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Abstract--The multidimensional transient temperature profiles of the arterial and venous blood flows and 
of the tissue within a limb are simulated with the bioheat equations developed by means of the heat transfer 
principle in porous media. The conjugated differential equations are solved numerically. Three different 
layer models are introduced to treat discrete distributions of the anatomical and thermal properties. Some 

examples are computed and discussed. © 1997 Elsevier Science Ltd. 

INTRODUCTION 

Heat transport within the human body is a com- 
plicated process involving metabolic heat generation, 
heat conduction in tissue, convection and perfusion 
of the arterial-venous blood through the capillary bed 
and interaction with the environment. The accurate 
description of the human thermal system is necessary 
for development of biological and medical tech- 
nology. Bioheat transfer affects the behaviour of bio- 
logical systems. To some extent, the bioheat transfer 
model of the human body is the basis of thermo- 
therapy, the human thermoregulation system and 
design of heating or cooling garments. With the 
human bioheat transfer model, one can predict the 
effects of a harsh (hot or cold) environment on the 
physiological processes of the human being, which 
helps in better utilization of manpower and prevention 
of disease and accidents [1]. 

An acceptable model should account for the fol- 
lowing factors: heat conduction in the tissue, heat 
convection and perfusion of the blood, heat storage 
in the blood and tissue, metabolic heat generation, 
thermal and anatomical properties of organs and 
tissues, geometry of the organism and interaction with 
the environment. If the model is applied to ther- 
moregulation, physiological properties and functions 
of the human body need to be included. Since the 
appearance of Pennes' bioheat equation [2], plenty of 

tDedicated to Academician Professor Alexandr Ivanovich 
Leontiev on the occasion of his 70th birthday. 

publications have been devoted to the thermal mod- 
elling of the human body. Charny [3] gave a detailed 
review of the chronological development of math- 
ematical models of bioheat transfer. In principle, most 
of the bioheat transfer models described in ref. [3] are 
extended or modified versions of the original work of 
Pennes and the fundamental structure of these models 
remains the same. 

For solving heat transfer problems within the 
human body, the body was artificially divided into a 
few parts such as the head, the trunk and the limbs. 
Thermal coupling among different body parts was 
established by the lumped-parameter equation of the 
blood flow. The heterogeneity of the tissue and tor- 
tuosity of the vessels are two important features with 
respect to heat transport. Generally, anatomical inves- 
tigation gives the averaged values of thermal and 
physiological properties and no detailed spatial dis- 
tributions of these properties. To take local variation 
of thermal properties of the tissue and metabolic heat 
generation within the tissue into account, the so-called 
'core and shell' model [1] and 'four-layer' model [4] 
were developed for the thermoregulatory application, 
in which temperature changes of both arterial and 
venous blood flows were treated by the lumped-par- 
ameter model. Usually the bioheat equation is solved 
in the radial or both the radial and tangential direc- 
tions in order to avoid mathematical complexity, but 
it does not mean that axial heat transfer and tem- 
perature gradient are neglectable. In fact, temperature 
variation in the axial direction is greater than that in 
the radial direction because of the blood perfusion 
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NOMENCLATURE 

thermal diffusivity [m 2 s 1] 7r~ 
surface [m 2] 
specific heat capacity [J kg --j K ~] p 
hydraulic diameter [m] a 
local volumetric heat transfer r 
coefficient [W m 3 K i] 
mass transfer coefficient [m s ~] 
thermal conductivity tensor 
length of the limb [In] 
Nusselt number 
metabolic heat source [W m 3] 
radius [m] 
temperature [:C] 
local volume-averaged temperature 
[ ' c ]  
velocity tensor 
velocity [m s-i]. 

Greek symbols 
~, porosity 

latent heat of vaporisation of water 
[Jkg i] 
density [kg m -3] 
specific surface area [m 2 m 3] 
time [s]. 

Superscripts 
a arterial blood 
b blood phase 
s solid tissue 
v venous blood. 

