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Abstract

A computational model was developed to predict the performance of hollow fiber membrane
hemodialyzers. Blood and dialysate were modelled as fluids flowing through two
interpenetrating porous media. Concerning hydrodynamics, experimental Darcy
permeabilities measured for commercial hemodialyzers were used for both compartments.
Concerning mass transfer, both diffusion and ultrafiltration were simulated. On the blood side
theoretical Sherwood numbers for parallel flow in pipes were adopted. On the dialysate side
Sherwood numbers were derived from CFD predictions for regular hexagonal fiber bundles.
Solute concentrations on the two sides were alternatively computed in an iterative way and
were coupled by sink/source terms describing mass transfer. Unlike previous models, the
present one is fully predictive, in that it does not use an empirically adjusted global mass
transfer coefficient but requires only basic membrane properties (diffusive and hydraulic
permeabilities and reflection coefficient). A further novelty is the inclusion of oncotic
pressure effects. The model predicts 3-D flow and solute concentration fields and overall
performance parameters such as clearance as functions of geometry, flow rates, solute species
and membrane properties. In particular, two commercial hemodialyzer configurations were
simulated; the predicted clearances of urea and B12 vitamin were found to agree well with

experimental measurements.

Keywords: Computational Fluid Dynamics, hemodialysis, hollow fiber membrane, porous

media, mass transfer.
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1. Introduction

1.1  Hemodialysis and hemodialysis modules

In the world, kidney diseases affect today over 850 million people [1]. Two million suffer
from End-Stage Renal Disease, and this number increases by 5-7% each year [2]. These
figures are expected to rise due to the recent COVID-19 pandemic: according to the US
National Institutes of Health, around 5% of the COVID-19 patients are now suffering from
acute kidney injury and need renal replacement therapies including hemodialysis [3].
Hemodialysis is a clinical treatment that requires flowing the patient’s blood through an
external circuit for removing waste solutes before it is pumped back into the body. A typical
hemodialysis module, or hemodialyzer (Figure 1), is a cylindrical shell, ~2-5 cm in diameter
and ~15-25 cm in length, enclosing a bundle of several thousands (~8,000-16,000) of hollow
fibers (capillary membranes). The shell usually consists of a transparent polymeric material

like polycarbonate or polypropylene and bears inlet and outlet openings for the fluids.

Hollow fiber membrane Epoxy resin

Blood
inlet

Dialysate Dialysate
outlet inlet

Figure 1:  Schematic configuration of a typical hollow fiber membrane hemodialyzer.

In these devices two fluids are present: the blood, rich in “toxic substances”, and the
dialysate, a rinsing solution, separated by the semi-permeable membrane. The dialysate flows
outside the bundle of fibers (shell-side) while the blood flows inside the fibers (lumen-side).
Since both pressure and solute concentration in blood and dialysate are different, the solutes
are removed from blood by hemodiafiltration, a combination of ultrafiltration and diffusion
[4]. Only if this latter largely prevails, one speaks of hemodialysis.

Blood flow rates range from 200 to 500 mL/min (so that the patient’s whole blood is typically

treated every 15 minutes) and dialysate flow rates from 500 to 800 mL/min.
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1.2 Hollow fiber module modelling in the literature

Proposed models of hollow fiber membrane-based processes can be classified according to
whether the object modelled is a single fiber with the associated lumen-side and shell-side
fluids, or the whole hemodialyzer.

Models of the former category, in their turn, can be of increasing complexity in regard to
dimensionality (1-D, 2-D, 3-D) and to the physical phenomena described.

In 1-D models [5,6] solute concentrations vary only along the axial direction z, as in
elementary heat exchanger theory. Phenomena such as the dependence of mass transfer
coefficients on the flow conditions, concentration polarization or ultrafiltration flux along the
fiber length can be accounted for by simplified correlations [7,8].

Several authors [9-13] presented 2-D (z,) models of velocity, pressure and flow
concentration for both blood and dialysate.

3-D models are less common in the literature. Cancilla et al. [14] performed CFD simulations
in (z,r,0) coordinates based on the continuity, momentum and scalar transport equations to
predict fluid flow and mass transfer in the unit cell of regular bundles of straight parallel
fibers arranged in a hexagonal or square lattice. The azimuthal variation of flow and
concentration fields was accounted for, but flow and mass transfer were assumed to be fully
developed in the axial direction z. Eloot et al. [15] developed a 3-D finite volume microscale
model for fibers arranged in a hexagonal lattice; for symmetry reasons, only a twelfth part of
a unit cell was simulated. Non-Newtonian blood behavior was considered.

In a second category of models, the object modelled is the whole module. Conceptually, a
“brute force” approach simulating the whole fiber bundle would be possible, but it would
imply an inordinate computational effort since, as mentioned above, a typical module may
include 10* fibers or more. On the other hand, an oversimplified approach can be adopted, in
which the results obtained for a single unit cell (an individual fiber and the associated fluid
regions) are assumed to apply to the whole module. Of course, this approach cannot account
for the overall module geometry, e.g. for the influence of walls and inlet-outlet headers.

As a compromise between the above methods, some authors chose to simulate a small fiber
bundle, somehow representative of the fiber-fiber interactions occurring in a complete
module but, of course, computationally much less demanding. For example, Ma et al. [16]
simulated the impact of fiber distance and position on fiber-fiber interaction within a 3x3
square array bundle. The simulation predicted the effect of fiber distance on the

hydrodynamics and filtration performance of a membrane module.
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However, the most popular and effective approach to modelling a whole module is the porous
media one. In this, either one or both fluids are assumed to flow in anisotropic porous media,
governed by Darcy’s law. Hydraulic permeabilities and mass transfer coefficients are derived
either from numerical simulations for a single fiber or from experimental results.
Thus, Lemanski and Lipscomb [17] carried out a theoretical 2-D analysis of shell-side flow
and its influence on mass transfer. They characterized the bundle by using published
theoretical and computational results for Darcy permeabilities [18,19] in regular (hexagonal
and square) arrays of parallel fibers, but neglected ultrafiltration.
Liao et al. [20] overcame this limit, taking into account in their 2-D model both convection
and diffusion by means of source terms representing solution and solute trans-membrane
fluxes, as calculated by the Kedem-Katchalsky equations. The shell side was treated as a
porous medium and properties such as the membrane’s hydraulic and diffusive permeability
or the bundle’s Darcy permeability were derived from experimental results.
Eloot et al. [21] used Single Photon Emission Computed Tomography imaging to validate a
3-D CFD model of the fluid dynamics of a hollow fiber hemodialyzer, in which the blood and
dialysate compartments were defined as two porous entities with uniform axial and radial
permeabilities.
Other 2-D models based on the concept of two interpenetrating porous media are due to
Labecki ef al. [22], Lemanski and Lipscomb [23] and Ding et al. [24].
Ding et al. [25] implemented a 3-D model of a hemodialyzer the better to account for the
effects of inlet and outlet headers and for the interaction between blood and dialysate flows.
Darcy permeabilities were derived from equations presented in the literature. In regard to
mass transport, the authors employed a global mass transfer coefficient deduced from
literature experimental results. The comparison with the ideal counter-flow configuration in
terms of solute clearance showed that the real efficiency of the module was lower than the
ideal one, especially when the dialysate flow rate was low or the blood flow rate was high.
In the present study, starting from the concept of two interpenetrating porous media, a new
model of fluid flow and mass transfer in hollow fiber modules for hemodialysis is developed.
To the best of the authors’ knowledge, this is the first 3-D model that simultaneously
includes:
e values of Darcy permeability both in the axial and in the transverse directions derived
from purpose conducted experimental measurements;

e the separate effects of the three resistances of blood, membrane and dialysate on mass
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transport;
e the possibility of adopting models of increasing complexity.
Once validated, the present model can be used as a tool for evaluating the effects of

membrane properties, module design and operating conditions on the dialyzer’s performance.

