats the problem as one layer with an added thermal resistance. The one-
compartment model lumps two thermal resistances R"o and R",, together and
only solves the full transport equation in the tissue compartment. The two
compartments model solves equation 3 in both layers, using zero perfusion
and appropriate thermal properties in the plastic layer. The details of the
solution techniques and results are given in the following sub-sections. The
shifting variable 8 = T — Tere 1S going to be used in equation 1, 2, and 3
instead of T. Where 6; means T; — Tegre.

3. ONE-LAYER COMPARTMENT FINITE
DIFFERENCE MODEL

Before the convective forced cooling is initiated by turning on the air jets,
the heat flux at the surface is balanced by the warmed perfused flow in the
simulated tissue. The initial steady-state temperature distribution in the
perfused layer (tissue) 6i(x) is obtained by solving analyticaly the steady-
state version of equation 3 along with the boundary conditions from
equation 1 and 2 [6]

Os(ty) - [2a
lk R J% + IJ (4)

Where the initial sensor temperatureis 8¢(t,).

0;(x) =6(x,0) =

The one compartment model makes use of two solutions, which are the
transient and steady-state solutions of equation (3). The initial heat flux is
calculated from the first derivative of equation (4).
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1;wb/a
1+ R'kJwy/a

where the initial sensor temperature minus the core temperature is8s(to). The

qi(x = 0) = —k6(t,) ©)

transient heat flux describes the response to the forced convective cooling
event.

The numerical solution to the 1D bioheat equation using Crank Nicolson
approach (n, i) - indicates respectively the indexes of time and space).
Figure 4 illustrates the finite difference discretization of the thermal system.

Discretizing the Contact Resistance layer;

(8:;?: - B-tr,lﬂ
H.FJ

ky

v (6)

674 — 612] =

i = imax X

TC ore

Figure 4 discretizing the finite difference model
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Discretizing the region between the core body temperature and the Contact

Resistance layer

92?1 — 9{5 _ 93??1 — 29?,?1 + 92?—11 + eﬂm — 29& + egi—l
At 2Ax2
n+1 il (7)
B Oi + Bt
2
Taking 9, = 2Ax%&a, = -, f =Ly, =w, where subscript “t’
PCp,t PCp,t

indicates tissue (perfused layer). The region between the two boundary
conditions; 2<i < tmax — 2, theequation is
(2o At — 9¢ + BAtAX?)OY; — o AtBY, — At
= aAtO 1 — (oAt + 9, + BAtAXD) B 8)
+ o AtO Y
At the surface of the non-perfused layer at (i = 1)
= a At0}5 ! — (2aAt + 9, + BAtAx?)0FH !
+ o AtBg "

The faraway boundary conditionat i =tm —1

(ZO(tAt - T.9t + ﬁAtsz)egt -1 - atAte{:t - atAte{:t -2
= qAt8Y;  — Qe At + 8, + fAtax?)elt . (10)

+ a A0,
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Where: 087y =06 ;=0

Finite difference heat flux for the one-Layer compartment:

Bn+1_Bn+1\
— ( ot - S J (11)

Ry

n+1

qs

6F = f(t), is the measured temperature above the contact resistance layer.
These equations are coded in Matlab and solved simultaneously using

Tomas algorithm.

1. TWO-LAYER COMPARTMENT FINITE
DIFFERENCE MODEL
The two-compartment model includes the thermal contact resistance with
capacitance in the plastic layer. Consequently, the first two boundary
conditions for the two-compartment model are the same as for the one-
compartment model. The last two are specific to the added plastic layer.

Figure 5 illustrates the two-layer compartment model.

aT 1 —— Sensor measurements
—k — == (T,(t) -T(0,1)
P Tal, e TR Ti(t) & it .
R
x_=_?____ e -bmeLéﬂf:po
r=I E Plastic Non-perfused layer j
daT daT, K ;
Kk, axp oz =K, s et /\ Tissue Perfused layer
T _y = T — >
p|x—L t|x—L AT air ]
(pﬂ; g = kﬁ_ (pcw)b = L)
aT _
Gx x=L; B

Figure 5 modeling a simulated two-L ayer compartment
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80,

6_ |-T*Lt =0 (12)
ae 1
iy |x-0 = g (65(0) — 8,(0.0)) (13)
dae a0
My lxr = ke o= |x (14)
Gplx:L = th:{:L (15)

