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Abstract 

The evaluation of dialyzer geometry was obtained by investigating transport 
processes and fluid properties inside the dialyzer. With computational fluid 
dynamics (CFD), a macroscopic as well as a microscopic model of the dialyzer 
was developed. 
     Blood and dialysate flow distributions were calculated in a macroscopic 
numerical model of a low flux hollow fiber dialyzer. Computer simulations were 
compared to flow field SPECT visualizations (Single Photon Emission 
Computerized Tomography). The derived local fluid velocities were further 
implemented in a three-dimensional microscopic computer model of a single 
hollow fiber with its surrounding membrane and dialysate compartment. 
Different equations govern blood and dialysate flow (Navier-Stokes), radial 
filtration flow (Darcy), and solute transport (convection-diffusion). Blood was 
modeled as a non-Newtonian fluid with a viscosity varying both in radial and 
axial direction. Dialysate flow was assumed as a laminar Newtonian flow with 
constant viscosity. The permeability characteristics of the asymmetrical 
polysulphone membrane were calculated from laboratory tests for forward and 
backfiltration.  
     The model was calibrated and validated in order to accurately calculate water 
removal as well as mass transport of small (urea) and middle molecules (vitamin 
B12 and inulin). Furthermore, the present microscopic CFD model was used to 
investigate the impact on the mass removal of dialyzer geometry and flow 
distributions. 
Keywords:  dialyzer, ultrafiltration, backfiltration, mass transport, convection 
diffusion, viscosity model, hemoconcentration, CFD. 
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1 Introduction 

During the progression of renal failure, a host of solutes, normally cleared by the 
healthy kidneys, is retained in the body of the uremic patient. This retention 
gives rise to a progressive deterioration of physiologic functions and of the 
clinical condition [1]. Hemodialysis is one of the possible treatments to remove 
those solutes from the blood when the human kidneys have lost their native 
function. During this therapy, blood is pumped out of the body into an 
extracorporeal circuit that contains a hollow fiber dialyzer. The latter is built of 
thousands of small fibers with a diameter of approximately 200µm and a total 
area of 0.8-2.5m². Blood and dialysate are circulated counter currently at the 
interior and exterior of the fibers, respectively. Those fibers are constructed from 
a semi-permeable membrane, which permits the diffusive and/or convective 
passage of uremic solutes but restricts the transfer of blood proteins and cells 
from the blood towards the dialysate compartment. 
     Recently, the European Uremic Toxin Work Group published a 
comprehensive list of all uremic solutes known to date [2]. Based on their 
physicochemical characteristics, one can distinguish between three major groups 
of uremic retention solutes: small water-soluble compounds (MW<500), the 
protein-bound solutes (MW also mostly <500), and the so-called middle 
molecules (MW>500).  
     While dialyzer manufacturers only provide information about their products 
as a black box, the present study aimed at optimizing dialyzer geometry by 
looking more in detail at transport processes and fluid properties inside the 
dialyzer using computational fluid dynamics (CFD). First, a macroscopic model 
to visualize blood and dialysate flow distributions was developed and validated 
using SPECT (Single Photon Emission Computed Tomography) medical 
imaging. Second, a microscopic CFD model was developed to describe flow and 
mass transport in a single fiber. After model calibration and validation, the 
impact on solute removal of a variable fiber length and diameter was assessed for 
small (urea MW60) and middle molecules (vitamin B12 MW1355 and inulin 
MW5200). Further on, the validated model was used to examine the effect of 
flow maldistribution by implementing the experimental SPECT results. 

2 Materials and methods 

2.1 Macroscopic CFD model 

Because the fiber compartment is modeled as a porous medium, blood and 
dialysate flow were investigated using two separate models. The blood flow in 
the dialyzer housing (F6HPS, Fresenius Medical Care, Bad Homburg, Germany) 
is modeled with a three-dimensional finite volume model (Fluent 6, Sheffield, 
UK) of a quarter part of the dialyzer due to symmetry reasons (figure 1). As the 
inlet and outlet nozzles of the dialysate compartment are non-symmetrically 
placed on the dialyzer housing, a three-dimensional CFD model (Fluent 6, 
Sheffield, UK) of the entire dialyzer was developed to study dialysate flow 
(figure 1). 
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Figure 1: CFD model for blood flow (left panel) and dialysate flow (right 
panel) in a dialyzer. 