2. Experimental characterization of the hemodialyzers

Two PHYLTHER® High Flux modules, commercialized by Medtronic®, were tested. Their

nominal geometric characteristics, as provided by the company, are listed in Table 1.

Table 1: Nominal geometric characteristics of the hollow fiber modules tested.

Membran Nominal Effective Fiber inner =~ Membrane = Module inner
Module type embrane internal area length L diameter d;  thickness s diameter D;
material )
A (m?) (mm) (um) (um) (mm)

PHYLTER®  polyphenylene 1.5 244 200 30 37

HF 15SD
PHYLTER®  Polyphenylene 1.7 244 200 30 40

HF 17SD

The effective length L is that of the fibers, not including the end tracts encased in epoxy resin
(“pottings”, Figure 1). The nominal internal area is 4=Nozd;L, No being a nominal number of
fibers which, based on the data in Table 1, turns out to be 9784 and 11089, respectively for
the two modules. Nominal data were carefully checked as detailed in Section 2.3.

The distribution of hollow fibers in a real hemodialyzer may affect the concentration field as
well as the module’s wet-out, the entrapment of air bubbles and thus the module’s
performance, so that it has been made the subject of experimental investigations, e.g. by
Frank et al. [26,27] who used X-ray computed tomography.

In the present work, for each module type, a first destructive investigation was performed by
filling the shell side of the module with a slow curing low viscosity epoxy resin (Denepox
40®). After flushing the shell with resin several times to ensure that all air exited the module,
24 hours were allowed for the resin to harden. Then the module was cut into 25 slices about 5
mm in thickness by using a lathe; the slices were finally polished and then analyzed by
various techniques. In a second specimen, the outer shell was cut, the fiber bundle was

extracted and a small loose sample was taken from it for further SEM investigation.

2.1 SEM analysis

Both slices and loose samples of the fiber bundles were examined by Scanning Electron

5
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Microscopy using the standard gold-coating method. Figure 2(a) shows a single fiber, with
an outer diameter d. of 258.9 um, very close to the nominal value of 260 um. A comparison
of different images showed that this quantity is actually scattered between ~240 and 280 um,
with few individual diameters outside this range. Figure 2(b) is a detail of a slice. Straight
grooves and debris in the fibers’ lumen are artefacts due to the cutting and polishing process.
The cluster of small dots near the center of the picture is the cross section of a spacing
polymeric yarn which is intentionally interspersed with the fiber bundle during the
manufacturing process in order to give it structure, avoiding fibers from moving laterally and
collapsing. The characteristics of the yarn are better visible in Figure 2(c), which shows a
single hollow fiber close to a tuft of spacing yarn, and in Figure 2(d), which is an enhanced

detail of the yarn showing filament diameters varying between ~20 and ~27 pm.

Figure 2: SEM images of the samples analyzed: (a) individual fiber, showing external diameter; (b)
resin-embedded bundle slice with cross section of a tuft of spacing yarn; (c) single fiber
surrounded by spacing yarn; (d) spacing yarn detail, showing typical filament diameters.
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2.2 Optical microscopy

Slices of the resin-embedded bundle were further analyzed by optical microscopy. Figure 3
shows pictures of a cross-section. It can be observed that, in regions devoid of spacing yarn
(a), fibers are more densely packed and tend to arrange themselves into almost regular
hexagonal-array clusters. In the presence of spacing yarn tufts (b), fibers are prevented from

densely packing and thus form high-porosity, irregularly scattered, regions.

(a) (b)

Figure 3:  Pictures realized by optical microscopy: (a) region of higher fiber packing density and
(b) region of lower packing density where the presence of spacing yarns can be observed.

23 Fiber number and distribution

Slices were photographed in backlighting using a macro lens, obtaining images like those
reported in Figure 4(a) and (b), respectively for the two modules. The images, converted to
greyscale and improved by enhancing contrast and sharpness using the Corel PaintShop Pro®
software, were analyzed both by the MATLAB® function imfindcircles and by a purpose
written Fortran program to count the actual number of fibers. Both methods agreed to within
a few units in counting ~9940 and ~11450 hollow fibers for the two modules, respectively.
The discrepancy with respect to the nominal fiber numbers reported above (9784 and 11089,
respectively), deduced from nominal internal areas, is small (+1.6-3.3%). For a nominal outer
fiber diameter of 260 um, the actual fiber numbers correspond in both cases to a porosity
(shell side area/total cross sectional area) of ~0.51.

The examination of cross-sections like those in Figure 4 shows that fibers are not randomly
distributed in the bundle, but exhibit the presence of clusters. Based on the previous
discussion, this can be explained by the effects of the spacing yarn, which itself is not visible
at the low magnification of Figure 4. There is no evidence of the radial porosity gradient

observed by Frank et al. [26,27], but this can be due to the large difference in packing

7
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density, membrane material and inlet-outlet manifold configuration.

(a) (b)

Figure 4: Photographs of two arbitrary slices of modules PHYLTER® HF 15SD (a) and
PHYLTER® HF 17SD (b) (drawn to scale).

2.4  Hydraulic resistance measurements

The hydraulic resistance Ap/Q of the fiber bundles was experimentally determined both in
purely longitudinal and in purely transverse flow. Details of the experimental technique and
of the results are reported in the Supplement, which also contains a discussion of the
discrepancies between the experimental conditions and the actual operating conditions of a
hemodialyzer. Measured raw hydraulic resistances are summarized in Table 2; each value is
the average of three tests conducted with different modules / bundles sharing the same

nominal membrane area. The results of the three tests differed by a few percent.

Table 2: Measured hydraulic resistances R (Pa‘s'm™)

Compartment and

L PHYLTER® HF 15SD PHYLTER® HF 17SD
flow direction

Lumen, axial flow (af) 6.507-108 5.636-108
Shell, axial flow (af) 4.241-108 4.880-108
Shell, cross flow (cf) 5.866-10%

Measured hydraulic resistances in axial and cross flow (Ru;, Rey) are better compared with one
another and with computational predictions for regular fiber arrays once converted into Darcy

permeability. The Darcy permeability K- along the longitudinal direction z was defined as:

u-L 1
K, ="+ (M
Aaf  Rgr

The length L, was assumed to be the distance between the fluid’s inlet and outlet (26.1 cm
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for lumen side, 23 cm for shell side) while the cross sectional area A, of the whole bundle
was 7D#/4=10.75 cm? for the 1.5 m? module and 12.57-cm? for the 1.7 m? one.