Subscripts 
a arterial blood 
b blood phase 
m metabolism 
s solid tissue 
v venous blood 
w water. 

through the tissue and the countercurrent effect 
between the arterial and venous blood flows [5]. 

As pointed out by Weinbaum et al. [6], the fun- 
damental difficulty in modelling heat transfer pro- 
cesses within the human body is incorporation of the 
complex vascular architecture, e.g. dramatic variation 
in number, size, spacing of the vessels, thermal inter- 
action among arteries, veins and tissues, convection 
and perfusion of the blood through the tortuous capil- 
lary beds, metabolic heat generation and interaction 
with the environment into a complete model. In their 
series of papers, Weinbaum et al. [7-9] proposed a new 
bioheat equation which is based on some anatomical 
understanding. Considering variation of the number 
density and size and flow velocity of the coun- 
tercurrent arterio-venous vessels, they put forward 
some examples of steady-state heat transfer. This 
model may be useful in describing temperature dis- 
tribution in a single organ, but it will be awkward to 
apply it to the whole human body for thermo- 
regulation. Detailed argument on this model was 
given by Wissler [10]. 

In a previous article [5] the tissue was treated as a 
porous medium and the fundamental principle of heat 
transfer in porous media was applied to modelling 
thermal process within the human body. Without the 
assumption of the local thermal equilibrium between 
the blood and the tissue, a two-medium treatment of 
the single-phase flow and heat transfer was involved. 
The effective thermal conductivity is used in order to 
take thermal dispersion of the blood through the tissue 
into account. Based on the continuum assumption, 

two equations were derived for the blood and the 
tissue, respectively : 

8(pCp)bI~T)b +(U) b "V(T) b] 

= V ' [ k ~ , ' V ( Z ) b ] + h b s ( ( T ) ~ - - ( z ) b )  (1) 

(1--~)(pcp)s--~" = V ' [ k 2 " V ( T ) q  

+h~b((T)S--(T)b)+qm(1--e). (2) 

If sufficient information about the thermal and ana- 
tomical properties of the human body as well as the 
velocity and direction of the blood are at hand, both 
these equations can be used directly to determine tem- 
perature distributions. In the absence of detailed 
information, these two equations may be simplified to 
make simulation of the human thermal system trac- 
table. In view of this fact, the dispersed plug-flow 
model was applied to steady-state temperature simu- 
lation of the arm [5]. As illustrated by the examples, 
the temperature slope of the tissue in the axial direc- 
tion is steeper than that in the radial direction, which 
may partly explain the reason why the foot and hand 
have lower temperatures than the other parts. 

This article applies the bioheat equations developed 
in the previous work [5] to simulating a transient 
response of the limb to external stimulus. The two- 
dimensional heat transport equations are proposed 
for the tissue, the arterial and venous blood flows. 
These equations are conjugated by interstitial heat 
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exchange between the tissue and the blood. To 
describe the convective heat transfer, the interstitial 
convection heat transfer t e r m  hbs(<T)S-<T> b) or 
h~b(< 7") b -  (T)0 ,  rather than the term UbPbCpb(Ta -- T~) 
which was used in most of the existing publications, 
is assumed. Heat conduction within the solid tissue in 
both the axial and radial directions and the coun- 
tercurrent effect between the arterial and venous blood 
flows are involved. As the first step, the passive ther- 
mal system is treated. One of the thermoregulatory 
functions of the human body exposed to a hot 
environment, heat loss by sweating, is taken into 
account in the model by introducing an appropriate 
boundary condition. The incorporation of other ther- 
moregulatory functions of the human body into the 
whole thermal human system will be handled in ano- 
ther article. 

