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NUMERICAL MODEL OF HEAT TRANSFER
IN SKIN LESIONS

Preliminary results of numerical modelling of skindergoing thermal stimulation
(mild cooling) in a human forearm is presented. Bbrass compress was used for
cooling purposes. The skin recovery process was dimalysed. Temperature his-
tory for N = 14 samples was recorded using IR camera. Thelearnome from
8 male adults (age 25-38 years). A numerical moflékat transfer in tissues and
CFD model of surrounding air (natural convectiorgswroposed. Simulation re-
sults were validated against experimental data.

Keywords: numerical modelling, validation, bioheat equatiskin lesions, malig-
nant melanoma

1. Introduction

The accurate numerical models of living tissue are of high irapce

among numerous modern biomedical engineering challenges. Such nmardels ¢

not only allow one to understand processes involved, but they carnoheép
velop a new treatment and/or equipment used to assist meditaustaf) diag-
nosis and controlled treatment process [3, 6].

The work presented here is a part of wider research projgeted in veri-
fying the possibility of early diagnosis of skin lesions, wifedal interest in
malignant melanoma identification.
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2. Materials and methods

2.1. Mathematical model

Bioheat equation.The passive part of heat transfer in the living tissues de
scribes Pennes’ bioheat equation [2]:

oT (r,t
o) = ()T ()] anle ) v Dea [T -TE ] @
where:c, ¢, — specific heat (tissue, bloo@),p, — density (tissue, bloodJ, T, —
temperature (tissue, perfusing (artery) blood) time,k — tissue heat conductiv-
ity, gm — metabolic heat production rate, — blood perfusion rate, — vector
coordinate.

Metabolism. The metabolic heat production raig is a sum of the basal
valuegmo and additional\g,, part, being result of autonomic thermoregulation:

qm = qm,O + AQm (2)

where gy, — metabolic heat production rate for thermoneutral conditioas (i
body in thermal equilibrium with environment).

Under non-neutral conditions metabolic rates vary with the ldsalid
temperature. The dependency of temperature on metabolieodelled accord-
ing to theQyo relation. It states that for every 10 K reduction (changeje
tissue temperature, there is a corresponding reduction (chiantfe cell me-
tabolismAg, by the factoQy, = 2, as reported in [1]:

AGy, = o 127700 -1 3)

whereT, — basal temperature distribution (i.e., in thermoneutral conditions).

Perfusion. In non-neutral conditions the perfusion ratg(i.e., tissue blood
flow related to tissue value) varies with changes inoresy metabolic rates as
well. The dependency of the perfusion ratechange on variations of the meta-
bolic heat production ratiq,, (3) is linear #]:

DB = pyAG, 4)

where: 8= w,c,a, — blood perfusion energy equivalent, while= 0.932 K* —
empirically estimated proportionality constant [1, 5].
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Using the above definition gf, the most right term of eq. (1), which is
a source term arising from the arterial blood perfusing the tissue; reads

Op = B(To=T) = (B +0B8)(T, = T) = (e o + 1400, ) (T, = T) (5)

wherew,, o — basal perfusion rate for thermoneutral conditions.

Active thermoregulation. Neither vasoconstriction/vasodilatation, shiver-
ing thermogenesis, nor sweating was introduced in the model at hand.

2.2. Numerical model

The numerical model of human forearm, cooling compress and surrounding
air was developed. The numerical simulations were carriedising ANSYS
Fluent 14 commercial CFD package (ANSYS Inc., USA). The stk source
terms of heat conduction equation arising in bioheat transfer eqe()imtro-
duced by means of UDF (user-defined function) functionality of theYAS!
Fluent code.

Fig. 1. Three-dimensional model of computationaimdm; 1 — forehand
outer skin, 2 — surrounding air, 3 — cooling comspre4 — tissues layers:
bone, muscle, fat, inner skin, outer skin (a) anesimof numerical parti-
tion (b)

Geometry. The 3-D geometrical model of the computational domain is pre-
sented in fig. 1. The human forearm was modelled as a cylindeusded by
a cylindrical volume of air. Multiple concentric homogeneous rayepresent-
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ing different tissues types (bone, muscle, fat, inner skin, okiter\were consi-
dered. The outer diameter of each layer is shown in tab. Im®delled length

of arm was 200 mm which is enough to provide solution of independenice of t
boundary condition applied on the external boundaries: thermal insufation
tissue and pressure outlet for surrounding air (backflow aipéeature 23°C).
Due to the symmetry of the model, only a quarter part ofrtbdel was consi-
dered. Small cylindrical volume on top of the forearm repitssdre cooling
compress used in the thermal stimulation (cooling) of skin.