The Darcy permeability K; along the cross-flow direction ¢ was defined as:

ULy 1
K=t o @)
A(:f Rer

In this case, the distance L. over which the pressure drop occurs is 7.6 cm while the cross
sectional area A of the whole bundle is 21x1.7 cm? (Figure S.5 in the Supplement).

The medium was assumed to be hydraulically isotropic in the cross sectional plane, so that K;
did not depend on the direction of the cross flow. This assumption is appropriate to a random
fiber distribution, but is essentially valid also in a regular, e.g. hexagonal, fiber lattice [14].

Results are reported in Table 3.

Table 3: Experimental Darcy permeabilities K, K; (m?).

Compartment and

L PHYLTER® HF 15SD PHYLTER® HF 17SD
flow direction

Lumen, axial flow (K ) 3.3-10°10 3.3-10°1°
Shell, axial flow (K. p) 4.5-10710 3.4-10°1°
Shell, cross flow (K;p) 3.2-10M

As will be discussed in Section 3.2 (Table 6), on the lumen side the above measured values
of K- 5 are in good agreement with predictions based on the Hagen-Poiseuille flow theory,
being about ~8% lower than these latter. On the contrary, on the shell side measured
permeability values are ~2.5 times (K- p) and ~11 times (K;p) lower than those predicted by

CFD for the flow around a regular hexagonal array of straight indefinite cylinders.

2.5  Clearance measurements

The main performance parameter addressed in hemodialysis is the solute clearance. This
parameter describes the impact of the dialysis process on the patient and allows the evolution
of the toxin concentration in the patient body with time to be predicted. Clearance can be
defined as the blood volume which should be completely purified in the time unit to yield a

given solute removal rate; an operative definition is

CL = QBi CBi—QBo CBo (3.2)
Cpi

where QOp; and QOp, are the blood flow rates at the hemodialyzer’s inlet and outlet,

respectively, while Cp; and Cp, are the inlet and outlet solute concentrations in the blood.

9



253
254

255

256
257
258
259
260
261
262
263

264
265
266

267

268
269
270
271
272
273

Eq. (3.a) can also be re-formulated so as to evidence the contribution of the ultrafiltration

flow rate Qur, calculated as the difference Osi—0Oso:

CL = (2222) - Qi + (32) - Qur (3.)

Cpi
Clearance tests were carried out at Medtronic® following a protocol developed according to
applicable parts of ISO 8637-1:2017 and Guidance for Premarket Notification §VIL.B.
Modules were taken randomly from standard production and tests were repeated on several
samples for each model. Each test case was performed simulating a treatment and measuring
the clearances obtained from 0.9% w/w NaCl solutions representing blood and containing

different markers (urea and B12 vitamin) with the concentrations in Table 4.

Table 4: Molar concentration ranges of the solutes used in the saline water test solution.

Solute Molar concentration range
Urea (mmol/L) 15 to 30
B12 vitamin (umol/L) 15 to 40

The experimental setup is shown in Figure 5.

' [GTTITIITe |

9 '8 8@ ©® eoa
o

1( I

Figure 5: Schematic representation of the experimental set up used to measure clearance. (1)
magnetic stirrer; (2) beaker for solution storage at 37+1°C; (3) blood pump; (4) and (6)
chambers; (5) device under test; (7) beaker for fluid collection; (8) fresh dialysate
solution incoming in the dialysate fluid compartment; (9) ultra-filtrate fluid leaving the
dialysis fluid compartment; (10) dialysis machine.

10
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All tests were conducted at 37+ 1°C. Urea concentrations were measured by a Siemens
Dimension EXL 200™ clinical chemistry analyzer. Vitamin B12 concentrations were
measured by a spectrophotometer at a wavelength of 550 nm (accuracy=+0.5 nm). Results
were obtained for “blood” flow rates Oz of 200, 300 and 400 mL/min, a dialysate flow rate
Op of 500 mL/min and an ultrafiltration flow rate Qur of 10 mL/min. The clearance CL for
each solute was calculated using Eq. (3.a).

Clearance results for the two module configurations considered in the present study and for
different lumen-side (“blood”) flow rates are reported in Table 5. Data for urea (MW 60 Da)
and B12 vitamin (MW 1355 Da) are representative of low-MW and medium-MW solutes.

Each figure is the average of 29 test cases. The results’ dispersion is indicated as oc;.

Table 5:  Clearance results for urea and B12 vitamin in the two modules considered (the standard
deviation o is also reported).

Module tvne Solute UREA B12 VITAMIN
P 05 (mL/min) 200 300 400 200 300 400
oryLTER® | CL (mL/min) 187 241 289 136 164 181
HF 158D ot (mL/min) 6.89 10.3 138 5.15 7.72 103
ryLTERe | CL (mL/min) 191 249 294 147 164 136
HF 17SD ot (mL/min) 6.96 10.4 13.9 7.99 12.0 16.0

3. Computational model of the hemodialyzer

3.1  Multi-scale approach

Conceptually, the model developed in the present study is based on two-scale approach. In a
first stage, small-scale CFD simulations based on the primitive continuity, momentum and
scalar transport equations were performed to predict fluid flow and mass transfer around a
single straight, axially indefinite, fiber, assumed to be part of a regular bundle. In a second
stage, small-scale results were converted into corresponding properties of an equivalent
porous medium and simulations at module-scale were conducted for the prediction of the 3-D
flow fields and solute concentrations both in the blood and in the dialysate.

However, this scaling-up was actually performed only in regard to mass transfer, where, in
the absence of detailed measurements in real yarn-filled bundles, the shell-side Sherwood
numbers computed by small-scale CFD predictions for regular fiber arrays were adopted. In
regard to the dialysate-side hydraulic permeabilities, as better discussed in the following
Section 3.2, unit-cell CFD simulations severely underpredicted the experimental results

discussed in Section 2.4, mainly because they did not account for the influence of the spacing

11
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yarn; therefore, the experimental results were used.

3.2  Small-scale CFD analysis

Numerical simulations of fully developed, steady-state flow with mass transfer around
regular square and hexagonal lattices of fiber bundles were reported by the present authors in
previous work [14]. The study was conducted at unit cell-scale, i.e. the computational domain
was a repetitive periodic unit of the bundle including a single fiber, with periodic boundary
conditions imposed to all variables between opposite boundaries.

In regard to fluid flow, predicted hydraulic permeabilities are reported in Table 6.

Table 6: Predicted Darcy permeabilities K-, K; for a regular hexagonal lattice.

Compartment and

flow direction Porosity &(-) Permeability (m?)
Lumen, axial flow (K. 5) 0.29 3.58-1071°
Shell, axial flow (K- p) 0.51 8.64-10°1°
Shell, cross flow (K;p) 0.51 3.69-10°1°

For the lumen side flow, the axial Darcy permeability calculated by the Hagen-Poiseuille
theory (yielding a friction coefficient of 64/Re) for the current porosity &£=0.29 is
K. 5=3.58x1071 m?. This result agrees fairly well with the experimental data in Table 3,
overpredicting them by only ~8%; such discrepancy can be sufficiently explained by the
irregular shape and diameter of actual hollow fibers and by their slightly winding axis. The
transverse permeability K; s can be set to zero.

