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Abstract

The study of mass and heat transfer in hydromagnetic nanofluid convective flow
through hollow fibers in an artificial kidney past a porous stretching cylinder
under the effects of thermal conductivity has been considered. In an artificial
kidney, the flow of nanofluid is assumed to be axis-symmetrical. The flow is
unsteady and a magnetic field is transversely applied to the porous cylinder as
dialyzer in the artificial kidney. The aim of the study includes the application
of nanometer-sized particles into the basefluid with the aim of enhancing its
thermo-physical properties such as thermal conductivity, viscosity, convective heat
transfer and diffusivity. The flow governing equations are coupled and nonlinear,
the equations are solved by a finite-difference method that applies Crank-Nicolson
techniques, and the results obtained are presented graphically followed by a
discussion of the findings. It is observed that the application of nanoparticles into
base fluid improve dialysis sessions during the filtration of a patient’s blood in
an artificial kidney from a minimum of eight hours to two hours. The effects of
the various non-dimensional parameters on the skin friction coefficient, Sherwood,
and Nusselt numbers have been presented in tabular form. It is noted that as time
decreases, skin friction at the surface of the stretching cylinder decreases, while
Sherwood and Nusselt numbers increase.
Keywords: Thermal conductivity, nanoparticles, stretching cylinder, heat transfer,
mass transfer, Artificial kidney.
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1. INTRODUCTION

One of the thermo-physical characteristics of base fluid used to measure convective
heat transfer via a porous stretching cylinder during hemodialysis in an artificial kidney
is thermal conductivity. In order to demonstrate how thermal conductivity in a blood
flow problem can improve the motion of solutes from blood to the dialysis solution
compartment via the pores present in the hollow fiber membrane in an artificial kidney,
metallic nanoparticles are suspended in the base fluid to form nanofluid. Several
numerical and mathematical models on the effects of thermal conductivity past a porous
stretching cylinder have been established such as [1] established a mathematical model
on heat transfer and thermal conductivity of magneto-micropolar fluid moving through
vertical porous medium under thermal non-equilibrium conditions. A mathematical
model of Eyring-Powell nanofluid flow with non-linear radiation, variable thermal
conductivity, and viscosity was established by [15], [27]. [8] carried out a mathematical
model on Blasius-Rayleigh Stokes flow and heat transfer over a moving plate
affected by thermal conductivity when the magnetic dipole moment is taken into
account. Variable viscosity and thermal conductivity have an impact on the dynamics
of MHD cross nanofluid over a stratified Darcy-Forchheimer porous surface of a
paraboloid of revolution subjected to entropy production studied by, [21]. [30] studied
on Performance of thermal conductivity in SWCNTs-CuO/Ethylene Glycol hybrid
nanofluid flow: dual solutions. [5] established a mathematical model on the cylindrical
moving boundary problem with changing thermal conductivity and convection under
the most plausible boundary conditions.

The frictional forces at the walls of the stretching cylinder are significantly influenced
by the study of the boundary layers. The area where surface friction, convective
heat, and mass transfer in fluids are measured is known as the boundary layer,
and this fact has direct practical significance. Applications for boundary layers in
a stretching cylinder in biomedical engineering include designing blood pumping
devices, peristaltic plasma pumping, controlling cooling boundary layers, controlling
gaseous diffusion, and designing modern artificial kidney devices. Based on these
applications, [7] studied the impact of heat generation absorption on the boundary layer
flow of a nanofluid containing gyrotactic microorganisms over an inclined stretching
cylinder. A mathematical model on flow of a hybrid nanofluid across a moving plate
using magnetohydrodynamics (MHD) and Joule heating by, [13]. [23] examined the
boundary layer stagnation point, heat transport over coupled-stress fluid flow over an
exponentially stretched sheet was examined. The Buongiorno nanofluid model was
used to do a mathematical computation for the boundary layer flow of viscoelastic
fluid toward a nonlinear stretching cylinder by, [17]. [2] studied a thermal model
for the bio-convection transport of nanofluids generated by stretching cylinders with
Marangoni boundary conditions. [26] Analysed heat transfer stability in boundary layer
flow of a hybrid nanofluid versus a nanofluid in the direction of a diminishing surface.
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Recently, the study of heat and mass transfer has attracted many researchers. Numerous
studies have focused on the mass and heat transfer of hydromagnetic convective
nanofluid flow over a stretching cylinder, with the application involving fluids, chemical
reactions, and the rate at which solutes diffuse through pores of hollow fibers in an
artificial kidney, such as heat exchangers, blood oxygenators, and blood flow in the
capillaries. [20] analysed heat and mass transport in a nanofluid flow through a rotating
cylinder using the Cattaneo-Christov heat flux. Analysis of heat and mass transmission
over a non-uniform infinite porous surface with chemical reactions by, [4]. A study
on the effects of chemical reaction and viscous dissipation in MHD heat and mass
transfer nanofluid flow on a porous stretching cylinder by, [22]. [16], [12] analyzed the
properties of heat and mass transfer in a nanofluid flow over an exponentially stretchable
sheet with activation energy. Also, [28] analyzed the nonlinear mixed-convective hybrid
nanofluid flow’s heat and mass transfer under various slip boundary conditions.