Where subscript t is for sponge (perfused layer) and subscript p isfor plastic
(non-perfused layer) (wb = 0). Because the sponge has perfused flow, there
is a non-linear temperature gradient in the sponge at steady-state conditions.
Therefore, the proper steady-state solution of equation (3) is required to
initiate the finite-difference solutions for the two models. For the one-layer
compartment the initial temperature distribution is given by equation (4).
For the two-layer compartment the initial temperature distribution is derived
by solving the steady-state version of equation (3) with the boundary
conditions in equations (12-15). The steady-state form of equation (3) is
&0 m =0 (16
where m = .,/p wy;~k,. The corresponding solution for the perfused

compartment (simulated tissue) is
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6,(x)=As (m )+ Bc (m) (17)

ae— [1+ﬁJCz_ﬁ95(0) ,
ST - ma+ny)s s ¢t ag

+ Lt))

[1 + ;ﬁ] C, — k’% 6,(0) (19)

B =
c m)-t (mL+L))s (m)

For the plastic compartment (non-perfused layer) the solution is linear and

matched with the heat flux and temperature at the interface between the two

compartments.
6,(x) = C1x + C, (20)
Cl = - kpR" (65(0) - Cz) (21)
6,(0)D — ﬁ 6.(0)F
Cz = d L (22)
1
D= R'mik; (23)

[s. m)-t (mL+L))c (m)]
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1
P my—6u ma+1))s m) (24)

Theinitial solution is built from two solutions for the two-compartments.

6,(x) x<L ] (25)

0:i(x) = {9,(x) L<x<lI,

Figure 6 illustrates the initial temperature distribution of the two finite-
difference models for an example of plastic layer of Lexan with a0.381 mm
thickness. The initia temperature distribution in the plastic is linear since
the perfused flow term is zero, while the (perfused) sponge region has
perfused flow. The coordinate x is from the surface of the model. The added

thermal resistance of the plastic layer lowers the surface temperature.
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Figure 6 Initial temperatures for one-compartment and two-compartment models of 0.381 mm-
plastic
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The transient finite-difference scheme uses the Crank Nicolson method [17].
The stability of space and time meshing was tested for the 0.381 mm Lexan
example, where total of 20,000 nodes were used in the x-direction with a
uniform spacing for both plastic and sponge. The sponge thickness was set
al,=2c .ThetimestepwasAt =1s. The results were unaffected when
the size of At and Ax were varied by afactor of ten.

Discretizing the two compartment models

For non-perfused layer

n+1 _ gn n+1 __ n+1 n+1 n _ n n
ep,i ep,i =0 ep,iﬂ zep,i + ep,i—l + eIu,i+'-i Zep,i + ep,i—i

At P 2/x?
-B eﬁjj + e;i
2

. K - .
Taking 9, = 20x*&a, = p.::p’ B = p‘::p w, = wy,, Where subscript “p”

(26)

indicates plastic (non-perfused layer) . For the region between the two
boundary conditions; 2< i < pmax — 2, the equation is
= o AtB Y — (20:At + B, + BAIAXZ)ON T + o AtB Y
a
(ZapAt -9, + BAtsz) B — apAtO) .y — apAtB
(27)
a

= a,AtBy T — (2apm +9, + BAtsz) 0t
+ a, A5
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At the surface of the non-perfused at (i = 1)
(2,0t —9,)00 | — a, A6}, — a, AtO} (28)

= a,AtOL4! — (2a,At + 9,)004 ! + a, At 65!

Discretizing equations for the boundary and between the two layers. (tmax

& pmax are maximum nodes of perfused and non-perfused layers

respectively.
K (gn, —gn] = O~ 60)
k Ax P, P, kR.’J (29)
el T el vl Ll
on —or, (30)
Tl — AQn
t,t - Vit -1
For perfused layer region from (tmax-2=i= 2)
o BT — O5i _ Bty — 20" + 6t + 0ty — 20 + 654
YAt 20%2 1)
_p (B
2
The faraway boundary conditionat i = t1 -1

2a;At— 9, + BAtAX?)OF ) — a A0} — a A0 _,
= a A0 — Qa At + 9, + [ AAX*)O (32)