For the shell-side flow, for a hexagonal lattice of cylindrical fibers with porosity &p=0.51,
equal to that of the tested modules, CFD predicted axial and transverse shell side
permeabilities K.p=8.64x107"" m? and K;p=3.69%10"" m?. As anticipated in Section 2.4,
these computational values are ~2.5 times (axial) and ~11 times (transverse) higher than the
experimental ones in Table 3. Most of this large discrepancy can probably be attributed to the
influence of the spacer yarn interspersed with the fiber bundle, with a possible minor
influence of the irregular fiber distribution (clustering) and of the winding axis of the hollow
fibers. Whatever its reason, this discrepancy makes the adoption of hydraulic permeability
values provided by the small-scale simulations [14] in the porous-media model inappropriate
and explains the need for experimental measurements.

In regard to mass transfer, the shell-side Sherwood number was defined as:

12
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Shp = izt @

Dp'(Cwau—Chuik)

where ] is the surface-averaged mass flux; dj is the hydraulic diameter 4V//A.x (with V; the
volume of dialysate and A the outer fiber surface); Dp is the solute’s diffusivity in the
dialysate; and C,,q;;, Chuir are the solute’s surface-averaged wall concentration and bulk (mass
flow averaged) concentration, respectively.

A suitable correlation of the CFD results for regular hexagonal lattices having a porosity of

0.51, equal to that of the modules investigated, is:
Shp=a (1 + b-Ref) (5)

where Re; is the cross-flow Reynolds number w.dip/u, u: being the superficial velocity
component in the plane of the bundle’s cross section. For a=9.85, b=1.41 and ¢=0.38, Eq. (5)
fits well the CFD results in the range Re~0.005-50 as shown in Figure 6.

The coefficient a is chosen so that, for Re=0, the correlation provides the value computed for
purely axial flow. The Sherwood number predicted by Eq. (5) is an average over all possible
directions of the transverse flow with respect to a regular lattice, as seems appropriate for an
irregular fiber distribution. The results in [14] showed that the transverse flow orientation has
negligible effects on the Sherwood number at the low values of Re; (~0.1-1) expected in a

real hemodialyzer.

100 R EERH
| ==t=—=CFD
| = -Correlation
pd
i
/4{
£ yd
/f
/,—://
.4l
-
—'f‘/
=
E=.—-—,
10 :
0.001 0.01 0.1 1 10 100
Re,

Figure 6:  Shell-side Sherwood number (Shp) in mixed flow as a function of the cross-flow
Reynolds number Re;. The figure shows CFD results along with Eq. (5) written for
a=9.85, b=1.41 and ¢=0.38.

For the lumen side Sherwood number a constant value of 4 can be used, intermediate between

the exact values for uniform wall concentration and uniform wall mass flux (3.66 and 4.36,

13
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respectively) [28].

The above defined Sherwood numbers strictly apply only to non-transpiring walls and, in
principle, should be modified to account for the influence of ultrafiltration (wall
transpiration). However, a recent paper on this issue [29] indicates that, for the present values
of trans-membrane solution and solute mass fluxes, this influence is negligible.

In regard to the influence of entry effects on the Sherwood number, for parallel flow the
Graetz theory predicts a mass-transfer development length z27~0.02d;ReSc [28]. For the
nominal hemodialyzer configurations considered here, on both lumen and shell sides one has
Rex5, Sc~500 (urea) and dy=2-10* m, so that z’£"~0.01 m. Therefore, entry effects are
limited to a few percent of the module’s length. Moreover, on the shell side this length is less
than the extent of the inlet (and outlet) region in which the flow is largely radial and the
whole Graetz theory does not apply: in this region the influence of flow three-dimensionality

(explicitly accounted for in the CFD model) is dominant on Graetz-type entry effects.

3.3  Porous media approach

As anticipated in Section 3.1, in the present study the fluid on either side (blood or dialysate)
was assumed to flow in its own equivalent porous medium.

Each porous medium was described by specifying a porosity & and adding the following
momentum source terms to the right hand side of the momentum (Navier-Stokes) equations,
written in Cartesian coordinates x, y, z (z being parallel to the module’s axis and x, y lying in

the cross sectional plane):

Sux = =i (1) (©6)
Suy = =7 (uy) (7)
Sz = =5 (uz) (8)

where (u.), (uy) and (u.) are the superficial velocities along the x, y and z directions,
respectively. For the permeabilities K. and K;, the experimental values summarized in Table
3 (Section 2.4) were adopted in most simulations. For comparative purposes only, some cases
were run by using the CFD-derived values reported in Table 6 (Section 3.2), though largely
contradicted by the experiments.

As already mentioned, the porosity & was set to 0.51 on the shell side and to 0.29 on the
lumen side.

In order to account for ultrafiltration (UF), the following mass source term (kg m™ s™!) was
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added to the right hand side of the continuity equation:

Aex
Su=1=-p- L, (pg — Pp — Ponc) (9.a)

Vot

in which the “plus” sign holds for dialysate and the “minus” sign for blood. Here, 4ex is the
total external area of the hollow fibers, Vi is the total volume of the module, L, is the
membrane’s hydraulic permeability and p..c is the oncotic pressure of proteins in the blood.
Similarly, in order to account for UF solute mass flux, the following source term (in

mol m s') was added to the right hand side of the solute’s scalar transport equation:

Sc = +M ) [[’P ) (pB —Pp— ponc) (1-o0)- CS,M + U- (CB - CD)] (9.5)

= Vtot

where o is Staverman’s reflection coefficient and Cs.s is the solute concentration in the fluid
crossing the membrane. In different studies, Csy has been variously expressed as the
arithmetic mean (Cp+Cp)/2 [20] or the logarithmic mean (Cz—Cp)/In(Cp/Cp) [25] of the
lumen-side and shell-side bulk concentrations Cp, Cp. A further alternative would be to
identify C,u with the upstream bulk concentration, i.e. with Cz if the ultrafiltration flux is
from blood to dialysate and Cp otherwise. All the above methods were tested in the
preliminary development of the present model and no significant difference in the results was
observed. For simplicity, the first of the described alternatives was adopted in all final runs,
i.e. Csi was computed as the arithmetic mean of C and Cbp.

The second term in square brackets of Eq. (9.b) represents diffusive mass transport, for which
the driving force is the difference in concentration. U is an overall mass transfer coefficient,

which can be expressed as:

1
U=—7F—7 (10)
kg " km ' kp
where kg, kv and kp are the mass transport coefficients relative to blood, membrane and
dialysate. Strictly, Eq. (10) applies to a planar membrane geometry, but it is almost
universally adopted in the literature also for the cylindrical geometry of hollow fibers; the

coefficients ks and ki can be assumed to absorb the relevant geometrical corrections.

The blood side mass transfer coefficients £z can be calculated as:
kp = Shp =2 (11)

in which Ds is the solute diffusivity in the blood, d; is the internal diameter of the hollow

fibers and Shp is the intra-lumen (blood side) Sherwood number. As anticipated in Section
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3.2, a value of 4 was used for this quantity. In the model development stage, it was found that
letting Shp vary between 3.66 and 4.36 did not affect the results to any significant extent.