Numerical meshwas generated using ICEM CFD (Ansys Inc., USA). Tet-
rahedral meshing scheme was used. In order to verifytluemce of mesh size
on the numerical solution, three grids were tested (namely: 0.3 N arit1 5.5
M elements) in steady state simulations. For each case ete was refined in
cooling compress vicinity (i.e., where steepest temperatadients were ex-
pected). Finally, based on results comparison, 1.2 M tetrahednzrgke mesh
was selected for further simulations. To check final qualitgraf aspect ratio
was tested (i.e., scaled ratio between the volume of the etiemeé the radius of
its circumscribed sphere power three). The mesh quality héstogr presented
in fig. 2., where the worst element has aspect ratio above 0.8 awgl 50% of
elements have quality 0.6 and higher.

Table 1. Dimensions and properties of tissues aitidlivalues of model variables (for steady state
analysis)

Outer | Thermal . Specific Perfusion Metabolic heat
Tissue radius cond. Density heat rate production rate
mm | Wm™K?| kg-m? | JkgtK? st W
Outer skin| 42.9 0.47 1085 3680 0 0
Inner skin | 42.1 0.47 1085 3680 0.0011 631
Fat 411 0.16 850 2300 0.0000036 58
Muscle 35.3 0.42 1085 3768 0.000538 684
Bone 15.3 0.75 1357 1700 0 0
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Fig. 2. Histogram of quality of numerical partitielements; 1 — the best, 0 — the worst
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Numerical discretization, equations solved and material propties. The
set of 4 equations was solved for each time step (arisingrfrags, momentum
in 3D and energy conservation). Air flow was assumed laminah, satond
order upwind scheme. Air density for natural convection was madakeg
Boussinesq model approach. Operating conditions were taken asurpres
101.325 kPa, temperature 288.15 K, density 1.225‘ﬁg@nlavity was set to
9.81 m-5 in vertical direction (cooling compress was placed on topefdre-
arm). Constant air properties were assumed: specific heat 10065437,
thermal conductivity 0.0242 WK™, viscosity 1.79E-05 kg-ths* and ther-
mal expansion coefficient 0.00343'K

Time step. For transient part of the simulation the sensitivity agialypf
time discretization was done as well. Three time steps s&ected and tested
against their influence on the results, namely: 0.25 s, 0.5 s andiaking into
account obtained results and computation time, the time stepw@$ selected
for transient simulation in the current study.

2.3. Experiment

The proposed numerical model of skin cooling and rewarming processes
was validated against experimental data collected frobjests examined in
course of pilot medical experiment (being part of wider researaject). The
medical ethical committee of Maria Sklodowska-Curie MealoGancer and
Institute of Oncology Gliwice Branch approved the study. Eachesulgave
written consent prior to participation in the study. For the initial et hand,
the group of eight adult males was selected. Subject’'s chdstcte(mean +
SD) are: age 31.1 £ 5.0, height 1.80 m £ 0.07 m, weight 102.0 + 10.4 kg. The
studied skin sites were dorsal and ventral side of thddefhand halfway the
wrist and inner side of the elbow. The subjects were asksthy sited for 15
minutes prior to the measurements.

The skin temperature history was recorded using PI160 (Optris GmbH
Germany) infrared camera (160 x 120 px, 120 Hz, LWIR, 7.5{iB@letector,
standard lens 23° x 17°). Cooling of skin was done by means of dwaksg
compress at stabilized initial temperature 6-7°C. The W#saimoneutral) skin
temperatures were measured by wireless iButton DS1922kiifMiategrated,
USA) temperature data logger attached using adhesive tapeading zone
(approx. 3 cm). Room temperature was measured using Almemas23@lti-
function measuring instrument (AHLBORN, Germany) equipped witlyge-t
thermocouple sensor.