+ a, ALOIT
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Where: 6% =01 =0
Finite difference heat flux for the two-Layer compartment:

n+l _ gn+l
lqn+1 — (el,p 05 )
. =

Ax 1
i, T Ko (33)

p

3.EVALUATING THERMAL CAPACITANCE EFFECTS

The one-Layer compartment solution includes non-perfused layer as thermal
resistance but thermal capacity effect is not included. To evaluate the effect
of thermal capacitance on the two models, an example was solved with
0.381 mm of simulated non-perfused layer of Lexan and its three estimated
parameters are used together with the temperature profile to test the
calculated finite difference heat flux from each model. The plastic thermal
conductivity and thermal contact resistance were obtained by averaging the
estimated values from measurements. Thermal contact resistance of Lexan
is approximately R”, = 6.3 x 10* m?K/W and the thermal conductivity of
the Lexanisk;  =0.596 W/m-K. The Lexan specific heat is estimated as
1260 Jkg-K and the density is 1200 kg/m® [17].

Table 1 indicates the corresponding three parameters for 0.381 mm-Lexan.
These parameter values were used along with the temperature measurements
in the two models finite-difference programs as input to generate a new set
of heat flux values. Consequently, the important comparison is between the
results from the two finite-difference models. Note that the thermal
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resistance used in the one-compartment mode! is R, +£ and for the two-

compartment mode! is R,,.

TABLE 1 THE CORRESPONDING PARAMETERSFOR THE 0.381-MM OF
LEXAN MEASUREMENTS

Method Tested values
model
R 0.00138
W 0.051
T core 36.61
4RESULTS

The one-compartment (without thermal capacitance in plastic layer) appears
to have higher values of perfusion and thermal resistance for thick layers of
plastic. The effect is smaller for thinner layers of plastic.

The effect of the thermal capacitance on the heat flux can be seen in Figure
7. The origina measured heat flux is plotted versus the heat flux values
which calculated from the two finite-difference programs based on the
measured sensor temperature curve and the parameter values from Table 1.
The effect of the thermal capacitance in the plastic layer is to increase the
heat flux during the initial transient portion of the curve. As indicated in
Table 1, this makes the one-dimensional model appear to have higher
thermal resistance and higher perfused flow. Consequently, lower values
must be used to match the measured data. The resulting parameter

estimation using the one-compartment model will consequently give slightly
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lower values of perfused flow and thermal contact resistance. This effect
will be largest for the thickest plastic layers, decreasing to no effect for the
thinnest layers. The two-Layer compartment finite-difference model is
preferred over the one-Layer compartment finite-difference model. Figure 8
indicates that after initiating the convective cooling between the time 10 and
20 seconds, the thermal capacitance effect reduces heat flux of the one-

Layer compartment model by ¥4 of the two-Layer compartment model.

4000 T . T T T T

— — —FD Heat flux - With thermal capacitance effect

— — —FD Heat flux - Without thermal capacitance effect
Measured H. Flux non-perfused-0.381-Lexan-layer

3500

3000

]

(N3]

]

=
T

]

[

=

]
T

1500 =

Heat Flux (W /nt )

1000 7

500 + -

1 1
0 10 20 30 40 50 B0 70
time(s)

Figure 7 Heat fluxes for two models ver sus measured heat flux for 0.381 mm of plastic
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Figure 8 theerror between the two finite difference models

5.CONCLUSIONS

Two mathematical models were derived to simulate heat transfer through
non-perfused layer. Thermal capacitance effect was clarified to have large
effect at the time of applying thermal cooling, as the studied thermal system
moves away from its steady state to a transient state. Thermal capacitance
represents the amount of energy which is stored during the steady state
condition. The two-Layer compartment model was able to represent the
energy which was stored in the non-perfused layer of plastic, while the one-
Layer compartment model was not able to represent that stored energy. The
one-Layer compartment model underestimates perfusion.

On the other hand, the one-Layer compartment model reduces the

complexity of the system. The one-Layer compartment model does not
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require thickness or thermal conductivity of the non-perfused layer. An

extra computational cost is associated with two-layer compartment Finite

difference model, since number of meshes is greater than that require for

one-Layer compartment finite difference model.

Modeling non-perfused layer with thermal resistance requires modifying

estimated perfusion value to represent the right value and with that the

model counts for thermal capacitance effects.
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