     In the inlet and outlet nozzles, and in the manifolds, continuity and Navier-
Stokes equations are used, describing conservation of mass and momentum. The 
fiber compartment is modeled as a porous medium using Darcy’s law with 
corresponding permeability proportion ratio in the different flow directions. The 
permeability characteristics of the fiber bundle were obtained from in vitro tests 
in which pressure drop and flow measurements were performed for flow inside 
the hollow fibers (blood compartment model), flow around the fibers in axial 
direction, and flow around the fibers in radial direction (dialysate compartment 
model). In the latter, an axial to radial permeability ratio of 22 was found [3]. 
     In both CFD models, a parabolic velocity profile at the inlet nozzle and a zero 
pressure at the corresponding outlet nozzle are prescribed. Besides the symmetry 
boundaries, all other boundaries are defined as walls where no slip is assumed. 
Blood was modeled as a Newtonian fluid with a density of 1054kg/m³ and a 
dynamic viscosity of 2.96mPa.s derived from [4]: 

( )H2.31expµµ p ⋅⋅=      (1) 

with plasma viscosity µp equal to 1.3mPa.s and the hematocrit of anemic blood H 
35%. As blood thickening due to ultrafiltration occurs along the dialyzer length, 
blood viscosity was assumed to increase linearly up to 4.10mPa.s, which 
corresponds to an overall ultrafiltration flow of 2L/h [5].  
     The fluid characteristics of the bicarbonate dialysate were derived from 
samples, taken from the dialyzer supply and drain, during clinical dialysis. 
Dynamic viscosity and density were determined using a capillary Ubbelohde 
viscosimeter (Schott, Germany), and a density-hydrometer-aerometer (Assistant, 
Germany), respectively. As it was found that both properties are not influenced 
by the dialysis session, dialysate flow was assumed as an incompressible, 
isothermal laminar Newtonian flow with a constant viscosity (0.687mPa.s) and 
density (1008kg/m³) at body temperature. 

2.2 Validation using Medical Imaging Technique 

A new in vitro setup was built to visualize blood and dialysate flow through 
hemodialyzers using SPECT (Single Photon Emission Computed Tomography) 
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imaging [3]. A steady state flow was accomplished in the compartment under 
study, while a computer controlled injection system was used for radioactive 
bolus injection in the dialyzer supply tubing. The dialyzer was centrally 
positioned in between the two and three-headed gamma camera for blood and 
dialysate flow visualizations, respectively. At the dialyzer outlet, flow rates were 
measured gravimetrically. 
     For the blood flow measurements, radioactive transport through the semi- 
permeable membrane was avoided by injecting 10mL boluses of 200000Da 
99m-Technetium labeled MAA (Macro Aggregated Albumin). With the dialyzer 
fixed inside a two-headed gamma camera, planar dynamic 2D images were taken 
of the bolus passage. Assuming axisymmetrical flow in the blood compartment, 
the planar images were considered as taken at each view angle. After 
multiplication of the images over 360° and after performing a filtered 
backprojection [6], a three-dimensional dynamic image was obtained.  
     Using water instead of blood in the dialyzer blood compartment, flow rates 
were adjusted to account for the difference in dynamic viscosity and density. To 
obey dimensional similarity between in vivo blood and in vitro water flow, 
Reynolds numbers Re (-) were kept equal in both models: 

constant
µ.ε.A
ρ.Q.d

Re
f

==     (2) 

with ρ fluid density (kg/m³), Q flow rate (m³/s), d fiber diameter (m), µ dynamic 
viscosity (Pa.s), ε porosity (-) and Af gross frontal area (m²). Flow rates were 
adjusted with a factor 2.75 to account for the difference in density and viscosity. 
During investigation of the flow pattern in the blood compartment, the dialysate 
side was filled with fresh tap water at room temperature and hermetically closed. 
     For the dialysate flow visualizations, 10mL boluses of 99m-Tc-DMSA 
(Dimercaptosuccinic Acid, MW 281Da) tracer were injected, while pressurized 
air was forced simultaneously and counter-currently through the blood 
compartment to avoid water filtration and Technetium diffusion through the 
dialyzer membrane. 3D-acquisitions of the dialysate compartment were made by 
rotating the three-headed gamma camera over 120° in 12° increments. For each 
angular position, 2D planar intensity pictures of the bolus passage through the 
dialysate compartment were taken. By evaluating the images of the 10 
measurements at different time steps, and by performing a filtered 
backprojection [6], a dynamic 3D image was constructed of the bolus 
propagation in the dialysate compartment. 
     For each time step, an intensity profile along the total dialyzer length was 
assessed. By analyzing the axial bolus intensity shift (∆z) in between two 
considered timeframes (∆t), the local axial velocity was calculated as ∆z/∆t [3]. 

