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While heat transfer plays an important role in thermal therapies by moxibustion, little information is cur-
rently available in the literature. Our aim is to get the temperature distribution beneath the skin surface
and reveal how an imposed heat can affect blood flow in vessels and vice versa. For a better understand-
ing of the heat transfer process due to moxibustion, skin temperature measurement is conducted to get
the skin surface temperature, which enables us to carry out a numerical simulation of heat/flow equa-
tions in human legs. Subject to the measured skin surface temperature by virtue of the calibrated real

ﬁeeya ‘éwt)rrg;:sfer time infrared camera, the temperature beneath the heating position and the heat transfer in blood vessel
Moxibustion are numerically obtained. When the temperature becomes higher, blood flow velocity is found to increase
Numerical simulation in this study because of the accompanying decreased viscosity. Both of the lying and standing poses are
Infrared investigated in the current moxibustion study. For the lying case, the blood flow has a higher mean veloc-

ity while for the case of standing pose a larger change of the mean velocity is predicted. From the thermal
energy point of view, the lying pose is a better choice because its resulting higher blood flow velocity can

transfer heat more effectively to the whole body.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Thermal therapy is a clinical procedure of increasing the tem-
perature above 40 °C or even 60 °C at a properly chosen area of pa-
tients’ body surface. In the past, clinicians have developed a
number of ablation strategies to destruct tumor cells. Moxibustion
is another widely accepted thermal therapy in Chinese medicine
[1]. Human body is exposed to a high temperature by different
means for a certain period of time. The resulting skin temperature
can be locally raised by a sufficient amount and it can cause an
apparent effect to occur. Depending on the distance between the
skin and moxa, thermal injury on the skin may be resulted from
temperature elevation in tissues above a threshold value, say
60 °C at most (skin surface).

It is essential to provide medical doctors with some useful infor-
mation of the bioheat during therapeutic therapy since it is nor-
mally difficult for them to conduct thermal analysis. Some
analytical studies have been performed, for example, by Brix
et al. [2] who derived the analytic solutions by the Green’s function
method to estimate temperature elevation. Durkee and Antich [3]
developed the transient analytic method in a multi-layer structure
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to get temperature distributed on the skin, muscle, and bone. A
three-dimensional acoustics-thermal-fluid coupling model has
been developed in [4,5] to investigate the influence of blood ves-
sels on the temperature distribution during liver tumor ablation
using the high-intensity focused ultrasound.

The body surface temperature is attributed to blood circulation
beneath the skin, local metabolism between the tissues, and heat
exchange between the skin and its surrounding tissues. Under
the normal condition, thermal energy balance can be well main-
tained and leads thus to a skin temperature suitable for metabolic
functions. Physiological abnormality or change in the surrounding
conditions may affect the skin temperature and can even cause a
net thermal flux in or out of the human body [6].

Numerical modeling is now accepted as an effective means of
understanding the detailed heating process in a physiological
structure. This technique also helps us to quantify the degree of
thermal damage on the tissues due to an applied heat. Henriques
and Moritz [7] have made some discussions on the burns under
different situations. Actually, there has been a long-standing inter-
est in getting skin thermal properties [8] to clarify under what con-
dition thermal damage may occur. These usually involve the
contact between skin and the heated object [9], in which thermal
conduction and heat capacity are two dominant factors. Investiga-
tion of the bioheat transfer can be carried out to get the spatial and
temporal temperature distributions. When a heat source is ex-
posed to skin surface, its local temperature is the result of the


http://crossmark.dyndns.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2013.03.057&domain=pdf
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2013.03.057
mailto:twhsheu@ntu.edu.tw
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2013.03.057
http://www.sciencedirect.com/science/journal/00179310
http://www.elsevier.com/locate/ijhmt

142 C. Huang, T.W.H. Sheu/International Journal of Heat and Mass Transfer 63 (2013) 141-149

Nomenclature

G specific heat

g gravity

h enthalpy

i internal energy

k thermal conductivity
p static pressure

T temperature

t time

Vinean mean velocity

Wp perfusion rate for tissue
1% velocity vector

u, v, w velocity components
X, ¥,z  Cartesian coordinates
q energy flux

Greek symbols

density of calf
density of blood
viscous stress tensor
viscosity

=~ o
<

thermal energy balance between the heat conduction and the heat
convection in blood flow motion. Anderson and Burnside [10] mea-
sured the blood perfusion effect using a spatial sinusoidal heating
by ultrasound. Perfusion was normally simulated by solving the
Pennes equation.