MATHEMATICAL FORMULATION 

From equations (1) and (2), one can easily obtain 
the transient heat transfer equations for a limb. In a 
similar way to the procedure of deriving the steady- 
state heat equations [5], the following differential 
equations in the cylinder coordinate system are 
obtained : 

/8(T)"  +u .  ~ ) 
e ~ ( p e p ) o { ~  

~ a 

, , / , ? < ~  <o<7%v'~ 

8 , t)(T) v - s v 
= ff£x(k~ ~x )+hw(<T)  - < T )  ) (4) 

~<Ty 
(1 -- e)(pCp)~ &r 

/ , ,0<T>V\ 1 ~ ,,~<T>~\ 
: + ;  T )  

A-qm(1- 8) + h~b(( T>S-- < T>b) + h~b(< T>~-- < T> b) 

(5) 

where <7~) ~ is the tissue temperature averaged over 
the transverse section of the limb at any axial position 
x and 8 = 5, + By. 

Equations (3)-(5) are valid for the arterial and 
venous blood flows and the tissue, respectively. All 
thermal and physiological parameters involved in 
these equations are allowed to be spatially and tem- 
porally distributed functions, for example the blood 
velocities Ua and u~ are allowed to be functions of 
both variables x and r (e.g. symmetrical parabolic 
distributions). If the averaged values of u~ and uv are 
assumed, equations (3) and (4) actually represent the 

dispersed plug-flow model. The countercurrent effect 
between the arterial and venous blood flows is ex- 
pressed by the second term on the left-hand side of 
both equations (3) and (4). The equivalent (or effec- 
tive) thermal conductivities k* and k* are used to 
account for the thermal dispersion of the blood 
through the porous tissue. Computation has shown 
that the temperature simulation remains almost the 
same, whether the governing equations for both the 
blood flows are one-dimensional or two-dimensional. 
Therefore, here the one-dimensional model is applied 
to the blood. In addition, the dispersed model applied 
to the blood flow can compensate for deviation of 
the one-dimensional model from the two-dimensional 
one, which is one of the merits of the dispersed model 
that finds wide use in chemical and thermal engin- 
eering. 

The metabolic heat generation is taken into account 
in equation (5). The terms of interstitial heat exchange 
between the blood and the tissue appear in the three 
equations mentioned above which are then conju- 
gated. The metabolic heat generation of the blood 
flow as well as the heat exchange between the blood 
and the tissue are two main ways of controlling and 
regulating the temperature of the human body subject 
to an external hot or cold stimulus. In the absence of 
detailed information about distribution of thermal 
and physiological properties, the averaged values of 
these parameters, obtained in anatomical inves- 
tigation, are usually used. In such cases, the limb is 
divided into a few layers and in each layer all necessary 
parameters are considered as constant. The step vari- 
ation of these parameters occurs at the interface 
between two adjacent layers. Generally, the limb can 
be divided into one layer (i.e. homogeneous tissue) or 
two layers (i.e. core and shell) or four layers (i.e. core, 
muscle, fat, skin), giving rise to the so-called 'one- 
layer', 'two-layer' and 'four-layer' models the 
above-mentioned governing equations are applicable 
for each layer. The simplest case is that the limb is 
approximated as a homogeneous layer and the cor- 
responding properties are the averaged values over 
the whole limb. 

Both the arterial and venous blood flows flow 
through the vessels and disperse through the tortuous 
capillary beds. To describe the arterial and venous 
blood flows, the hydraulic diameter d * =  4 x void 
volume/surface area = 4e/or(i-8) for each flow is 
introduced. With definition of the following dimen- 
sionless parameters and variables : 

.', r "c <TD- L 
:~= P= f = - -  ® =  

L RMA x 17 M Tse , -- T, 

L R2a~ (1 -ca)  R 2 0"2 (1 --e,,) 
4a, 4e,. 