2.3 Microscopic CFD model 

2.3.1 Model geometry 
A three-dimensional finite volume microscopic model of the blood-dialysate 
interface over the complete length of a dialyzer was developed (Fluent 6 - 
Sheffield UK) [5]. Assuming the fibers spaced in a hexagonal lattice and based 
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on symmetry, a twelfth part of one single fiber was isolated (figure 2). The 
parameter settings of the three-dimensional module were assessed for a high flux 
polysulphone dialyzer (F60, Fresenius Medical Care, Bad Homburg, Germany), 
characterized by a fiber inner diameter of 200µm, membrane thickness of 40µm 
(1µm inner layer and 39µm bulk layer), and dialysate compartment dimensions 
(maximum radius 230µm) calculated from fiber bundle density. The membrane 
module has an active length of 230mm while inlet and outlet tubes (each 
12.5mm long) are integrated in the model. The mesh generation was performed 
using Gambit (Fluent - Sheffield UK). For the implementation in the numerical 
model, properties of the three compartments, blood, dialysate and the semi-
permeable membrane, are derived from literature and experimental 
investigations. 

Figure 2: Schematic illustration of a hollow fiber dialyzer on macroscopic 
(dialyzer) and microscopic (fiber) level. Blood and dialysate inlet 
(subscript i) and outlet (subscript o) flows and concentrations are 
indicated as QBi, QBo, QDi, QDo, CBi, CBo, CDi, and CDo. 

2.3.2 Blood properties 
As ultrafiltration takes place over the length of the dialyzer, water is removed 
from the blood resulting in a decrease of the plasma volume fraction, such that 
the hematocrit as well as the blood viscosity value is augmented. The influence 
on viscosity of the local shear rate and hematocrit is taken into account using 
Quemada’s equation [7]: 

( )2
p

k.H2
11

µ
µ

−
=               (3) 

     Parameter k is function of the intrinsic viscosities k0(H), characterizing the 
red blood cell aggregation at zero shear stress, k∝(H), describing the orientation 
and deformation of red blood cells at important shear stress, and the shear rate γ 
[7]. For a fixed hematocrit, viscosity decreases with increasing shear rate, 
whereas for a fixed shear rate, viscosity increases with hematocrit. 
     Blood flowing through small capillaries exhibits a redistribution of the red 
blood cells in such a way that a plasma-skimming layer can be observed near the 
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wall while red blood cells are concentrated in the centre. Fahraeus and Lindqvist 
[8] described the effect of this non-uniform cell distribution on the flow by 
defining an apparent blood viscosity for use in the Haegen-Poiseuille equation. 
The radial variation of the hematocrit was deduced by Lerche and Oelke [9] 
using a parameter n that describes the degree of plasma skimming: non-
uniformity of cell distribution increases with decreasing n. This parameter is 
determined iteratively as a function of the hematocrit using a three-dimensional 
CFD model, such that the obtained viscosity for flow in a small tube matches 
literature results of the apparent viscosity.  
     Since plasma density (1030kg/m³) differs from the density of platelets and 
blood cells (1090kg/m³), the density of blood ρblood (kg/m³) varies with the local 
hematocrit H (-): 

1090.HH)1030.(1ρ blood +−=       (4) 

2.3.3 Dialysate properties 
For the bicarbonate dialysis fluid, viscosity and density as found with the earlier 
described clinical tests were used (section 2.1). 

2.3.4 Membrane characteristics 
The permeability characteristics of the membrane were obtained from laboratory 
tests in which a dialysate flow was forced through the membrane. The 
ultrafiltration coefficient, KUF, was calculated from flow, QUF, and 
transmembrane pressure, TMP, measurements. Furthermore, the overall 
hydraulic membrane permeability km (m²/s.Pa) was derived from the 
ultrafiltration coefficient, KUF (m³/s.Pa), membrane surface, A (m²), and 
membrane thickness, dm (m): 

 
A
dKk m

UFm ⋅=       (5) 

The tests were done for forward and backfiltration using sterile dialyzers (overall 
permeability 7950nm²/s.Pa) as well as samples in which a protein layer was 
induced on the membrane (overall permeability 3650nm²/s.Pa) simulating a 
clinical session [10]. The permeability of the sterile inner layer ki (thickness di) 
and of the bulk layer kb (thickness db) were implemented as a series of two 
resistances, whereas the influence of a protein layer on the overall membrane 
permeability was incorporated as a higher resistive inner layer (lower ki): 

i

i

b

b

m

m

k
d

k
d

k
d

+=                                               (6) 