3. Numerical simulations

Numerical computations were carried out in three stepsstéady state
simulation tuning model variables to mimic thermoneutral conditiongghei-
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tial state for following step; (b) transient simulation kihscooling; (c) transient
simulation of skin recovering from local cooling.

Steady state simulation was performed in order to get &al i@mperature
distribution and tune model variables: metabolic heat productiomated per-
fusion ratew, as in the thermoneutral state (i.e., model in thermal equitibri
with environment). During this step the type of volume represemiuging
compress was set fluid having the same properties as surrounding air. Uniform
constant temperature of 23°C was prescribed for the whole coiopatatio-
main (both forearm and air) and uniform zero velocity was pisstnvithin the
air domain. Outer radius of all tissue layers of the meddibrearm, as well as
tissue properties [4] and initial metabolic heat productiagasrand perfusion
rates are presented in tab. 1.

The temperature (see fig. 3.) and velocity distribution bé#megresult of
steady state analysis is then prescribed as initial conditir further transient
calculations. In addition, the resulting temperature distributionalméc heat
production rate and perfusion rate are thereafter treated d&mshé metabolic
heat production ratq,,, basal blood perfusion rate,, and basal temperature
distributionT, entering egs. (2), (3) and (5).
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Fig. 3. Initial temperature distribution (in symmeplane of the compress) for transient
analysis: tissues (top) and surrounding air (bottom

Cooling. To mimic the skin cooling procedure, during the first steprani-
sient analysis, the material type of volume representing rapalompress was
temporarily switched tmolid having properties of brass: density 8500 kg-m
specific heat 380 J-KgK™ and thermal conductivity 110 WK™ and pre-
scribed uniform initial temperature 7°C. Then transient simulatias run to
simulate 15 s of local skin cooling.

Recovery.Once simulation of skin cooling is finished, the temperature and
velocity field as well as model variables were stored wset as initial values
for the next step. The material type of volume representoiing compress is
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then switched back tibuid having properties of air (uniform temperature 23°C).
Then transient simulation of skin recovering from local coolmgxecuted for
total time 100 s after cooling is finished.

4. Results

The mean skin temperature history + SDNoE 14 samples is shown in
fig. 4. (each temperature represents the coldest skin syrf@uein area where
cooling compress was applied).

Contact resistance.As first attempt, ideal contact between cooling com-
press and the skin was assumed. However simulated tempeespoase was
far below those measured (see dashed black line in figTd.simulate non-
ideal contact conditions taking place during experiment (beingjtre$ hair
presence, limited cooling compress pressure, etc.) cont&tanes was added.
The simulation results for contact resistance 0.00KM ™ are shown in fig. 4.
(solid black line).
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Fig. 4. Skin temperature variation vs. time for meang data and CFD simulation, the re-
sults are presented for time after cooling compiessmoved

5. Conclusion

As the result of preliminary research the numerical modehefhuman
forearm undergoing the skin thermostimulation was developed and tedlida
However, further research is needed towards the proper coesstance de-
termination, as well as in implementation of additional adineemoregulation
models (including vasoconstriction and vasodilatation).
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MODEL NUMERYCZNY WYMIANY CIEPLA W USZKODZENIACH
SKORNYCH

Streszczenie

W pracy zaprezentowano wphe wyniki modelowania numerycznego procesow wysnian
ciepta w rejonie skory przedramienia poddanej tetyroulacji (fagodnego ochtadzania). Do
ochtadzania iyto kompreséw mosknych. Przeanalizowano proces powrotu skoéry do stanu
sprzed termostymulacji. Przyzyciu kamery termowizyjnej zarejestrowano rozktachperatury
dlaN = 14 prébek w grupie 8 przebadanych dorostyetiazyzn (w wieku 25-38 lat). Zapropo-
nowano model numeryczny przeptywu ciepta w tkankactedramienia oraz w otacaeym je
powietrzu (w warunkach konwekcji swobodnej). Wyrskimulacji zostaly poddane walidacji przy
uzyciu danych pochodgych z pomiaréw.

Stowa kluczowe:modelowanie numeryczne, walidacja, rownanie bjgeiezmiany skérne, czer-
niak ztcsliwy
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