Nanoparticle is a small particle of matter made up of metals, oxides, nitrides, or carbides
having very small diameters ranges between (1nm) to (100nm), undetectable by the
human eye, and can exhibit significantly different physical and chemical properties
to their larger material counterparts. In past decades, nanotechnology has played an
important role in biomedical engineering with the application of nanoparticles into
the base fluid to form nanofluid with the aim of improving the thermal conductivity
of the base fluid by, [18], [3]. [31] carried out a study on the applications of
nanofluids in enhancing thermal conductivity. Enhancing natural convective heat
transfer around a spherical structure by applying micropolar nanofluid in a magnetic
field developed by, [29] . [11] established a mathematical model on MoS4 and copper
nanoparticles suspended in magnetic hybrid nanoparticles with a stretching/shrinking
cylinder. Effect of nanoparticle shape on heat transfer efficiency of magnetized ternary
hybrid nanofluids through a porous stretched cylinder studied by, [24]. The numerical
simulation of nanoparticle size and thermal radiation with the effect of magnetic field
based on tangent hyperbolic fluid flow was developed by, [14].
In biomedical engineering, an artificial kidney can be used in the designing of blood
pumping devices, peristaltic plasma pumping systems, and contemporary artificial
kidney machines. Recent research has been focused on designing an optimal artificial
kidney that improves the lives and prolongs the survival of patients with two natural
kidney problems. Design of a contemporary artificial kidney with dialysis membranes
for blood purification by, [9] [25]. [32] developed a mathematical model with widened
interlayer spacing and MoS2 nanosheets with highly effective uremic toxin adsorption
for urea-free wearable artificial kidneys. [19] established models of Mass Transfer
in Membrane Processes: Use in Artificial Organs. [6] studied how cretinine is
filtered through a nanofibrous membrane in a transportable artificial kidney during
blood dialysis. A strategy for using graphene that has been doped with nitrogen and
phosphorus to enhance the removal of urea in a wearable dialysis device for patients
with end-stage renal illness developed by, [10].
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In the literature cited, no studies have been done on mass and heat transfer in
hydromagnetic nanofluid convective flow through artificial kidneys past a porous
stretching cylinder under the effects of thermal conductivity. The goal of the present
investigation involves the application of nanoparticles into the base fluid that improve
the thermal conductivity of the base fluid so that it can provide significant continuous
blood purification of metabolic waste products and toxins from blood to dialysis
solution by improving dialysis sessions, which improves the quality of life of the natural
kidney for patients.

2. MATHEMATICAL MODEL FORMULATION

A mathematical model governing the mass and heat transfer in hydromagnetic nanofluid
convective flow through an artificial kidney past a porous stretching cylinder under
the effects of thermal conductivity is formulated. The flow of blood through the
hollow fibers in an artificial kidney is assumed to be axis-symmetrical, and the flow
is considered laminar. Stretching cylinder with hollow fibers membrane is permeable
to allow solutes from blood to diffuse through semi-permeable membrane to dialysis
solution compartment in an artificial kidney by diffusion method. In Figure (1) the
surface of the stretching cylinder is kept at a temperature higher than the free-stream i.e
TR1 > TR2 an upward flow is established along the surface due to natural convection.
The concentration of the nanofluid is greater than the surrounding concentration i.e
CR1 > CR2 . The magnetic field B0 is applied perpendicular to the permeable and
impermeable cylinders.
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Figure 1: Flow problem geometry
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2.1. Flow governing equations