Pe~ - 8a(pCp)~uaL Per - ev(pCp)vuvL 

h.d* h,d*~ 
Nu., = k , ~  Nuv -- , 

• k v ~ v  
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qm(1 --~) k~* 

k~ k~ 

kv* 0{aT M 
~v = - -  Fo~ = 

L 2 

the previously proposed governing differential equa- 
tions are rewritten in dimensionless forms : 

a t2  = 0 

00~ 

02 

®a = ®bl (12) 

80~ 
= 0  (13) 
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020v 
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(7) 

(8) 

The physical meanings of some parameters appear- 
ing in these equations have been discussed in ref. [5]. 
These equations are valid for each layer of the limb 
because the properties are assumed to be constant 
within each layer. The general forms of the initial 
conditions are as follows : 

o , ( x ,  o) = g~O¢) 

o ,  (x, o) = g~(2) 

0~(2, ~, o) = g,(2, O. 

The boundary conditions are more complicated, 
which depend upon energy exchange between the limb 
and environment. Heat can be transferred from the 
surface of the limb to the environment and/or from the 
environment to the surface of the limb. The following 
boundary conditions are given : 

a t f =  1 

O®s 

at r = 0 0 ~  = 0 

0~ 

h~R h~R 

= = kW- 

Lg a Le.. 
H,, = 77g H , = - -  

' d~, a* 
(14) 

/•vap R 

g e v a p  - -  k s ( r s e  t - Tr) 

&up - E~,pR 

a t 2 =  1 

®~ = ®v (15) 

~?rc k* 0.~" 
(16) 

02 -- B io(®~--Of)  + Bir (®~--Or)  -}- Eevap --Esu p. 

(17) 

With the assumpt ion  o f  zero poros i t y  on the outer- 
mos t  skin  surface (no blood f l o w  to the vicinity) the 
thermal  c o n d u c t M t y  ks of the tissue, rather than the 
apparent conductivity k~, is used for defining the Biot 
number Bi in the boundary conditions of equations 
(11) and (17). Both these conditions are versatile and 
take all possible modes of heat exchange on the surface 
into account. Practically, it is not necessary that all 
these heat exchange manners appear simultaneously. 
If it is necessary to take the evaporative heat loss by 
sweat into account, this type of heat flux may be 
calculated according to 

Eevap = n w d w s k i n ) ' t g  

(9) = hm[p ..... (T~skm)--(arpr,~at(Tr)]Aw~u,7,g 

where the mass transfer coefficient hm can be cal- 
culated from the convective heat transfer correlation 
by means of the heat and mass transfer analogy ; Aw~u, 
is the wetted skin surface. Here it is assumed that the 
relative humidity on the wetted skin surface is equal 
to one. 

If it is necessary to include thermal dispersion of 
the arterial blood at the point where the blood enters 

(10) the limb, the Dankenwerts' type of boundary con- 
dition ®bl--®~=--1~Pea®®~02 should be sub- 
stituted for the above-mentioned condition of equa- 
tion (12). A simpler alternative to the boundary 
condition of equation (14) for the tissue may be 
®,~ = (®a + ®,.)/2. According to the anatomical knowl- 
edge of the circulatory system, the continuous con- 
ditions of equations (15) and (16) are suggested for 
both the arterial and venous blood flows at the end of 
the limb. In cases where the limb is divided into sep- 
arate layers, the additional boundary conditions in 
the radial direction for the tissue should be given at 
the interface between two adjacent layers. These con- 

(11) tinuous interracial conditions are as follows : 
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O,j(~,R,,¢) = Os, j+,(X,/~j,~) (lga) 

C~O'Jl 80'a+ide ~=.~" (18b) k~,~-~'~ =~, = ~,j+, 

So far the thermal model of the limb has been estab- 
l i shed- i t  is suitable for either the naked or the clothed 
limb. Generally, the effect of clothes is approximately 
taken into account by defining the insulation I of a 
clothing system [11, 12]. The SI unit o f / i s  called 'clo" 
and 1 clo is equal to 0.155 m z K W-~;  with this 
parameter, the difference between the skin and ambi- 
ent temperatures can be approximately assessed. If 
the effect of clothes needs to be more accurately con- 
sidered, two additional layers in which there is no 
blood flow and no metabolic heat generation can be 
added directly to the previously proposed thermal 
model ; one for the still air layer for the human body 
in the environment or the still water layer for the 
human body immersed in water and the other for the 
porous clothes. Only heat conduction occurs in these 
two layers. For the still air or water layer between the 
skin surface and the inner surface of the clothing, heat 
flow is controlled by the conduction equation : 

