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Abstract--  Modeling of  biotransport
phenomena inside human body has being
paid attentions for last 50 years. Most of
mathematical model only consider energy
conservation which is bioheat. However in
biosystems, the heat and chemical
compositions with mas and momentum are
coupled. The macroscopic volume-averaged
transport model is presented in the previous
paper. This paper we present our
mathematical expressions for macroscopic
fluxes, interfacial transfer fluxes, as well as
basic requirements for system closure..
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I. MACROSCOPIC INTERFACIAL
TRANSFERS BALANCES

In additional to the macroscopic
conservations of mass, momentum, energy, and
mass concentration in the domain within the
control volume [18], these counterparts should
also be balanced at the interfaces.

The interfacial balances can be given as
follows.

Mass interfacial balance:

N
>, =0

k=1,2,3,...

Momentum interfacial balance:
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Y M +MT =0
k=1,2,3
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Energy interfacial balance:

Mass Concentration Interfacial balance:
N
J, =0

k=1,2,3,...

Each interfacial quantity is depicted in the
following.

Microscopic and macroscopic conservation
equations of mass, momentum, energy, and
mass concentrations for a phase k are
summarized in Table 2. Summary of Modeling
of Macroscopic Stress/Fluxes and Interfacial
Transfers is given in Table 1.

II. INTERFACIAL TRANSPORT
EXCHANGES OR TRANSFERS

All of the above four conservation equations
form a general macroscopic biotransport model.
In the model, there appears several interfacial
exchange terms due to the volume averaging.
The exchange terms account for interfacial
transfers of mass, momentum, energy and mass
concentration crossing the interface between
different media. These terms play important role
in physics. For example, in the macroscopic
mass conservation equation, I, can be
expressed as
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Table 1. Summary of Modeling of Macroscopic Stress/Fluxes and Interfacial Transfers

Interfacial
Macroscopic Shear Transfers due to Interfacial Transfers due to
Stress/Fluxes Interface Stress/Fluxes
Movement
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w, is the velocity of medium k’s interface,
and 7, is the normal outward vector at the
interface. This term accounts for the mass
exchange between adjoin media. For a phase
change problems such as in cryosurgery and
local tissue freezing, this term refers to the
phase change rate. For cellular micro-fluid
flow for the media as cells or vascular
architecture, the term accounts the mass
exchange due to cell expansion/or shrinkage
or other mass exchange through cell
membranes.

If the medium k is stationary, i.e., v, =0,
the mass conservation can be reduced to

oe.p) 1 S,
#ZVJ‘pk(Wk)'nde

0 A,

For constant density, it reduces:

(29)

If the interface is stationary, the volume
fraction ¢, is also independent with time. In
order words, the volume fraction remains
constant within the control volume in which
the interface and media are stationary.

In the macroscopic momentum equation,
the total interfacial moment exchange term
can be expressed as

W, = 0T+ T

1 o _ -
= _V_ kaVk(Vk - Wk) - 11, dA

0/11(

1 -
to I(z‘k - p 1) - n,dA

o A

(30)

The first term is the interfacial momentum
exchange due to mass exchange or phase
exchange. It can be modeled as the product
of averaged interfacial velocity and
interfacial mass exchange rate, i.e.
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The last term accounts for the interfacial
momentum exchange due to pressure and
stress. Its model depends on the intrinsic
structures of biological structures. For
particulate flow in the airways to account for
polluted dust particles, one can model it as
dissipative interfacial stress as

- ]. 1 - k
P =-— o pAC, kv, >
Vo2
— <V, > <V, > - <V, >

where the subscript f stands for fluid
medium. The drag -coefficient can be
obtained based on suitable corrections (e.g.,
Stokes’ law), upon the polluted particle
geometry.

For bio-fluid flows penetrated into other
biological media, the term can be modeled
as Darcy’s law

M = eu k<, > -<v, >")

where K is the symmetric permeability
tensor that contains the interfacial area
concentration, 4, /V,, implicitly.

In the macroscopic energy conservation
equation, the total interfacial energy
exchange term can be expressed as

- -
&, =0, +09/
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The first term accounts for the interfacial
heat exchange due to mass exchange at the
interface. Analogically it can be modeled as

- 1 _ _ _ _
ri = _7 kahk (V, —wy)-ndA= hk,irk

0 A
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The second term accounts for the interfacial
heat exchange due to heat transfer. For fluid

medium, it can be modeled as (32)
= 1
q _ _ = .

Q) = %J@ 7, dA
kG s
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VO )

33)

where £, is the thermal conductivity of the
fluid medium, T,, is the average
temperature at the interface, /] is the
effective heat diffusion length in the fluid,
and hj =k, /1] is defined as the effective
heat transfer coefficient. For blood vessel
flows, this term accounts for the heat
exchange (wash-away or providing heats)
due to blood perfusion. It is convective heat
transfer dominated heat exchange.

For non-fluid media such as tissue or
bone, the interfacial heat exchange term can
be modeled as

- Ak —

0 = [a, A= ¥ (T, < T, >)
o 4 0 t (34)
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Where 4, and 4k, are the thermal

conductivities of tissue t or bone b, 7, . or

t,1

T, ; are the average temperatures at the
interface, //and /) are the effective heat
diffusion lengths in the tissue medium and
bone medium, respectively. (35)

The interfacial heat transfer term
accounts for any energy exchanges between
tissue and veins or arterials, such as blood
perfusion. The model of this term is
consistent with the perfusion term in the
Pennes’ original bioheat equation (1948).