The continuity, momentum, energy, and concentration equations that govern heat and
mass transfer in nanofluid past a porous stretching cylinder with the effect of thermal
conductivity are given in cylindrical polar coordinates as follows.
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Initial and boundary condition, wr = 0, wz = 0.5ms−1, C = 0, T = 37K, at
0 ≤ r ≤ R2, L = R2 −R1 and R1 ≤ r ≤ R2, when t = 0.

wz = Nwz (z), wr = w0,

lim
r→R2

wr (R2, z, t) = 0, lim
r→R2

C (R2, z, t) = CR2 , lim
r→R2

T (R2, z, t) = TR2 at r = R2
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when t > 0.

where wz (z) = w1e

( z
L

)
is the stretching velocity. w0 > 0 is the suction velocity,

w0 < 0 is the injection velocity.

2.2. Non-dimensionalization

The equations are non-dimensionalized using the transformations.
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where, wR2 , L, C and T are the characteristics velocity, length, concentration and
temperature.
The final equations of motion, Temperature and concentration in non-dimensional form.
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Initial and boundary conditions in non-dimensional form. w⋆
r = 0, w⋆

z = 0.5ms−1,

C⋆ = 0, T ⋆ = 37K, at 0 ≤ r⋆ ≤ R2
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2.3. Numerical methods

Numerical techniques for solving differential equations by approximating derivatives
with finite differences that apply Crank-Nicolson techniques. The equations governing
mass and heat transfer in hydromagnetic nanofluid convective flow through an artificial
kidney past a porous stretching cylinder under the effects of thermal conductivity
are highly coupled and non-linear. The finite difference equations for the velocity,
temperature, and concentration profiles are given by
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The wall skin friction coefficient can be calculated from axial and radial velocity
profiles. Laminar flow of an incompressible nanofluid has low wall skin friction that
improves the nanofluid movement through the wall surface of the hollow fibers in an
artificial kidney. It is given by, The wall skin friction coefficients in axial and radial
direction are given as
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The wall mass transfer rate is determined from concentration profiles. It is given by
Sherwood number past a porous stretching cylinder of hollow fibers in an artificial
kidney.
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The rate of heat transfer is determined from temperature profiles and it is given by
Nusselt number.

Nuw =

−knf
L

(TR1 − TR2)

[
∂T ⋆

∂r⋆

]
r⋆=0

knf
L

(TR1 − TR2)

= −
[
∂T ⋆

∂r⋆

]
r⋆=0

(17)
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3. DISCUSSION OF THE RESULTS

From the findings, the effects of various non-dimensional parameters such as the
Magnetic field parameter, Permeability parameter, Prandtl number and Joule heating
parameter on velocity, temperature, and concentration profiles are discussed.
It is noted from Figure 2 (a) that as time (t) increases, nanofluid velocity (Wz)