G a O s w _ / 3 2 - ~ - / 7 / 1  a {_a®~w~ a2®~ (19) 

and the clothing layer may be modeled as a porous 
medium with local thermal equilibrium and heat 
transport is expressed by 

aa ~3Ocl /321-~-1 T I C 3 / '  00~l~ 632Ocl 
aoIFG c~: fo~ \ r  d~ j  + ~2 (20) 

where thermal diffusivity a~ is a function of thermal 
properties of the clothing material and of the fluid 
perfused within the clothes. Correspondingly, the 
boundary condition (11) should be replaced by the 
interfacial conditions (18) between the outermost skin 
and the still fluid layer and be shifted to the outside 
of the clothes. 

NUMERICAL ALGORITHM 

The previously proposed governing equations are 
conjugated and the finite-difference method is used 
to find the transient response of the human limb to 
external stimulus. For numerical computation, the 
implicit finite difference representation is applied to 
these differential equations and the alternating direc- 
tion implicit (ADI) method is employed for finite- 
difference representation of equation (8) because it 
gives rise to tridiagonal matrices like a one-dimen- 
sional problem for either of the two alternating direc- 
tions and the computation scheme is very efficient. The 
upwind-difference scheme is applied to the convection 
term in equations (6) and (7) to mainta!n a stable 
numerical solution. By means of Patankar's ex- 
pression [13], the finite-difference representation of 
these equations is as follows : 

aapO,r, = aaEOaE + GwO,w + b~ (21) 

avi, O,~v = avEOvE + a,,wOvw + bv (22) 

asvOsp = asEO~E + GwO~w + assOsS + asNOsN + bs 

(23) 

where the coefficients a~j and b~ may assume different 
values for the tissue and the arterial and venous blood 
flows. For the given boundary conditions, one has the 
similar finite-difference expressions. 

If the limb is divided into several layers with differ- 
ent thermal and physiological properties, the dis- 
cretization method is assumed such that a control- 
volume face nearest to the boundary of a layer is 
exactly the interface between two adjacent layers. In 
this way, the discontinuity of the properties in a 
control-volume is avoided. The so-called harmonic 
value [13] of the conductivity is used for evaluating the 
interface conductivity. For convenience of numerical 
computation, the program can automatically dis- 
tinguish the order number of the discretized grid 
points nearest to the interface for the given dimen- 
sions. 

Since these finite-difference equations are con- 
jugated to each other, iteration is needed for each time 
step, although it is not necessary to carry out iterative 
computation for the ADI algorithm itself. For the 
temperature computation of the tissue as well as the 
arterial and venous blood flows, the convergent cri- 
terion is 

IO~ +' -O~l/l®~+ll ~< 10 -5 (24) 

where Oi may be O,, O, or ®v. The solution region 
(the limb) can be discretized into many small meshes. 
The following computation is related to an arm with 
length L = 0.7272 m and radius R = 0.0556 m and it 
is discretized into 101 × 81 meshes. 

Some necessary anatomical and physiological 
properties are referred to in refs. [1, 4, 14] and are 
listed in Tables 1 and 2. The basic data listed in Table 
2 are the weighted means of the properties listed in 
Table 1 over the related regions and the weight is the 
relative thickness of each layer. Practically, there may 
be different ways to average them from the distributed 
parameters. The densities and specific heat capacities 
of the arterial and venous blood flows are given as 
P, = Pv = 1059 kg m -3 and cpa = Cpv = 3850 J kg- '  
K ~, respectively. The apparent conductivities of the 
arterial and venous blood flows are assumed as ka* = 
kv* = 0.64 W m -~ K - L  Since there is a shortage of 
porosity and specific surface area of the tissue and the 
interstitial heat transfer coefficient at present, such 
parameters may be estimated approximately from the 
available data for other porous media [15, 16]. If the 
blood flow through the porous tissue is assumed to be 
in the fully developed flow regime, the Nusselt number 
values may be given as Nu, = Nuv = 4.93 [16] which 
is independent of the flow Reynold's number and axial 
location. 
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Table 1. Basic data of the four-layer arm model 