2.3.5 Governing equations 
In the blood and dialysate compartment, conservation of mass and momentum 
are described by the three-dimensional steady incompressible continuity and 
Navier-Stokes equations, using the local and constant viscosity and density for 
blood and dialysis fluid, respectively. Transmembrane water transport, function 
of the membrane permeability (k) and the local oncotic pressure, is described by 
the Darcy equation for porous media. 
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     Knowing the velocities in all nodes of the finite volumes, the mass transfer 
can be calculated with the stationary convection-diffusion equation in the 
absence of a source or sink reaction: 

( ) ( ) 0CDCuS S =∇⋅∇−∇•⋅      (7) 
DS represents the solute diffusion coefficient (m²/s) and C the solute 
concentration (mol/m³). Although this equation is valid for all domains, note that 
the diffusion coefficient DS is different for the three domains. Furthermore, S can 
deviate from unity in the membrane domain when solute transport through the 
membrane is hampered [11-13]. In the present study, solutes of distinct 
molecular weight were investigated. Urea (MW60) was used as marker for the 
small water-soluble solutes, while vitamin B12 (MW1355) and inulin 
(MW5200) were used as middle molecule markers with a sieving coefficient 
equal to unity for the considered high flux polysulphone membrane. 

2.3.6 Model Boundary Conditions 
In the blood and dialysate compartment, a constant inlet velocity is given, while 
outlet conditions are specified either as outlet pressures or as a flow percentage 
distribution in both compartments to apply the desired ultrafiltration flow. 
Oncotic pressure, which is exerted by the plasma proteins and opposes the 
hydrostatic transmembrane pressure, is implemented as a discontinuous local 
pressure drop at the skin-bulk interface. Because of the difficulty to induce in 
vitro a stable protein layer on the membrane [10], initial oncotic pressure from 
literature (25mmHg) was used [13, 14]. Moreover, as hemoconcentration takes 
place in axial direction, the oncotic pressure is varying with hematocrit. Because 
the smallest blood-membrane-dialysate entity is isolated, all other boundaries are 
symmetry planes.  

2.3.7 Calibration and validation of the diffusivities 
While the solute diffusion coefficients in blood and dialysate were known from 
literature, membrane diffusivity was derived from the inlet and outlet blood (CBi 
and CBo) and dialysate (CDi and CDo) concentrations. Blood concentrations 
(mol/L) were assessed from the clearance equation: 

( )
B

Bi

BoBi Q
C

CCK ⋅
−

=      (8) 

where the manufacturer reports K values for given blood/dialysate flow 
combinations [15, 16]. Dialysate concentrations (mol/L) were calculated from 
the mass balance of the dialyzer [17]: 

( ) ( ) DDiDoBBoBi QCCQCC ⋅−=⋅−        (9) 
Although the concentration difference between blood and dialysate, ∆C, will 
decrease exponentially along the dialyzer length, a linear approximation is 
allowed for low and middle molecules [18]: 

( )
L
∆C∆C

dz
∆Cd oi −=            (10) 

With ∆Ci and ∆Co the blood-dialysate concentration difference at the blood inlet 
and outlet, respectively.   
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     By multiplying both terms with the mass flux J (mol/s), as defined by Fick’s 
law: 

∆CAKJ 0 ⋅⋅=      (11) 
and after integration of equation 10 and solving it for the mass flux J, clearance 
K can then be written as a function of the mass transfer coefficient K0 (m/s), 
which is the reciprocal of total resistance R0, and of the logarithmic mean 
concentration difference ∆Clm [17]: 

 ( ) ( )









−
−

−−−
⋅⋅=⋅

⋅
=

DiBo

DoBi

DiBoDoBi

Bi0
lm

Bi

0

CC
CC

ln

CCCC
C
A

R
1∆C

C
AK

K
                   (12) 

Furthermore, as the mass transfer coefficient K0 for radial diffusive mass transfer 
(in x-direction) is equal to DS/∆x, membrane diffusivity DM (m²/s) can be derived 
from total resistance R0 and the convective mass transfer coefficients 1/RB and 
1/RD (m/s): 

D

D

M

M

B

B
DMB0 D

∆x
D
∆x

D
∆x

RRRR ++=++=       (13) 

RB, RM, and RD represent the blood-side, membrane and dialysate-side 
resistance, respectively. ∆xB and ∆xD symbolize a characteristic distance for 
diffusion in the blood and dialysate domain, while ∆xM is the membrane 
thickness. As ∆xB and ∆xD were not a priori known, the diffusion coefficient in 
the membrane for a particular solute was derived iteratively until the clearance as 
found with the simulations matches the manufacturer’s data for a QB/QD ratio 
equal to 250/500mL/min. The power of the numerical model was checked 
performing simulations for a QB/QD equal to 300/500 mL/min, and comparing 
the numerically derived clearance value with the manufacturer’s data [15, 16]. 