decreases. This is due to the fact that the velocity of the nanofluid increases as time
decreases during hemodialysis due to the application of nanoparticles into the base fluid.
Figure 2 (b) shows that as time (t) increases, radial velocity (Wr) decreases. This is
to the fact that, velocity of the solutes from blood to the dialysis solution compartment
through the pores of the hollow fibers increases as time decreases. It is observed from
figure 2 (c) that as time (t) increases, temperature (T ) decreases. This is due to the
fact that as time decreases, temperature increases along the stretching cylinder as the
heat source and the nanoparticles dissolve into the base fluid, improving the thermal
boundary layer thickness. and increases its temperature profiles and figure 2 (d) shows
that as time (t) increases, Concentration of the nanofluid (C) increases but as it is
approaching the surface of the stretching cylinder the concentration decreases. This
is due to the fact that the concentration gradient of the blood and dialysate helps the
movement of the solutes from the blood to the dialysis solution compartment as time
decreases. Filtration of the solutes and other metabolic products like urea, creatinine,
and excess fluid that are unwanted to the patient is done from the blood into the dialysis
solution compartment in the stretching cylinder as time decreases.
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Figure 2: Effects of time (t) on Axial velocity (Wz), Radial velocity (Wr),
Temperature (T ) and Concentration (C) profiles
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It is observed from Figure 3 (a) that, an increase in Schmidt number (Sc) results to
an increase in the axial velocity (Wz). Physically, Schmidt number is the ratio of
kinematic viscosity diffusivity to mass diffusivity of solutes in nanofluid. Schmidt’s
number increases nanofluid velocity and boundary layer thickness due to the Hall
current effect, which improves the motion of the electrically conducting nanofluid as it
approaches the surface of the stretching cylinder of the artificial kidney. It is noted from
Figure 3 (b) that, an increase in Schmidt number (Sc) there is no significant decrease in
radial velocity (Wr). It is noted from Figure 3 (c) that, the temperature of the nanofluid
in the blood compartment decrease as Schmidt’s number increases, but as it gets closer
to the stretching cylinder’s surface, it increases because the stretching cylinder serves
as a heat source and hastens the distribution of solute particles from the blood through
the hollow fiber pores in an artificial kidney. From Figure 3 (d) it is observed that an
increase in Schmidt number causes an increase in concentration gradient by increasing
the concentration boundary layer at the surface of the stretching cylinder. Blood with
suspended nanoparticles has a higher Schimidtl-value, which reduces the mass diffusion
rate and, hence, the concentration boundary layer thickness in the dialysis solution
compartment.
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Figure 3: Effects of Schmidtl number(Sc) on Axial velocity (Wz), Radial velocity
(Wr), Temperature (T ) and Concentration (C) profiles
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It is observed from the Figure 4 (a) that as the Magnetic field parameter(M) increases
the axial velocity (Wz) profile decreases, this is due to the Lorentz force generated
by the applied magnetic field in the opposite direction to the electrically conducting
nanofluid past porous stretching cylinder through hollow fibres in an artificial kidney
which leads to decrease in velocity. From Figure 4 (b) it is noted that the radial velocity
(Wr) profile increases as Magnetic field parameter(M) increases. This is because
the magnetic field is applied in the same direction as the radial distance. Figure
4 (c) shows that an increase in applied magnetic field parameter(M) leads to an
increase in temperature(T ) profile in the blood compartment and decreases as it
approaches the wall of the stretching cylinder of the dialysis solution compartment
in an artificial kidney. Metallic nanoparticles used in the base fluid improve heat
transfer on the thermal boundary layer, which leads to a higher temperature of the
nanofluid. The temperature profile decreases as the magnetic field strength increases
over the electrically conducting nanofluid. Lorentz force generated by magnetic force
has the tendency to slow down the motion of base fluid, solutes, and any other
metabolic products as well as controlling some of the electrolyte solution during blood
filtration. From Figure 4 (d) shows that an increase in the applied magnetic field
leads to a decrease in the concentration profile in the blood compartment and increases
exponentially as it approaches the dialysis solution compartment in an artificial kidney.
Decreasing the velocity of nanofluid tends to improve the movement of solutes and
other waste products from the blood during hemodialysis.
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Figure 4: Effects of Magnetic field parameter (M) on Axial velocity (Wz), Radial
velocity (Wr), Temperature (T ) and Concentration (C) profiles

From Figure 5 (a) it is observed that an increase in Prandtl number (Pr) results to
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a decrease in nanofluid velocity (Wz). When heating is subjected to the mixture of
nanoparticles and base fluid, heat diffuses relatively slow compared to velocity of the
nanofluid as it is approaching the hollow fiber of the stretching cylinder that decelerates
the nanofluid velocity. It is noted that in Figure 5 (b)an increase in Prandtl number (Pr)

results to an increase in Radial velocity (Wr) profile. It is noted that as Prandtl number
increases does not give significant change in nanofluid velocity since the increase in
Prandtl number is approximately small to make significant as heat is applied in the
mixture of base fluid and nanoparticles. Figure 5 (c) shows that an increase in Prandtl
number(Pr) leads to an increase in temperature(T ) profile. It is to the fact that,
the nanoparticles dissolved into base-fluid improves thermal conductivity of base-fluid
where by ions of the basefluid moves faster through the pores of the hollow fibers of the
stretching cylinder in the artificial kidney. Figure 5 (d) shows that an increase in Prandtl
number(Pr) leads to a decrease in concentration profile. This is because as the surface
of the hollow tubes in the blood compartment in an artificial kidney becomes cooled,
viscous force increases kinetic energy of the nanofluid particles. Hence concentration
of the nanofluid increases past porous stretching plate.
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Figure 5: Effects of Prandtl number (Pr) on Axial velocity (Wz),Radial velocity
(Wr),Temperature (T ) and Concentration (C) profiles