Core Muscle Fat Skin 

Radius [m] 
Density [kg m 3] 
Specific heat capacity [J kg J K ~] 
Thermal conductivity [W m ~ K '] 
Metabolic heat generation [W m 3] 

0.03109 0.05102 0.05319 0.05560 
1357 1085 920 1085 
1700 3800 2300 3680 

0.75 0.51 0.21 0.47 
368.3 684.2 368.3 368.1 

Table 2. Basic data of the two- and one-layer models 

Layer 

Two-layer One-layer 

Core Shell Homogeneous tissue 

Radius [m] 
Density [kg m 3] 
Specific heat capacity [J k g  ~ K ~] 
Thermal conductivity [W m L K - L] 
Metabolic heat generation [W m 3] 

0.05102 0.05560 0.05560 
1250.8 1006.8 1230.7 
2520.3 3026.2 2562.0 

0.656 0.347 0.631 
492.7 368.2 481.5 

NUMERICAL EXAMPLES AND DISCUSSIONS 

For  computat ion of  the first example it is assumed 
that the arm is initially in thermal equilibrium with 
the environment at 30°C and the tissue as well as the 
arterial and venous blood flows have a steady-state 
temperature distribution. The initial wind speed and 
relative humidity are set at 0.05 m s ~ and q~f = 0.40, 
respectively. The inlet temperature of  the arterial 
blood is assumed as T~ = 37.3°C. A new transient 
process begins with the environmental temperature 
18'C and a new wind speed of  0.1 m s ~. The com- 
putation consists of  two steps ; the first for the initial 
temperature distributions 9,(~), 9v(~) and 9s(~,~) 
which are determined by a steady-state programme;  
the second for the transient response of  the arm sub- 
ject to the given boundary conditions and initial tem- 
perature distributions. 

The blood flow rate depends strongly upon the level 
of  exercise. The P6clet number Pe appearing in the 
above-mentioned equations is directly controlled by 
the blood flow and the dispersion through the tissue. 
The approximation Pea =Pev = 60 may be chosen for 
the resting state [9]. The porosity e and specific surface 
area a depend upon such factors as the body tem- 
perature and interaction with the environment, as well 
as vasoconstrictor and vasodilator mechanisms. These 
parameters should be experimentally determined. To 
carry out  the following computat ion in the case of  
shortage of  experimental values, some estimated 
values are introduced by referring to the data related 
to similar porous media, which does not affect expla- 
nation of  the applicability of  the above model. In 
fact, the analysis [5] has shown that the temperature 
distribution within the limb is not sensitive to slight 
variation of  these two parameters. 

As pointed out previously, the multi-layer model is 
an approximation of  the model with spatially dis- 
tributed properties. Different division methods may 

result in different layer models, which relies on the 
average algorithm of  the thermal, anatomical and 
physiological properties, to some extent. Generally, 
from the different layer models different temperatures 
are obtained. The deviation among the various layer 
models depends upon the original spatial distributions 
of  the aforementioned properties. The initial tem- 
perature distributions of  the arterial blood and the 
tissue at r = 0 are illustrated for the three different 
models in Fig. 1. The temperature distribution of  the 
venous blood is not  given because it is similar to that of  
the arterial blood. Obviously, the temperature profiles 
related to each model are different from each other. 
The difference between the one-layer and two-layer 
models is small compared to the four-layer model, 
since the various types of  properties pertinent to the 
four-layer model are quite different from those in the 
one-layer or two-layer model and the differences 
between the properties related to the one-layer and 
two-layer models are remarkably small (as shown in 
Tables 1 and 2). 