In the macroscopic mass concentration
conservation equation, the total interfacial
energy exchange term can be expressed as

(36)
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The first term accounts for the interfacial
mass concentration exchange due to mass
exchange at the interface. Analogically it
can be modeled as

j/r,k = - kaclk(vk —7,) - HdA

O/Ik

Cj,k,jrlr

The second term accounts for the interfacial
mass concentration exchange due to mass
transfer.

For fluid media, it can be modeled as

Hz{f = __Ijzf n,dA
v, 3
_ <A0‘>[])f/ €. -<T, >
= (LDn! (C, = < T >")
where D, is the mass concentration

d1ffusw1ty ‘of the fluid medium, C, ,; 1s the
average mass concentration at the interface,
D/, is the effective mass diffusion length in
the fluid, and h’ =k, / DJ is defined as
the effective mass transfer coefﬁc1ent For
blood vessel flows, this term accounts for
the mass concentration exchange (mass
sources of i composition) due to convective
mass transfer.

Similarly, for non-fluid media such as
tissue or bone, the interfacial mass
concentration of the i composition can be
modeled as
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where Dl. ., and D, , are the mass

concentration d1ffus1v1tles of tissue t or bone
b media, C;,; or C;,; are the average mass
concentrations of fissue and bone at the
interface, I/, and [/, are the effective mass
concentration diffusion lengths in the tissue
and bone media, respectively.

III. MACROSCOPIC FLUX MODELS
BASED PHYSICAL CONSTITUTIVE
LAWS

The macroscopic shear stress, heat, and
mass concentration fluxes should be
modeled based on the constitutive laws. For
viscous shear stress for fluid media, the
viscous stress can be modeled as

<7, >=u <V, +(V©i) >
= u Ve, <7V, > +V(eg, <7V, >}
+Vijﬁk .ﬁde+Vijﬁk

o AA

7 dA
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= u{Vie, <7, > Ve, <7, >}

k

— k —
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For the macroscopic heat and mass
concentration fluxes, one can employ
physical constitutive laws (Fourier law for
heat flux and Dick law foe mass
concentration flux), one has
<qg, >'=—k, &, V<T, >*
<Jix>= Dzk gkv<czk>

Ps?‘

where k, is the effective heat conductivity
of medium k, and Dl , 1s the effective mass



concentration diffusivity of I composition in
medium k. For index k referring to
anisotropic medium, such as tissue or bone,
the corresponding thermal conductivity and
mass diffusivity may not be isotropic or
taken as constant value. In different
direction, these diffusivities may have
different values. Besides these physical
quantities may be dependent on biological or
physiological  responses to  transport
variables or biological environments, these
values may result in nonlinear behaviors. In
addition, the thermal conductivity and mass
concentration diffusivity are correlated to
each other, especially for tissues varying
during combined thermal, radiation, and
chemical therapies.

IV. INTERFACIAL THERMAL
EQUILIBRIUM AND SUPERFICIAL NON-
THERMAL EQUILIBRIUM

For most of media such as tissue and
bone, the thermal and mass concentrations at
the interface can be quickly reach to
equilibrium status, which is called interfacial
or local thermal equilibrium. That is

Tk,i :Tm,i =1

3

at the interface which separates the medium
k and medium m. However, for fluid
medium, such as in blood vessels, the
temperature at the vessel wall, 7,, = T, ; is
not_equal to the perfusion temperature
< 7, >". Such macroscopic thermal non-
equilibrium results in the heat exchange due
to perfusion which results in superficial non-
thermal equilibrium.

The  relationships  of interfacial
concentration between different media
should be studies.

V. THERMAL DYNAMIC

RELATIONSHIPS

Neglecting the influence of pressure, the
local enthalpy and density of medium k can
be related to appropriate state functions in
thermodynamics and physics, i.e.,
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hk = hk (Tkaci,k)
Pr = pk(TkaCi,k)

Once one obtains such thermodynamic
relationships, one can take volume
averaging to obtain the value of volume
averaged macroscogic expressions  for
<h >, <p, >, h, ad p, , in
terms of volume averaged temperature and
concentrations of medium k.

VI.  SYSTEMS CLOSURE
Numerical experiments to verify a
volume averaged biotransport model

requires many important information or data
such as anatomic information and
physiological properties and functions of
selected organs or tissues.

VII. CONSTITUTIVE
RELATIONSHIPS

There are several constitutions need to be
considered. The are listed hereby for future
study.

1) Biological Non-equilibriums

2) Interstitial Topology of Tissue and
Vascular Architectures

3) Volumetric Constrain

4) Geometric information on tissue

architecture by using MR.

Generally, anatomy only gives the
general information about human functional
structures and physiology gives the general
physics and chemistry of human biological
functions, characteristics, behaviors and
properties, and descriptions of human
biotransport in organs, and tissues. Non
details will be provided to depict the spatial
distributions of the transport properties and
variables quantitatively. It is necessary to
use other techniques to obtain such
geometrical and topological information
within tissue and/or organs, and their
connections to other part of human subject.



DE-MRI can be used to obtain required
information.

VIII. CONCLUSION

Modeling of biotransport phenomena
inside human body has being paid attentions
for last 50 years. Most of mathematical
model only consider energy conservation
which is bioheat. However in biosystems,
the heat and chemical compositions with
mas and momentum are coupled. In this
research, due to the complexity of tissue
structure, especially with Trans-vascular
Blood Perfusion we rigorously derive and
present a volume-averaged mathematical
model which covers complete conservations
of mass, momentum, energy and
compositions. The model can be considered
as a fundamental and general biotransport
model used in any biosystems.
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