It is observed from figure 6 (a) that,as Joule heating parameter increases (HJ), axial
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velocity (Wz) decreases. Change in temperature of nanofluid leads to a decrease
in velocity boundary layer of the nanofluid particles that results to axial velocity
profile to decrease. It is noted from figure 6 (b) that, as Joule heating parameter(HJ)

increases , Radial velocity (Wr) decreases, a decrease in Joule heating parameter
has no significant effect on radial velocity since there is no temperature entry for the
equation of motion in radial direction. It is noted from figure 6 (c) that,as Joule heating
parameter(HJ) increases temperature profile increases.The suspended nanoparticles
in the base fluid, and heat generated from the stretching cylinder that acts as the
heat source increases temperature distribution inside the hollow fibers of the blood
compartment in an artificial kidney. From figure 6 (d) it is observed that, as Joule
heating parameter increases concentration profile decreases slowly until approaches the
surface of stretching cylinder that acts as heat source helps solutes and other metabolic
waste products to be filter out from blood to dialysis solution compartment.
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Figure 6: Effects of Joule heating parameter (HJ) on Axial velocity (Wz), Radial
velocity (Wr), Temperature (T ) and Concentration (C) profiles

Effects of Magnetic field(M), Permeability parameter(λp), Joule heating
parameter(HJ), and time(t) on skin friction coefficient(Cs), heat transfer(Shm) and
mass transfer(Nuw) are given below
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t M HJ Csz Csr Shm Nuw

1.000 9.500 19.000 3.00175e+05 3.47217e+01 8.22154e+07 -9.75187e+06
2.000 9.500 19.000 2.09771e+05 1.17005e+02 2.08682e+07 -1.19064e+06
1.000 10.500 19.000 2.93023e+05 3.45077e+01 1.82312e+07 -2.62354e+06
1.000 9.500 19.000 2.93023e+05 3.45077e+01 1.82312e+07 -2.62354e+06
1.000 9.500 20.000 2.93023e+05 3.45077e+01 1.82312e+07 -2.62354e+06
1.000 9.500 19.000 2.93130e+05 3.45066e+01 1.83564e+07 -2.64050e+06

Table 1: Variation of various non-dimensional parameters on Skin friction coefficient,
heat and mass transfer

From Table (1) one above

• It is observed that as t decreases both Csz and Csr , this increases velocity of
nanofluid and solutes from blood through pores in membrane of the stretching
cylinder. The values of Shm and Nuw increases due to the application
of nanoparticles suspended into base fluid and stretching cylinder acting as
heat source improves mass transfer of solutes from blood to dialysis solution
compartment during filtration.

• It is noted that an increase in M results in an increase in the values of Csz and Csr

in magnitude due to an opposing force on nanofluid flow called Lorentz force.
The values of Shm increases in magnitude and Nuw decreases as M increases,
this is due to the application of nanoparticles to base fluid that improves the
thermal boundary layer thickness that helps solutes and other metabolic products
from blood diffuse easily through pores of the stretching cylinder to the dialysis
solution compartment.

• It is noted that an increases in HJ results to an increase in the values of Csz

and the values of Csr increase in magnitude. The values of Shm increases
in magnitude and the value of Nuw decreases in magnitude as Joule heating
parameter increases. Nanoparticles suspended into base fluid and heat dissipation
into nanofluid improves hemodialysis of solutes and other metabolic products
from blood to dialysis solution compartment in the artificial kidney.

4. CONCLUSION

The study of heat and mass transfer in hydromagnetic nanofluid convective flow
through an artificial kidney past a porous stretching cylinder under the effects of
thermal conductivity is considered by improving the natural kidney using hemodialysis
conditions implemented by computer programming through simulation.

The following results have been observed as a resourceful way to increase the efficiency
of an artificial kidney through time savings and practical cost effectiveness of the
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hemodialysis session during blood filtration when varying different non-dimensional
parameters with nanofluid velocity, temperature, and concentration profiles.

i When Pr, HJ , Sc, increase, causes an increase in axial velocity of nanofluid flow
at the center of the blood compartment but decreases as it approaches the surface
of the stretching cylinder of tyhe hollow fibres. When M , increases, results to the
decrease of axial velocity.

ii. It is noted that M , Pr, HJ leads to an increase in the velocity of the solutes
passing through the pores of hollow fibers at the surface of the stretching cylinder.