If  the human body is suddenly exposed to a changed 
thermal environment from the initial state, the tem- 
perature distributions within the human body will 
change and the thermoregulatory system of the human 
body will function. The following figures show the 
passive temperature responses of  the body subject to 
an external stimulus. The active thermoregulatory 
function is not taken into account during the com- 
putation of  the first example because this article is 
mainly aimed at examining the applicability of  the 
bioheat equation developed in ref. [5] and the differ- 
ence among the distinct layer models. Only one of  the 
thermoregulatory functions, sweating, can be treated 
by altering the boundary condition of  equation (11) 
in the second example. Application of  the bioheat 
equation to the whole human body will be involved in 
the future work, in which all active thermoregulatory 
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Fig. 1. The initial temperature distributions: (a) arterial 

blood flow, (b) tissue at r = O. 

functions of the human body will be taken into 
account. The curves in Fig. 2 reflect the temporal 
temperature profiles of the arterial and venous blood 
flows in the arm subject to the previously described 
external stimulus. As expected, these temperatures 
related to the various layer models are different from 
each other because of the different distributions of the 
properties which affect heat exchange between the 
blood and the tissue. The curves in this figure reveal 
that the countercurrent effect between the arterial and 
venous blood flows makes their temperature profiles 
approach each other. Comparison of these curves 
shows that the temperature profiles related to the 
arterial and venous blood flows are almost identical 
for each of these models, Further computation shows 
that with increasing Pe which corresponds to an 
increase in the blood flow or a decrease of thermal 
dispersion of the blood through the tissue, the tem- 
perature difference between these two blood flows 
becomes somewhat evident, but the countercurrent 
effect always makes these two temperature dis- 
tributions converge with increasing flow length. 

Figure 3 shows the transient response of the tissue 
temperature after 1800 s according to the three differ- 
ent layer models. These spatial distributions are 

different from each other because different discrete 
anatomical and thermal properties are inserted in each 
model. Figure 3(a) clearly represents the effect of the 
different properties in different layers. Comparing Fig. 
3(a)-(c) one can find that the deviation between the 
one- and four-layer models is bigger than that between 
the one- and two-layer models or that between the 
two- and four-layer models. The one-layer model 
describes the effect of the mean values of the properties 
averaged over the layers and treats the arm as a homo- 
geneous porous medium, but the four-layer model 
reveals the effect of the district distributions of these 
properties. The results obtained from the two-layer 
model may be considered as the intermediary between 
those from the one-layer model and those from the 
four-layer model. Since a layer may be very thin for 
the four-layer model, many grid points must be 
assumed in order to ensure that the spatial step thick- 
ness is smaller than that of any layer. Therefore, the 
four-layer model may cost much more computation 
time than the one-layer or two-layer model does. In 
view of computation time and accuracy, the two-layer 
model may be a good compromise. 

The temperature distributions of the human body 
depend not only upon the local distributions of the 
afore-mentioned properties, but also on the boundary 
conditions. The second example illustrated in Figs. 4- 
6 includes all types of boundary conditions described 
in equation (11). Assuming that the human body is 
initially in a comfortable environment: the environ- 
mental temperature is 25cC, the relative humidity 
~b~=0.6, the wind speed is 0.05 m s ~ and there is 
no irradiation from the sun, in this initial state the 
evaporative heat loss from the skin surface may be 
considered to be very low and entirely due to the 
diffusion of water vapour through the outermost skin 
surface. In this case the relative wetted surface area 
may be assumed as 0.06. The temperature profiles in 
the arm are initially computed for the steady-state. 
Then, the body is suddenly in a hot environment: 
the environmental temperature is 45'C, the relative 
humidity qSf = 0.2, the wind speed is 1.0 m s ~, the 
arm is exposed to irradiation from the sun and the 
solar radiation is assumed as E~up = 258 W m -2. While 
the human body is exposed to a hot environment and 
sunburn, the heart rate and, consequently, the blood 
flow rates increase. The P6clet number may be 
assumed as Pe = 150. The heat load obtained by the 
body is regulated through sweating and the relative 
wetted surface area is assumed as 0.9. Figure 4 rep- 
resents the spatial distributions of the arterial and 
venous blood temperatures at different times. With 
increasing exposure time, both these two blood tem- 
peratures rise. Under the boundary heat loads, the 
temperatures close to the end of the arm vary more 
steeply. Subjected to the effects of the initial tem- 
peratures and heat exchange between blood and 
tissue, the blood temperatures away from the end of 
the arm change slowly. This phenomenon indicates 
that the traditional lumped-parameter models [l, 4] 
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Fig. 2. The temporal temperature profiles of  the arterial and venous blood flows : (a) one-layer model, (b) 