The dialysate side mass transfer coefficient kp was expressed as:
kp = Shp 22 (12)
dp

in which dj, is the hydraulic diameter of the fiber bundle, Dp is the solute diffusivity in the
dialysate and Shp is the shell-side Sherwood number for which Eq. (5) was used, thus
expressing it as a function of the shell-side cross-flow Reynolds number Re; and as an
average over all possible cross flow directions. For comparison purposes only, some
simulations were run assuming Shp to be equal to that for purely axial flow around parallel
and regular fiber bundles at &=0.51 (9.85); comparative results will be discussed in Section
4.2.2.

The term ky in Eq. (10) represents the membrane’s diffusive permeability for the given
solute. It depends on the membrane structure and composition and on its thickness, which
usually ranges from ~10 to ~50 um. The current trend is towards increasing values of ku,
which, of course, increase the achievable clearance for given membrane area and solutions
concentration. Throughout this work, we used the values of ki for polyphenylene membranes
relative to the two solutes considered (urea and B12 vitamin), which are reported, together
with the hydraulic permeability, in Table 7. These data, provided by Medtronic®, are not very
distant from experimental measurements conducted by Liao et al. [30] for similar

membranes.

Table 7: Membrane properties used in the present simulations.

Membrane property Urea B12 vitamin
kv (m s7") (1.1£0.2) x-107° (3.1£0.2) x-10°°
L,(ms™!'Pal) (6.6+0.4) x-107!!

In Eq. (10) the three components (blood, dialysate and membrane) are viewed as resistances
in series. The identification of the “controlling” step, that contributes most to the overall
resistance to mass transfer, can play a key role in the study of solute removal. With reference
to two important solutes, i.e. urea and B12 vitamin, such estimate was conducted assuming:

e fiber bundle geometry as in Table 1;

e membrane diffusive permeabilities as in Table 7;

e solute diffusivities in blood and dialysate as in Table 8, where the relevant literature
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sources are also reported;
e  Sherwood numbers of 4 for the blood side and 9.85 for the dialysate side (corresponding

to purely axial flow), as discussed in Section 3.2.

Table 8: Fluids and solutes properties at 37°C.

. Density Viscosity Diffusivity Schmidt Inlet . Inlet volume
Fluid (approx, kg m?) (Pas) (m? s number concentration flow rate
PPTOX, K& (mol m?) (mL min™)
7.4x100 (urea) [31] 4730 20 (urca)
3
Blood 1000 SIATBI Y oxao 1) 31] 8750 3x102 (B12) 300
9
Dialysate 1000 7.62x104[32] L8X10 (urea) [33] 500 0 500

5.0x101° (B12) [34] 2140

Results are summarized in Figure 7. It shows that, for current high-flux modules, more than
half of the resistance to mass transport is located in the membrane, in agreement with the
literature [35,36]. This is particularly true for solutes with large molecular weight such as
B12 vitamin (1355 Da [32]), while for smaller solutes such as urea (60 Da [32]), the

resistance of the blood compartment plays a larger role.

5.5E+05
+ -
>-0E+05 @ Dialysate
4.5E+05 1 |m Blood
4.0E+05 -
E 3.5E+05
2
g 3.0E+05 -
=
_«g 2.5E+05
;“'3 2.0E+05
1.5E+05 -
1.0E+05 -
5.0E+04

0.0E+00 -

B Membrane

60 1355
(urea) (B12 vitamin)
Molecular weight [Da]

Figure 7: Contributions to the overall mass transfer resistance (in s/m) for two solutes.

3.4  Computational domain
Figure 8 shows the computational domain for the modules simulated. Arrows indicate the
flow direction for blood (red) and dialysate (black). The computational domain exhibits eight

inlets and eight outlets for the dialysate flow, which simulate the presence of a fluid
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distributor. Two geometries, representative of the PHYLTHER ® HF 15SD and 17SD
modules and differing only for the module’s inner diameter (3.7 and 4 cm, respectively) were
simulated.

[e®)

A~
A <

x8)

(
pe ok
A%

Figure 8: 3-D computational domain for the simulated modules.

3.5 Simulation strategy

The computational model was developed by means of the finite volume code Ansys-CFX 18®
[37], already applied by the authors to the simulation of different low-Reynolds number flow
and mass transfer problems in complex geometries, e.g. [38]. As mentioned in Section 3.3,
blood and dialysate were treated as two different fluids flowing through two different porous
media, but occupying the same space (the whole internal volume of the module) and
exchanging both solution and solute between each other. This made an iterative simulation
method necessary: flow rates and solute concentrations on the blood and dialysate sides were
coupled by appropriate sink/source terms describing solute transfer and were alternatively re-
computed until convergence was attained.

Figure 9 is a flow chart of the computational process. Each fluid, denoted by subscript “B”
for blood and subscript “D” for dialysate, was characterized by its physical properties p, 1, D,
inlet volume flow rate Q and inlet concentration C; (Table 8) and by its relevant inlets and
outlets configuration. It was assumed to flow through a porous medium with porosity &,
longitudinal permeability K. and transverse permeability K; (azimuthally isotropic in the
cross-section plane xy). Values of these quantities were taken from the experimental
characterization and the hydraulic resistance measurements described in Sections 2.3-2.4 and
in the Supplement. The shell-side Sherwood number was expressed by Eq. (5).

In the simulations reported in the present work, the solute markers were assumed to be urea
and B12 vitamin (MW = 60 and 1355 Da, respectively), for which Staverman’s reflection

coefficients o equal to zero and 0.15, respectively, were used. The hydraulic permeability L,
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of the membrane and its diffusive permeabilities ki for the above solutes were those in Table
7.

The internal cylindrical surface of the shell was treated as a no slip wall with zero mass flux.
In most cases, the outlet boundary conditions for both blood and dialysate were of imposed
pressure, while the inlet boundary conditions were of imposed flow rate. The dialysate outlet
pressure was set to zero (relative) while the blood outlet pressure was adjusted so as to obtain
an ultrafiltration flow rate of 10 mL/min as in corresponding experimental clearance tests. In
some comparative cases, representing experimental tests as discussed in the Supplement,
these conditions were replaced by imposed zero flow rate at both inlets and outlets. The same
computational grid was adopted for the two fluids.

The computational procedure starts with the first iteration on the blood side (iteration
BLOOD 1). In this step, in the mass transfer source term S. of Eq. (9.b) (written for blood,
i.e. with the minus sign) the dialysate-side pressure pp and concentration Cp are assumed to
be zero. At the end of this iteration step, the computed blood-side pressure pp and
concentration Cj fields are written to the special Blood-Side Data File “BSDF!”.

The subsequent simulation (iteration DIAL 1) regards the dialysate side. Here, in the mass
transfer source term S. of Eq. (9.b) (written for the dialysate, i.e. with the plus sign), the
pressure pp and blood-side concentration Cp are read in from the above mentioned special
data file. At the end of this iteration step, the computed dialysate-side pressure pp and
concentration Cp fields are written to the special Dialysate-Side Data File “DSDF!”".

In all the subsequent couples of iterations (BLOOD N — DIAL N), each side reads in the last
available concentration and pressure distributions for the opposite side from the relevant
special data file and write its own computed pressure and concentration to a similar special
data file.

Convergence is considered fully achieved and the iterative procedure is stopped when the
differences in outlet flow rate and solute concentration between two consecutive iterations,
both for blood and dialysate, become lower than a fixed tolerance (7OL). In all cases,

convergence to within 0.5% was achieved in 6-9 couples of iterations.
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Figure 9: Flow chart of the computational process.