iii. It is observed that an increase in M , Pr, and HJ results to an increase in
temperature in nanofluid flow and decreases when approaching the surface of
the stretching cylinder.

iv. It is observed than an increase in, M , Pr, HJ results to a decrease in the
concentration profile, and mass transfer of solutes increases at the surface of the
stretching cylinder.

v. The application of nanoparticles into the base fluid improve thermal-conductivity
that helps improving dialysis session during the filtration of patient’s blood in
an artificial kidney from a minimum of eight hours to one hour. Thus, as time
decreases, the velocity of nanofluid, the velocity of solutes and other metabolic
products from blood to dialysis solution, the temperature in the nanofluid flow
and at the surface of the stretching cylinder, as well as the concentration gradient
from the blood to the dialysis solution compartment, all improve.
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NOMENCLATURE

Symbol Meaning.
e Unit electric charge(C) .
−→
E Electric field (V ).
−→
J Current density (Am−2).
−→
H Magnetic field intensity vector (Am−1).
ρc Charge Density (Cm−3).
−→
B Magnetic field vector (Wbm−2).
M Magnetic field parameter.
Dm Mass diffusivity coefficient (m2s−1).
−→
C Concentration Vector (kgm−3).
Re Reynolds number parameter.
P Force due pressure (Nm−2).
−→
W Velocity Vector of a fluid (ms−1).
wz Axial velocity of the nanofluid in z-direction (ms−1)

wr Radial velocity of solutes through porous plate in r-direction (ms−1).
i, j, k Component Unit vectors in the x,y,z directions respectively.
u, v, w Components of velocity vector

−→
W (ms−1).

u⋆, v⋆, w⋆ Dimensionless velocity components.
r, θ, z Dimensional cylindrical co-ordinates with position vector −→p (m).

r⋆, θ⋆, z⋆ Dimensionless cylindrical polar co-ordinates.
F Fluid Body force (Nm−3).
g Gravitational force (kgms−2).
Kp Darcy permeability (m2).
−→
D Displacement current density (Cm−2) .

Fe Electromagnetic force (kgm2s−2) .

P r Prandtl number.
λp Permeability parameter.
GrT Temperature Grashof number.
GrC Concentration Grashof number.
Cs Skin friction coefficient.
Shm Sherwood number.
Nuw Nusselt number.
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Ec Eckert number.
HJ Joule heating parameter.
Sc Schmidtl number.
Sr Soret number.
Fe Electromagnetic force (kgms−2).
D

Dt
Material derivative

(
∂

∂t
+ u

∂

∂x
+ v

∂

∂y
+ w

∂

∂z

)
.

L Dimensional length between plates of hollow fibres in an artificial kidney (m).
C Dimensional concentration of solutes through hollow fibres (Kgm−3).
Cs Dimensional concentration at the stretching plate (Kgm−3).
CR2 Dimensional concentration of the solutes at impermeable plate (Kgm−3).
T Absolute temperature of the nanofluid in an artificial kidney (K).
Ts Absolute temperature at the stretching plate in an artificial kidney (K).
TR2 Absolute temperature at the impermeable plate in an artificial kidney (K).
c stretching rate constant (s−1).
Cf Forchheimer dimensionless parameter.
β Forchheimer Constant or inertia resistance coefficient (m).
Cp Specific heat capacity at constant pressure (Jkg−1K−1).
S Stretching parameter.

Shm Sherwood number.
Nuw Nusselt number.
Csz Wall skin friction coefficient in axial direction(−).
Csr Wall skin friction coefficient in Radial direction(−).

Greek symbols

e+ Porosity
ρnf Nanofluid density (kgm−3)

µnf Coefficient of viscosity of nanofluid(kgm−1s−1)

ν Kinematic viscosity (m2s−1)

βT Volumetric coefficient of thermal expansion (K−1)

βC Coefficient of thermal expansion due to concentration gradient (K−1)

ϕ Viscous dissipation function

[
ϕ =

(
∂Vi

∂xj

+
∂Vj

∂xi

)2
]
(s−1)

σ Electrical conductivity ,(Ω−1m−1)

µe Magnetic permeability (Hm−1)

∇ Gradient operator
(

∂

∂x
i+

∂

∂y
j +

∂

∂z
k

)
.

∇2 Laplacian operator
(

∂2

∂x2
+

∂2

∂y2
+

∂2

∂z2

)
.

γ Hemodialysis parameter.
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