2.4 Parameter study 

With the extended finite volume model, which was validated with ex vivo 
experiments [19], a parameter study was performed varying blood and dialysate 
flows (150-350mL/min and 300-800mL/min) and dialyzer geometry (axial as 
well as radial dimensions). Finally, the impact of dialyzer dimensions on dialyzer 
clearance was studied by changing fiber diameter and length in a wide range, 
while keeping a constant fluid velocity. 

2.5 Impact of flow distribution on mass transport 

The impact of the dialysate flow maldistribution on solute transfer efficiency was 
evaluated numerically by implementing the local velocities as obtained from the 
SPECT measurements (paragraph 2.2). Mass transfer calculation was performed 
for urea and vitamin B12 in the case of maximum (20.5mm/s) and minimum 
dialysate flow velocity (4.3mm/s), instead of the mean dialysate velocity of 
12.1mm/s. Meanwhile, blood flow was considered homogeneously distributed, 
and a Poiseuille velocity profile with mean velocity of 17.3mm/s was used at the 
blood inlet, corresponding to a uniform overall blood flow of 300mL/min.  
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3 Results 

3.1 Macroscopic flow visualization 

The CFD results showed a homogeneous blood flow distribution in the fibers, 
while vortices can be remarked at the inlet manifold. Although vortices are also 
observed in the dialysate compartment at the transition of the inlet nozzle with 
the dialysate distribution ring, an axisymmetrical flow pattern is found around 
the fibers (figure 3).  
     The validation with SPECT measurements also showed a homogeneous 
velocity profile in the fiber compartment. Activity accumulation was however 
noticed in both manifolds and might be due to the adhesion of the Macro 
Aggregated Albumin to the plastic dialyzer capsule. Moreover, these 
accumulation sites correspond with regions of low blood velocity and possible 
blood clotting. 
     In contrast with the numerical results, SPECT imaging of dialysate flow 
resulted in a skewed velocity profile with a maximum near the nozzles-side 
housing, while a minimum value was located down the dialyzer axis (at 23-
25mm vertical distance from the inlet nozzle) (figure 3). As a consequence, at 
the opposite site of inlet and outlet nozzles, non-efficient sites with respect to 
mass transport are observed [20]. Furthermore, a non-homogeneous velocity 
distribution was also observed in the plane perpendicular to the plane along the 
nozzles. This implies that the non-homogeneous velocity distribution is not only 
due to the flow distribution near the dialyzer inlet but also to the preferential 
flow channeling resulting from fiber twisting. Because of this, the discrepancy 
between the CFD and SPECT results might be attributed to the optimistic 
assumption in the CFD model of a homogeneous radial permeability over an 
entire cross section. Furthermore, the CFD model can be calibrated by 
implementing local permeabilities of the fiber bundle, as derived from the 
SPECT results. 

Figure 3: Radial distribution of axial dialysate velocity as computed with 
CFD for 4 different axial z positions compared to average. The 
CFD results are also compared to mean bolus peak velocity (bars) 
as measured with SPECT. 
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3.2 Microscopic flow and mass transport 

Assuming a constant blood and dialysate inlet flow of 250 and 500mL/min, 
respectively, blood and dialysate outlet pressures of 10kPa (75mmHg) and 5Pa 
(0.04mmHg), respectively, and an initial oncotic pressure of 3.33kPa (25mmHg) 
[13, 14], the pressure distribution renders an overall ultrafiltration flow of 
45mL/min while no backfiltration occurs. 
     As blood, with an initial viscosity of 3mPa.s, flows through the dialyzer, the 
water removal causes hemoconcentration. As a consequence, the hematocrit 
shows an axial variation from its initial value 30% at blood entrance up to 42% 
at the outlet, resulting in a mean viscosity increase from 3mPa.s to 4.5mPa.s. The 
plug flow of blood cells at the axis (maximum viscosity 7.5-11.8mPa.s) and the 
plasma layer near the membrane wall (viscosity 1.3mPa.s) demonstrates the 
radial variation of the blood viscosity (figure 4).  
 