4. Results and discussion

4.1 Grid independence

A grid independence test was conducted for the geometry representative of the PHYLTER®

HF 17SD module. The inlet blood flow rate was 300 mL/min and the inlet dialysate flow rate

was 500 mL/min. The ultrafiltration flow rate was set at 10 mL/min. Four grids were

compared, the total number of finite volumes increasing from ~28,000 to ~890,000 with a
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ratio of ~v/10 between consecutive grids while the distribution of grid points along the three
directions remained the same. The grids were made up of hexahedral volumes only, known to
provide more accurate results than tetrahedral or hybrid grids.

To check the grid independence of the results, two quantities were monitored: the solute
clearance CL, characterizing mass transfer, and the shell-side pressure drop, characterizing
hydrodynamics. A grid of ~280,000 finite volumes (with 10,800 cells in the cross sectional
plane) was sufficient to achieve a discrepancy below ~1% on both quantities with respect to
the finest grid, the more sensitive quantity being the shell-side pressure drop. Therefore, this

grid was chosen for all final simulations.

4.2  Model validation and influence of modelling options

4.2.1 Validation

For validation purposes, clearance values predicted by the present model were compared with
experimental clearances for urea and B12 vitamin obtained at the Medtronic® laboratories.
Experiments, following the test protocol already described in Section 2.5, were performed for
PHYLTHER® HF SDI15 and SD17 modules using a saline solution instead of blood.
Therefore, simulations were carried out by replacing in the lumen side blood with a fluid
having the same physical properties as the saline solution used in the experiments and setting
the relevant oncotic pressure to zero. The dialysate flow rate was fixed at 500 mL/min while
three different lumen-side flow rates (200, 300 and 400 mL/min) were simulated. The
ultrafiltration flow rate was fixed to 10 mL/min as in the experiments. Membrane diffusive
permeability and hydraulic permeability data were those provided by the company as
reported in Table 7. For the Darcy permeabilities, as already mentioned, values derived from
experiments conducted on the specific fiber bundles had to be used since they differed
broadly from CFD predictions obtained for regular fiber arrays with no spacing yarn. The
relevant experimental procedure is described in detail in the Supplement.

Figure 10 compares model predictions for the clearances of the two solutes with the
experimental data reported in Table 5. As expected, clearance increases with the blood flow
rate and with the size of the module. In all cases, model predictions lie within the dispersion
interval of the experimental data. For both modules and both solutes, the best agreement with
the experiments is obtained at the least blood flow rate (200 mL/min). The maximum
discrepancy is ~—13 mL/min, obtained for B12 vitamin with the 1.5 m* module at Qz=400

mL/min.
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Figure 10: Urea and B12 vitamin clearances as functions of the blood flow rate for the 1.5 m? (a)
and the 1.7 m? (b) modules: model predictions (solid lines and hollow symbols) are
compared with experimental results by Medtronic® (solid symbols). These latter are
provided with dispersion bars.

For the two modules, two solutes and three blood flow rates considered for the validation,
Table 9 reports the predicted values of the bulk outlet concentrations both on the blood and
on the dialysate sides that satisfy the overall mass balances of each solute and are used to
compute the respective clearances. Note that part of this information is redundant since outlet
bulk concentrations can be deduced from the corresponding clearances, and is reported here

only for the reader’s benefit. Experimental clearance values were reported in Table S.

Table 9:  Predicted bulk outlet concentrations for blood and dialysate used to compute the
respective clearances. In all cases, the dialysate inlet flow rate is 500 mL/min, the UF
flow rate is 10 mL/min and the inlet concentrations are zero on the dialysate side and 20
mol/m? (urea) or 0.03 mol/m* (B12 vitamin) on the blood side.

Module tve Solute UREA B12 VITAMIN
P Qi (mL/min) 200 300 400 200 300 400

Co (mol/m?) 1.26 3.79 6.15 1.03x102  1.49x102 1.78x10?

P?Ff%ggg@ Cpo (mol/m®) 7.37 9.61 1098 | 7.94x103 9.18x103  9.88x1073
CL (mL/min) 188 245 280 135 156 168

Cro (mol/m®) 0.84 3.10 5.44 8.84x10° 1.37x102 1.68x102

ng%;g}g{@ Cpo (mol/m®) 7.53 10.00 11.53 | 8.47x103 9.88x103  1.07x102
CL (mL/min) 192 255 294 144 168 182

4.2.2  Influence of the model used for the dialysate-side Sherwood number
To assess the influence of the model used for the shell side Sherwood number, simulations
were carried out for the SD17 module keeping Shp fixed at 10, a value close to that for purely

axial flow in hexagonal regular lattices at &=0.51 (9.85). The results for urea are compared
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with the full model predictions and with the relevant experimental data in Figure 11.

325
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Figure 11: Urea clearance as a function of the blood flow rate for the 1.7 m*> module: predictions
obtained by accounting (hollow triangles) or not (solid circles) for the influence of
transverse flow on the shell-side Sherwood number are compared with experimental
results by Medtronic® (solid triangles).

The clearances predicted neglecting the influence of transverse flow on Shp differ negligibly
from those of the full model and fall within the range of dispersion of the experimental data.
Therefore, one can state that the model is little sensitive to this option. However, since taking
into account a variable value of Shp does not significantly affect the computational effort, the

full model was preferred in the study.

4.2.3 Influence of the model used for the Darcy permeabilities

The impact of the model used for the Darcy permeabilities was also studied. To this purpose,
comparative simulations were carried out for the 4=1.7 m?> module and a lumen side flow rate
05=300 mL/min using the Darcy permeabilities in Table 6, obtained from unit-cell small
scale CFD predictions (K;p=8.64x10"1° m?, K,p=3.69x10"1" m?, K.5=3.58x1071" m?, K,5=0)
instead of the corresponding experimental ones in Table 3 (K- »=3.4x10"1° m?, K, p=3.2x10"!!
m?, K. 5=3.3x10"1" m?, K, 5=0).

The predictions exhibit a discrepancy of ~0.2% in clearance both for urea and B12 vitamin
with respect to the base model. Therefore, as far as mass transfer is concerned, the model
proves to be little sensitive to this option. In regard to the flow field, the alternative
treatments of permeabilities lead to largely different pressure profiles along the module’s

length (see Figure 12, in which the ultrafiltration flow rate is kept fixed at 10 mL/min).
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Figure 12: Comparison of model predictions for the pressure profiles (red for lumen side, black for
shell side) over the length of the hemodialyzer, obtained by using values of Darcy
permeabilities from experiment (solid lines) and from small-scale CFD predictions
(broken lines). In all cases the ultrafiltration flow rate was kept fixed to 10 mL/min.

Figure 12 shows that the choice of the model used for the shell-side Darcy permeabilities K
significantly affects the slope of the pressure distribution in the dialysate and the pressure
levels also in the blood. However, provided the net ultrafiltration rate is kept fixed, almost no
influence on mass transfer is obtained: when the CFD-based K values are adopted, the region
of back-filtration decreases slightly, while the clearance increases from 254.9 to 255.4

mL/min for urea and decreases from 168.3 to 167.9 mL/min for B12 vitamin.