two-layer model, (c) four-layer model. 
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% 

,t 

(a) (b) 

(c) 
Fig. 3. The two-dimensional temperature distribution of the tissue at 1800 s : (a) one-layer model, (b) two- 

layer model, (c) four-layer model. 

for the blood may not completely describe the tem- 
poral and spatial variation of the blood temperature. 
The two-dimensional temperature distribution of the 
tissue at 1800 s is illustrated in Fig. 5--the tissue 
temperature rises outwards. Figure 6(a) describes the 
axial distribution of the tissue temperature at the outer- 

most skin surface and Fig. 6(b) the radial distribution 
of the tissue at L/2. All the curves in these figures 
show that the tissue temperature varies remarkably in 
both radial and axial directions and heat transfer in 

the tissue should be treated as a two-dimensional 
rather than a one-dimensional problem. In particular, 
the axial variation of the tissue temperature should 
not be neglected in an accurate bioheat model. 

The previously described examples have testified to 
the applicability of the bioheat model developed in 
this article to the simulation of transient temperature 
distributions within a limb. The model encompasses 
such anatomical and thermal properties as the 
porosity, the specific surface area, the P6clet number, 
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Fig. 4. The temporal temperature profiles of the arterial (a) 
and venous (b) blood flows within the arm suddenly subjected 
to a hot environment and sunburn from an initial comfort- 

able environment• 

(b) 
Fig. 6. The temporal temperature profiles of the tissue sud- 
denly subjected to a hot environment and sunburn from an 
initial comfortable environment: (a) axial distribution on 

the outermost skin surface, (b) radial distribution at L/2. 

Fig. 5. The temperature distribution of the tissue of the arm 
suddenly subjected to a hot environment and sunburn from 

an initial comfortable environment• 

the heat  t ransfer  coefficient, heat  conductivit ies,  spec- 
ific heat  capacities, b lood flow rates and  metabol ic  
heat  generation.  Some are known and  some unknown.  
In order  to p romote  use of  the model,  it is necessary 
to experimental ly determine the u n k n o w n  properties• 

C O N C L U S I O N S  

The bioheat  model  developed on the basis of  the 
heat  t ransfer  principle in porous  media has been 
applied to the s imulat ion of  mul t id imensional  t ran-  
sient behaviour  of  a l imb subject to a sudden external  
heat  stimulus. The examples include t rans i t ion  of  a 
steady-state in a ho t  env i ronment  to a cold environ-  
men t  and  t rans i t ion of  a steady-state in a comfor table  
env i ronment  to a ho t  env i ronment  subject to sunburn .  
The computa t ion  has indicated two-dimensional  dis- 
t r ibut ion of  the tissue temperature.  The axial var ia t ion  
of  the b lood and  tissue tempera tures  and  the counter-  
current  effect between them can not  be neglected and  
should be included in the b iohea t  model.  
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Three different layer models  have been discussed. 
The four-layer model  evidently reveals the effect of  
the discrete properties,  bu t  it may cost much  more 
computa t ion  time than  the one-layer or two-layer 
model.  Fo r  practical  applicat ion,  the two-layer may 
be preferable,  especially for s imulat ion of  the whole 
h u m a n  thermal  system. To apply this model  fur ther  
the involved parameters  need to be determined 
experimentally.  
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