In the present study, our attention is focused on the heat trans-
fer process and the blood perfusion for an externally applied heat
to the calf, shown in Fig. 1, by moxibustion. In Chinese medicine,
the acupoint in gall bladder (GB) meridian has direct relevance to
hemicrania and joint ache. At the calf section, the number of cap-
illaries near the GB acupoints is much greater than those found
at other parts of the body [11]. The distances between the acu-
points GB37-GB38 and GB38-GB39 are about an inch. Therefore,
the acupoint GB38 has been the focus of our previous investiga-
tions [12-14]. The axial image of the right leg for the GB38 acu-
point [15] is shown in Fig. 2, which contains the anterior tibia,
posterior tibia, peroneal, and some superficial vessels. In the pres-
ent simulation of heat transfer around the location GB38, the effect
of blood flow in two superficial peroneal veins, which are closest to
the heating location, will be taken into account.

The rest of this paper is organized as follows. The infrared (IR)
camera employed in the surface temperature measurement and
the numerical method performed to get the interior temperature
will be briefly described in the next section. This is followed by
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Fig. 1. Schematic of the calf and the heating location [21].

comparing the temperatures, due to moxibustion, obtained from
the experimental calibration and the numerical simulation. Finally,
a summary of the present study is drawn.

2. Working equations and numerical method

To simulate the moxibustion process, the governing equations
for tissues beneath the skin of leg schematic in Fig. 1 and the New-
tonian flow in blood vessels are given below for the respective
mass, momentum, and energy conservations:

Vou=0, (1)
u+u-Vu—71Vp+1V-r (2)
“t = = p p L)

1 1 1dp
ht+th—;Vg+;£V1+5E7 (3)

In the hemodynamic equations (1) and (2), p is the density of

the blood fluid, u is the blood flow velocity vecter, p is the blood
flow pressure, and z is the shear stress tensor defined as

;:uwy+vg)meuamzua:37mm174k£»is@-

T+273
noted as the blood viscosity [16]. To simplify the analysis, visco-
elastic effect in the blood flow is not taken into account in the
current study. In the energy equation (3) for blood flow, h(= C,T)
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Fig. 2. The axial image of the right leg [15] containing the heating location and the
two superficial peroneal veins.
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location 1

BCIII

BC I: transient temperature bc BC II: adiabatic bc
BC III: pressure bc

Fig. 3. Schematic of the calf section around the heating location and the specified boundary conditions.

Table 1
Summary of the employed coefficients and the prescribed temperatures in the current
simulation.

K 0.840419 +0.001403T W/m °C Thermal conductivity

G 3,594 J/kg °C Specific heat of tissue

M ﬂ(TOC) — 0.0021 {1 _ 4_[7;—23773} kg/ms Viscosity of blood

Pe 1,035 kg/m> Density of calf

Db 1,035-0.41335(T-310) kg/m> Density of blood

T 22°C Environment temperature

denotes the specific enthalpy of the blood and G, is the specific
heat at the constant pressure. The vector g denotes the diffusive
energy flux defined as q = kVT, where T is the blood temperature
and k is the thermal conductivity.

In addition to the above set of Egs. ((1)-(3)) applied in the blood
vessel shown in Fig. 3, the diffusion-type Pennes bioheat equation
[17] given below is employed to model the transfer of heat in per-
fused tissues

Fig. 4. The temperature contours measured by the real time IR camera.
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Fig. 5. (a) The surface meshes generated in the investigated calf section; (b) The zoom-in area around the heating position.
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Fig. 7. The predicted contours of the skin surface temperature.

p.CiTe = kV2T — WyCp(T — Toy). (4)

In this energy conservation equation applied to tissues, p;, C;
and k; denote, respectively, the density, specific heat, and thermal
conductivity of the tissues under investigation. In the last term on
the right hand side of Eq. (4), T, denotes the temperature at a re-
mote location and W, is known as the perfusion rate for the tissue
cooling. For simplicity, the value of W,, is assumed to be 0.5 kg/m?.

Eq. (4) will be solved together with the hemodynamic equations
((1)-(3)) by employing the commercial software CFD-ACE" [18].
This finite volume package includes the CFD-GEOM modulus for
easily generating a structured type surface mesh. Subject to these
surface mesh points, the solution domain is divided into a number
of cells known as control volumes. The governing equations shown
above are numerically integrated over each of these computational
cells using the modulus for solving the dependent variables which
are stored at cell centers. Third-order accurate upwinding scheme

is applied to approximate advection terms, while the diffusion
terms are approximated by the second-order space-centered
scheme and the time differencing is first-order accurate by
employing backward Euler scheme. An advanced multigird solver
is chosen in this study to effectively calculate the velocity and en-
thalpy respectively from the discretized equations for (2) and (3).