Figure 4: Radial viscosity distribution at blood inlet (x) and outlet (+) 
section. 

     The oncotic pressure, varying with the local hematocrit, increases from its 
initial value 3.33kPa (25mmHg) up to 4.20kPa (31mmHg). Due to this oncotic 
pressure opposing the hydraulic driving pressure, ultrafiltration flow is decreased 
by 28%. 
     Due to ultrafiltration, one may expect a deviation from the linear flow-
pressure drop profile described by Poiseuille as well as from the parabolic 
velocity profile. Nevertheless, for an ultrafiltration flow of 45mL/min in a 
dialyzer module of 230mm in length, the pressure distribution in the blood 
compartment deviates only slightly from linearity (figure 5), while the same is 
true for the parabolic velocity profile. 
     With respect to mass transfer, figure 6 shows the concentration profiles for 
urea, vitamin B12, and inulin in a standard F60 dialyzer with overall blood and 
dialysate flows of 250 and 500mL/min, respectively. The radial concentration 
variation, most pronounced for inulin, illustrates the lower diffusivities in blood 
and dialysate compared to urea. Comparing outlet with inlet solute 
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concentrations, clearances of 213, 126, and 61ml/min were found for urea, 
vitamin B12, and inulin, corresponding to the data as provided by the 
manufacturer. 
 

Figure 5: Axial pressure distribution in blood (x) and dialysate (+) 
compartment. 
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Figure 6: Concentration profiles in the dialyzer fiber (diameter 200µm and 
length 230mm) for urea (upper panel), vitamin B12 (middle panel), 
and inulin (lower panel). The relative blood start concentration was 
100, while blood and dialysate flows were 250 and 500mL/min. 
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3.3 Results of the parameter study 

Increasing blood and dialysate flow rate while keeping the geometrical and blood 
characteristics constant, the blood viscosity and hematocrit percentage variations 
are reduced exponentially. Moreover, hematocrit increase is even more 
expressed than viscosity increase if blood flow rates over 220mL/min are 
considered. With respect to fiber length, blood viscosity as well as hematocrit 
increases are smaller for shorter fibers (180mm) compared with the standard 
ones (230mm). Further lengthening of fibers (280mm) however does not change 
blood property variations significantly. Varying the radial dimensions (fiber 
inner diameter 150-200-250µm), blood property variations are from the same 
magnitude of those found in the case of axial variation. Clearances were found 
enhanced by 13% (urea), 50% (vitamin B12), and 89% (inulin) for a fiber twice 
as long as a standard one, and by 5.5% (vitamin B12) and 21% (inulin) for a 
fiber diameter of 150µm instead of 200µm. In general, the impact of fiber 
dimensions was more pronounced for the middle molecules compared to urea. 

3.4 Influence of flow distribution on mass transport 

While the observed maximum dialysate velocity resulted in a clearance increase 
of 1.3 and 12% for urea and vitamin B12, the minimum dialysate velocity 
deteriorated solute removal by 12 and 28%, respectively. By calculating the 
clearances for intermediate blood-dialysate flow combinations, and by 
integration over the cross section, an overall decrease in solute removal 
efficiency by 3.8 and 4.4% was obtained for urea and vitamin B12, respectively. 

4 Conclusion 

In order to define regions characterized by diminished mass transfer efficiency, 
the existence of non-uniform flow in both the blood and dialysate compartment 
was investigated by computational fluid dynamics validated with SPECT 
imaging technique. With both techniques, a fully homogeneously distributed 
blood flow was found, while a discrepancy was observed for the dialysate flow 
in the case a constant fiber bundle permeability was modeled numerically. The 
SPECT results can be applied for validation of the CFD model with respect to 
the fiber bundle permeabilities, such that the validated CFD model can be further 
used for new dialyzer design and optimization. Furthermore, local velocities can 
be implemented in a microscopic model. 
     This microscopic CFD model incorporates blood, dialysate, and membrane 
flow allowing an accurate investigation of the fluid properties, solute 
concentrations, and the presence and localization of backfiltration. The hydraulic 
permeability of the dialyzer is based on a more accurate method than in previous 
ex vivo studies and blood is modeled as a non-Newtonian fluid with properties 
varying in radial as well as axial direction. Furthermore, the model allows 
calculating concentration profiles inside the dialyzer and related solute 
clearances. After validation of the CFD model, different parameters such as 
geometrical and fluid properties were investigated. 
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