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Abstract. The methods of sensitivity analysis are used deoto observe the influences of
changes of the cryoprobe tip cooling/heating rateaccourse of biological tissue freezing
process. The temperature history of tip temperatu@ssumed in a form of broken line.
The direct variant of sensitivity analysis is happlied. At the stage of numerical model-
ing the control volume method is used. In the fipaft of the paper the examples of com-
putations are shown.

Introduction

During biological tissue freezing in the domain siolered one can select three
time-dependent sub-domains, this means the tissaenatural state, intermediate
phase and frozen region. The intermediate phasespwnds to the temperature
[Te, Tg], whereTg andTe denote the border temperatures (the beginningrendnd
of freezing process), in particular this intervalaissumed to be from -1 to —8°C.
The best and very effective mathematical modehisfttype of phase changes bases
on the equation called ‘fixed domain approach’ [1ad then in the energy equa-
tion the parameter called a substitute thermal @gpéSTC) [1-4] is introduced.
For the natural state and frozen region the ST@esponds directly to the volu-
metric specific heats of sub-domains discussedlewbr intermediate phase the
formula determining this parameter contains a campbresulting from the phase
change thermal effect (evolution of latent heat).

1. Mathematical modd

So, the following energy equation is here considlere

c(r) 2 = difA(Tgrad] + g, +, )

where C(T) is a substitute thermal capacity]l) is a thermal conductivitygp is
a perfusion heat source agdis metabolic heat source.
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The action of external cylindrical cryoprobe isdepnsidered and the fragment
of tissue domain analyzed should be oriented irctfiedrical co-ordinate system
(axially-symmetrical task).

Then

oT _10 oT |, 0 oT
C(T)—===rA(T)=— [+ =—|A(T)=—|+qp + 2
)2 =22 A S|+ 2 A2 |+ e, +a @
whereT = T(r, z, t).

The perfusion heat source is given by the formula

ar =GyG, (Tb ‘T) 3

whereG; is the tissue perfusion fblood/s/mi tissue],c, is the specific heat of
blood per unit of volumeTy is the arterial blood temperature. The value ofame
bolic heat source can be assumed as a constaet[@hlitom the scope 245+24500
W/me,

Equation (1) (Pennes equation) is strongly noralineecause the thermophisi-
cal parameter€(T) andA(T) are essentially temperature-dependent. The approx
mation of above functions is taken from literatfeeg. [6, 7]) and the courses of
C(T) andA(T) are shown in Figures 1 and 2.
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Fig 1. FunctiorC(T) [MJ/mK]

At the stage of numerical modeling the basic enegyation has been simpli-
fied. The numerical experiments show that the actib perfusion and metabolic
heat sources can be neglected. The predominamtr fdetermining the course of
freezing/heating process is connected with thentateat evolution. The course of
this process is determined by the substitute thlecapacity of tissue, in others
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words, the evolution of latent heat is ‘hiddentfre formula describing the changes

of C(T).

The Pennes equation is supplemented by the foliphdundary conditions

(r,20ly, - q=—/l(T)a—T=0

5
(r,20Tly, - qz—A(T)Ezo 4)
(r,20r; : T =T (t)

(r,20r, : q=A<T)Z—Z=a(r—Tg>

wherel'o1, o2 are the conventionally assumed external boundafiéssue domain
(see: Figure 3)'1 is the contact surface between cryoprobe tip &mdtissue I, is
remaining part of skin upper surfage,s the heat transfer coefficienk, is the
ambient temperature, whilk: (t) is the time-dependent tip temperature. The Initia
condition

t=0: T(r,z0)=To (5)

is also known.
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Fig. 2. Thermal conductivity(T) [W/mK]

The direct problem described by equation (1) andndary-initial conditions
(4), (5) constitutes a base of sensitivity modeistniction. Below, the example of
a such task solution will be presented (c.f. [6]).

Let us consider the cylindrical fragment of biolkajitissue subjected to action
of external cryoprobe (diameter 15 mm). The chargjesryoprobe tip tempera-
tures are marked in Figure 4 (line 1).
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Fig. 3. Domain considered

In the same Figure the temperature histories apdivgs located on a skin sur-
face are shown. The input data concerning the pateamappearing in mathemati-
cal model of thermal processes have been taken literature (e.g. [6]). As was
mentioned, at the stage of numerical computatitres dontrol volume method
(CVM) [8] has been used.
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Fig. 4. Cooling/heating curves

2. Sensitivity analysis

To analyze the influence of cryoprobe tip coolirggting rate on the course of
freezing process the energy equation and boundéigti conditions should be
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differentiated with respect to parametetthis means the slope of straight lines in
equations

t<t’ @ T (t)=T,-vt, t=t, T(t)=T, +vt (6)

whereTmin is the minimum tip temperaturé*, is the exposure time.
So

dC(T)
dT 0

140 d/l(T) d/\(F)
?E[ dT ar (F)—} E[ dT oz (F)—}

cm% =
™)

whereU =0T/0v . The last equation can be written in the form

cT )——ii{ ()—} {A(T)"’—U}qv (8)
r or 0z

whereq, is the artificial source function which form resufrom equation (7), in
particular

=), 0T 10}, dAM), 0T 1, 9} dAT), oT ©)
dT ot ror dT or 0z| dT 0z

This form of sensitivity equation is similar to thasic equation (2) and at the
stage of computations the same numerical procedarebe used.
Differentiation of Dirichlet boundary condition gig

t<t:  Uclt)=-t, t=t, U.t)=t (10)

while in the case of Robin condition

dA(T), , 0T
= w9 ’, +)I(T) = aU (11)

and this formula can be also written in the formikir to condition (4d).
The non-flux condition are in force, while for 0: Up = 0.

3. Example of computations
The cryoprobe of diameter 15 mm is considered.ipet data concerning the

thermophysical parameters are taken from [6]. Tikeue domain of cylindrical
shape d = 45 mm,H = 45 mm) is subjected to the cryoprobe tip tempeeatat the
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same time» = 8.6 K/min,t” = 762 s. The numerical solution of sensitivity gl
has been obtained using the explicit scheme of Guivhon-linear transient prob-
lems. As an example in Figure 5 the sensitivitidfie domain considered for time
1080s is shown. The solution obtained allows onanalyze the interactions be-
tween kinetics of freezing and the conditions dhsdurface cooling/heating pro-
cess. For example for time 1080s the maximum vadfiésmperature field pertur-
bations are located close to the contact surfacideasame time one can find the

isoline U = 0 this means the sub-domain of verylgssmsitivity.

Fig. 5. Sensitivity function
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