In Egs. ((1)-(3)), these is no governing equation for the field var-
iable p. As a result, the pressure-based method, which utilizes the
continuity equation to formulate one equation for the pressure, is
employed in this study. In the current segregated approach, the
pressure-velocity coupling is accomplished for the momentum
equations for u and the continuity equation for p via the SIMPLE
C (Semi-Implicit Method for Pressure-Linked Equation Consistent)
iterative solution algorithm. A graphical user interface (GUI) and
the CFD-VIEW modulus are both available for us to easily specify
the physical properties, which are also stored at cell centers, shown
in the equations and to clearly visualize the simulated results.

The boundary conditions applied at the calf section of the first
author’s leg are shown in Fig. 3. The notation BC I represents the
transient temperature boundary condition, where the time depen-
dent data are measured experimentally using the real time IR cam-
era. The measured temperature plotted in Fig. 4 will be used as our
input boundary condition to solve the energy equation (4) in tis-
sues. BC II is designed as the adiabatic boundary condition. At
the interface separating the blood vessels and their surrounding
tissues, thermal energy balance between the Fourier law of
conduction and the Newtonian law of cooling is applied. One can
also simplify the derivation of interface condition by neglecting
the convection cooling near the blood vessel. As a result, only the
energy balance of heat conduction from the tissue and blood vessel
sides is considered. In CFD-ACE" the interface condition has been
automatically imposed without the need of user’s specification.
BC Il denotes the inlet and outlet boundary conditions for the
blood flow equations. At these two truncated planes, they are spec-
ified with the fixed pressure values.

A hybrid grid containing the structured- and unstructured-type
meshes is shown in Fig. 5. A total number of 15,371 nodal points is
generated. These mesh points have been properly distributed so
that the predicted solutions can more faithfully represent the
physical phenomenon of the problem under current investigation.
In all investigations, calculation of the enthalpy over one time
increment will be terminated when the residual norm falls below
1015, By increasing the number of nodal points (15,371 nodal
points) by an amount of 50% (or 23,171 nodal points), only a neg-
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vessel 2

Fig. 8. The predicted temperature contours on the cutting plane that contains the heating location. The temperature has a smaller value near the vessel 2.
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Fig. 9. The predicted temperature contours on the cutting plane that contains the
location 1, location 2 and heating location. The temperatures are smaller near the
vessels 1 and 2.
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Fig. 10. The predicted temperature on the vessel surfaces.

ligibly small difference is observed in the simulated results. On the
contrary, when the number of mesh points is decreased by 50% (or
7,403 nodal points), the computed difference becomes apparent.
Hence the mesh generated by 15,371 nodal points will be em-
ployed in the present simulation study.

In order to know the temperature distribution due to a burning
moxa, in this measurement the IR image is recorded under an al-
most dark condition. The camera and the subject under investiga-
tion are both apart from the external IR source. The room
temperature and the relative humidity are maintained at the fixed
values of 22 + 0.1 °C and 60 * 7%, respectively. Thermography has
been carried out with a calibrated IR camera (Electrophysics TVS-
500 EX system), which is equipped with a 3.5” transflective color
LCD monitor. Sensitivity, accuracy, and resolution of the employed
camera are kept at the values of 0.06 °C, +2 °C and 1.68 mrad,
respectively. The distance between the camera and the subject un-
der investigation is chosen to be 0.3 m. The infrared images of the
subject obtained at a sampling rate of 4 Hz are directly recorded in
the PC hard disk.

3. Results and discussion

The specific heat and density of tissues of the investigated calf
section are denoted as C; and p;, respectively. At the normal state,
these coefficients are prescribed respectively as C;= 3,594 J/kg °C
[19] and p, = 1,035 kg/m>. The thermal conductivity of human tis-
sues is assumed to change with the temperature (T) according to
k:=0.840419 + 0.001403T W/m °C [20]. The rest of the employed
coefficients for the material properties are tabulated in Table 1.

The temperature on the skin surface is controlled to be lower
than 60 °C, which is about the highest temperature that human
skin can endure, to avoid scarring. Fig. 6 shows the time varying
temperature at the heating position of skin surface. The pressures
at the inlet and outlet boundaries of the blood vessels are specified
at 50 N/m? and 0 N/m?, respectively. The temperature at the rest of
the boundary is specified at 35 °C. The predicted temperature on
the skin surface is shown in Fig. 7.