4.3  Detailed results and parametrical sensitivity assessment

Following the above study focussed on the influence of modelling options, a parametrical
analysis was conducted to assess the sensitivity of the results to different physical quantities:
e membrane’s diffusive permeability;

e ultrafiltration flow rate;

e lumen-side fluid properties and oncotic pressure;

e dialysate flow rate.

At first, a “base case” was simulated. Then, by changing only one parameter at a time and
keeping all other parameters fixed, the influence of its variation on the results was evaluated.

This study was performed in the PHYLTER® HF 17SD geometry.

4.3.1 Fluid flow and solute concentration distributions for the “base case”

In the “base case” blood and dialysate flow rates were 300 and 500 mL/min, respectively; the
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ultrafiltration flow rate was set to 10 mL/min. Membrane and fluids properties were those
summarized in Table 7 and Table 8, respectively. An oncotic pressure of 3700 Pa (~28
mmHg as in typical human blood [39]) was set in the blood. For this “base case” the model
predicts for urea and B12 vitamin clearances of ~257 and ~172 mL/min, respectively.

Figure 13 shows a vector plot of the dialysate velocity in a xy cross section near the dialysate
outlet end of the module.

ANSYS

R18.1
Academic

Vi, I N
' / %
Wi NI IIRY
v LR AR
@
0 0.015 0.03 (m)
)

0.0075 0.0225

Figure 13: Vector plot of the shell (dialysate) fluid flow near the outlet of the module.

The fluid flow, almost everywhere parallel to the fiber bundle, is subjected to a change of
direction from the middle to the periphery of the module in the end regions, yielding
significant values of the cross-flow velocity u..

Pressure distributions in both compartments of the module are reported in Figure 14(a, b).
Blood flows from right to left while dialysate flows from left to right.

The maps show, both on the blood and on the dialysate sides, a linear pressure gradient over
most the module’s length, a trend similar to that reported by Osuga et al. [40]. Inlet-outlet
pressure drops were ~9860 Pa in the blood and ~4400 Pa in the dialysate. This difference is
due to the difference both in the physical properties of the two fluids, the blood being ~5
times more viscous than the dialysate (see Table 8), and in the relevant axial Darcy
permeabilities. The blood outlet pressure was adjusted to 2156 Pa so as to obtain an

ultrafiltration flow rate of 10 mL/min.
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Figure 14: False-color maps of pressure and solute concentration in the zx mid-plane. Left column:
lumen (blood) side; right column: shell (dialysate) side. (a), (b): pressure; (c), (d):
concentration of urea; (e), (f): concentration of B12 vitamin.

Corresponding distributions of urea and B12 vitamin concentrations are reported in Figure
14(c)-(f). The maps exhibit a mainly axial concentration stratification both in the blood and in
the dialysate, superimposed on a radial gradient which is largest in the regions corresponding
to dialysate inlet / blood outlet and is caused by the peripheral locations of the dialysate inlet-
outlet ports. These results are qualitatively similar to those reported by Ding et al. [25].

Flow and concentration fields in the dialysate outlet region of the module are shown in
greater detail in Figure 15. The main map reports predicted dialysate streamlines and urea

concentration distribution in a plane containing the module’s axis and bisecting two outlet
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openings. Here, the dialysate flow is from right to left and some of the eight outlet openings
are outlined. The smaller maps on the left report the distributions of normal (radial) outlet

velocity and solute concentration in a generic outlet opening.

Cdialysate [mol m”-3]

16.000
14.400
12.800
11.200
9.600
8.000
6.400
4.800
3.200
1.600
0.000

! Dialysate conc. [mol mA-3]

/

1
7

0.01 (m)

Figure 15: Main map: streamlines and solute concentration distribution in a plane containing the
axis and bisecting two outlet openings (dialysate flow is from right to left; some of the
eight outlet openings are outlined). The small maps on the left show the distributions of
normal (radial) outlet velocity and solute concentration in a generic outlet opening.

It can be observed that the fluid stagnates against the flat left end of the module, where the
solute concentration attains very high values (~16 mol/m?). On the other hand, the fluid
exiting (radially) the outlet ports carries a lower solute concentration; as shown in the
relevant detail on the left, this ranges from ~8 to ~14 mol/m?, with an area-averaged value of
~10.4 mol/m®. Moreover, the normal outlet velocity exhibits an opposite distribution, so that
the mass flow averaged (bulk) solute concentration in the fluid leaving the module is even
lower (~10.1 mol/m?). This last figure is the concentration value that closes mass balances

and allows the correct computation of the solute clearance (257 mL/min).

4.3.2 Influence of the membrane’s diffusive permeability
The first parameter investigated was the membrane’s diffusive permeability k. In the light of

Eq. (10) and Figure 7, this parameter heavily affects the overall mass transfer coefficient U,

27



705
706
707
708
709
710
711
712
713

714
715

716
717
718
719

720
721

722
723
724
725
726
727
728
729
730
731
732

being (ku)~! the largest contribution to diffusive mass transfer resistance.

The effects of ki on the results were studied by setting membrane’s diffusive permeabilities
doubled (2.2x10° m/s for urea, 6.2x10~° m/s for B12 vitamin) and halved (0.55x10~° m/s for
urea, 1.55%10°° m/s for B12 vitamin) with respect to the values used in the “base case”. No
other parameters were changed. Figure 16 reports mass flow averaged (i.e., bulk) solute
concentrations in blood and dialysate, computed on cross sections of the module as functions
of the axial location. Graph (a) is for urea, graph (b) for B12 vitamin, and the three curves

reported for each quantity are for the three values of ky examined.
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Figure 16: Solute bulk concentration profiles for urea (a) and B12 vitamin (b) both in blood (red
lines) and in dialysate (black lines) as functions of the axial coordinate. Profiles are for
ky values provided by Medtronic® (solid lines); doubled values of ki (broken lines);
halved values of ks (dotted lines).

Note that in the dialysate the bulk concentrations at z=L (dialysate inlet end of the module)
and z=0 (dialysate outlet end of the module) reported in Figure 16 do not coincide with the
inlet and outlet bulk concentrations for the reasons discussed above. In particular, the
dialysate outlet end region of the module is filled with practically stagnant fluid whose
concentration attains very high values (e.g. ~0.016 mol/m® for B12 vitamin in the base case
kyv=3.1x10° m/s), explaining the sharp concentration rise in the proximity of the dialysate
outlet. The corresponding bulk outlet concentration (not shown in the plots) is much lower
(~0.010 mol/m? for the same case).

Plots of mean concentration of a solute in the dialysate along the module’s length which
strongly resemble our results in Figure 16 have been reported by Ding et al. [25]. In
particular, they exhibit the same sharp increase near the end of the module and are explained

by the authors by the same mechanism (fluid stagnation caused by the outlet port geometry).
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Contrariwise, in the blood (which enters and exits the module in axial flow) the maximum
and minimum concentrations reported in Figure 16 coincide with the bulk inlet and outlet
concentrations, respectively.