When the skin surface is heated by a burning moxa, the result-
ing higher tissue temperature can cause mast cells to degranulate.
Such a degranulation of cells helps to increase the hydraulic pres-
sure of capillaries and the permeability of capillaries. The effect of
moxibustion can therefore enhance Chi-blood circulation. Fig. 8
shows the predicted temperature contours on the cutting plane
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Fig. 11. The predicted velocity vectors in the vessels, and the temperature contours on the cutting plane that contains the heating location.
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Fig. 12. The predicted time-varying temperatures at the locations 1 and 2. Locations 1 and 2 are at the center positions of vessels 1 and 2.
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Fig. 13. The blood viscosities are plotted with respect to time at the locations 1 and 2. Locations 1 and 2 are at the center positions of vessels 1 and 2.

of the calf that contains the heating position. From this Figure the be seen. The temperature is also found to be lower around the ves-
transfer of heat from skin surface to tissues and blood vessels can sels that are on the right bottom side of Fig. 8. This phenomenon
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can be also observed in Fig. 9, which plots the predicted tempera-
ture contours on the cutting plane of the calf that passes the posi-
tion where the moxa is placed. The temperature has a lower value
around the blood vessels.

The predicted temperature on the vessel surface is shown in
Fig. 10. Both of the velocity vectors inside the blood vessels and
the predicted temperature contours on the cutting plane that con-
tains the moxibustion location are shown in Fig. 11 at t =194 s. It is
seen that the speed of blood flow is faster at a time when reaching
the heating area. Such a flow acceleration results from the de-
creased blood viscosity in the sense that the Reynolds number be-
comes larger. The time-varying temperature and the viscosity of
the blood flow shown, respectively, in Figs. 12 and 13 at the loca-
tions 1 and 2 indicate that a lower viscosity corresponds to a higher
temperature.

Along the vessel 1, the temperatures are plotted from the bot-
tom to the top in Fig. 14 at t =0, 222, 380 s. At t = 222 s, the tem-
perature reaches its maximum magnitude at z=0.06 m-0.10 m
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Fig. 16. The predicted density p(z, t) at the center position of the blood vessel 1 at
t=222sand 380s.

(heating position is at z=0.08 m). In Figs. 15 and 16, one can also
observe that the predicted higher temperature is the result of the
lower viscosity and density.

Moxibustion has enjoyed widespread popularity in Chinese
medicine treatments. No information is, however, available for
the time being for us to know more precisely the amount of heat
that has been transferred to the body during the heating process.
To provide some scientific and useful heat flux, the surface temper-
ature on the skin measured by IR camera is used as the boundary
condition to perform heat and fluid flow simulations. The time-
varying heat flux and total heat transfer from skin to human body
generated by the burning moxa is shown in Fig. 17. The transfer of
heat during the whole moxibustion process will be illustrated by
plotting the predicted moxibustion heat.

When performing moxibustion, it is interesting to know
whether or not a standing pose is more effective than a lying pose.
Two simulations with the gravity effect along z (simulating the
standing pose) and y directions (simulating the lying pose) are
therefore carried out. In Fig. 18, one can find that the mean velocity
under the lying pose is always larger than the velocity predicted
under the standing pose. The reason is that the blood flow can re-
turn back more easily to the heart without the effect of gravity.
However, in standing pose, when the temperature is higher the
buoyancy force will accelerate blood flow. Therefore, standing pose
has a larger change of the mean velocities tabulated in Table 2.

4. Conclusions

In the present study, the increased skin surface temperature
during moxibustion has been obtained experimentally from the
real time IR measurement. Based on this experimental measure-
ment of the surface temperature, beneath the skin the distribution
of surface temperature can be numerically simulated. When the
temperature is increased, blood flow is found to increase because
of the decreased blood viscosity. The difference between the lying
and standing poses during moxibustion is also numerically stud-
ied. Under the lying pose, the blood flow is found to have a larger
mean velocity magnitude while the standing pose has a larger
mean velocity change. Through this study, we know that the lying
pose is considered to be a more effective choice when practicing
the moxibustion since a larger blood flow speed can transfer heat
more quickly to the whole body.
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Table 2

Comparison of the mean velocities between the blood vessels 1 and 2 before and at a time

subject to moxibustion.

Vinean in vessel 2 under lyi
pose

Vinean in vessel 1 under lying pose

Vinean in vessel 2 under standing
pose

Vinean in vessel 1 under standing
pose

ng

567088 x 1073 0's (100%)

Before 5.96187 x 102 0's (100%) 5.81148 x 1072 0's (100%) 5.81950 x 102 0's (100%)
moxibustion
Under 6.00023 x 1073 2225 (100.643%) 5.87232 x 1073 194 s 5.94355 x 1072 2225 (102.132%)  5.86833 x 107> 1945 (103.482%)
moxibustion (101.05%)
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