The results of the parametrical study are the expected ones. Consider, for example, the case
of B12 vitamin in Figure 16(b). In the “base case”, the blood solute concentration at z=0
(blood inlet end of the module) is 3x10~2 mol/m? and decreases to ~1.3x10~2 mol/m? at z=L
(blood outlet end of the module). The two cases involving doubled and halved values of &y
lead to blood solute concentrations at z=L of ~1.0x10~% and ~1.75x10~>mol/m?, respectively.
Similar considerations apply also to urea.

Changes in concentrations imply changes in solute clearances, which increase from ~257 to
~275 mL/min (urea) and from ~172 to ~207 mL/min (B12 vitamin) when ki values are
doubled, while they decrease to ~225 mL/min (urea) and ~130 mL/min (B12 vitamin) when
they are halved. Thus, concentrations and clearance are highly sensitive to kys variations.
Since ku 1s an uncertainty-affected parameter, the uncertainty on ks reflects in an uncertainty
on clearance, which was better assessed by conducting further comparative simulations in
which ky was made to vary by a small amount. For urea, the relative uncertainty on ks of
+18% reported in Table 7 translates into an uncertainty of £1.6% in the predicted clearance.
For B12 vitamin the relative uncertainty of +6.5% reported in Table 7 translates into an

uncertainty of the predicted clearance of +2%.

4.3.3 Influence of the ultrafiltration flow rate

The effect of the ultrafiltration flow rate Qur on the model’s predictions was also studied.
Keeping all other model parameters fixed at the “base case” values, the simulations were
repeated for Qur=0 and Qur=20 mL/min. Since the convective term of the solute’s scalar
transport equation has only a minor influence in a hemodialysis process, mass transfer
predictions are expected to be little sensitive to this parameter.

Figure 17 shows bulk concentrations of urea and B12 vitamin in blood and dialysate. As in
Figure 16, these quantities are reported as functions of the axial coordinate z.

There are only slight differences in the concentration profiles, so that noticeable changes
from the “base case” are not expected in terms of solute clearance. In fact, clearance values
increase from ~257 mL/min for urea and ~172 mL/min for B12 vitamin (“base case” at
Qur=10 mL/min) to ~260 and ~178 mL/min, respectively, when Qur=20 mL/min and

decrease to ~254 and ~167 mL/min, respectively, when Qur=0.
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Figure 17: Solute bulk concentration profiles for urea (a) and B12 vitamin (b) both in blood (red
lines) and in dialysate (black lines) as functions of the axial coordinate. Profiles are for
Qur=10 mL/min (solid lines), 20 mL/min (broken lines) and 0 (dotted lines).

Different considerations apply to the influence of Qur on hydrodynamics. By changing Qur,
the pressures diagrams change as shown in Figure 18. As Qur increases, the blood pressure
curve preserves its slope but is shifted towards higher pressures, and the extent of the back-
filtration region decreases. Therefore, the influence of Qur on hydrodynamics is not
negligible and directly affects the nature of the treatment, turning it from a pure hemodialysis

process into a hemodiafiltration one.
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Figure 18: Pressure profiles over the length of the hemodialyzer in blood (red lines) and dialysate
(black lines) for Qur=0 (a), 10 mL/min (b), 20 mL/min (¢). For the blood, solid lines
correspond to pressure, dotted lines to pressure minus oncotic pressure.

4.3.4 Influence of the physical properties of the lumen-side fluid

The influence of the physical properties of the lumen-side fluid was studied by comparing the

30



794
795
796
797

798

799
800
801
802
803
804
805
806
807
808

809

810

811

812
813

814
815
816
817
818
819

820

“base case” with a simulation in which, in the lumen side, blood was replaced by saline water
as in clearance measurements.
In Figure 19, graph (a) compares axial profiles of lumen- and dialysate-side pressures while

graph (b) compares axial profiles of the solution ultrafiltration flux:

Qur = Ly - (Ps — Pp — Ponc) (13)

(expressed in m s, in which L, pg, pp and ponc were defined in Section 3.3.

Replacing blood with saline water reduces the slope of the lumen-side pressure because of the
lower viscosity of water with respect to blood, while leaving the shell-side (dialysate)
pressure profile unchanged. Thus, the average trans-membrane pressure decreases from
~4800 to ~1100 Pa. However, when the lumen-side fluid is blood, an oncotic pressure of
~3700 Pa (~28 mmHg as already mentioned) must be subtracted from its pressure, yielding
an effective trans-membrane pressure of ~1100 Pa as in the saline water case, so that the
overall ultrafiltration rate Qur remains fixed to the chosen reference value of 10 mL/min. The
axial profile of its local rate, gur, however, does change as shown by Figure 19(b).

In their turn, changes in gur affect the distribution of the local solute ultrafiltration flux Jur:

Jur = qur " Csy - (1 — 0) (14)
(expressed in mol m? s™), in which Cs,=(Cs+Cp)/2, see Eq. (9.b).
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Lumen, blood (p) ~ «weeee Lumen, blood (p-ponc) | ......... Blood - — = Water
— — — Lumen, Water Shell
(a) (b)

Figure 19: (a) Axial pressure profiles in lumen (red lines) and shell (black line) for lumen fed with
blood or with a saline water solution. Red solid line: pressure, feed=blood; red dotted
line: pressure minus oncotic pressure, feed=blood; broken line: pressure, feed=saline
water. (b) Axial profiles of solution ultrafiltration flux on the module’s axis for lumen
fed with blood (dotted line) or with saline water (broken line).
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As an example, Figure 20 reports profiles of Jur, evaluated on the module’s longitudinal axis

for urea (a) and B12 vitamin (b), over the length of the hemodialyzer.
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Figure 20: Profiles of solute ultrafiltration flux over the length of the hemodialyzer for lumen fed
with either blood (solid lines) or saline water solution (broken lines). (a): urea; (b): B12
vitamin.

The distribution of Jur behaves as that of gur in Figure 19(b), and is clearly affected by the
lumen-side fluid’s properties. However, when blood is replaced by saline water, Jur
decreases in absolute value both in the forward-filtration region (left region in the plots) and
in the back-filtration one (right region in the plots). Its volume integral changes little and so
does clearance, which decreases from ~257 mL/min to ~255 mL/min for urea and from ~172

mL/min to ~168 mL/min for B12 vitamin.

4.3.5 Influence of the dialysate flow rate

Also the variation of the dialysate flow rate Op obviously affects the results in terms of solute
clearance. Figure 21 reports profiles of urea and B12 vitamin bulk concentrations along the
length of the hemodialyzer, as computed for Op=500 mL/min (“base case” value) or 750

mL/min, while Qg is kept fixed at 300 mL/min.
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Figure 21: Solute bulk concentration profiles for urea (a) and B12 vitamin (b) both in blood (red
lines) and in dialysate (black lines) as functions of the axial coordinate. Profiles
correspond to Op=500 mL/min (solid lines) and Qp=750 mL/min (broken lines).

Increasing Op causes the concentrations to decrease significantly on both sides and for both
solutes, while the concentration difference, and thus the solute flux, increases. In particular,
the concentration in blood at z=L (blood outlet end of the dialyzer) decreases from 2.96 to
2.15 mol/m® for urea and from 1.32:10% to 1.24:102 mol/m*> for BI12 vitamin.
Correspondingly, the clearance increases from ~257 to ~269 mL/min for urea and from ~172

to ~180 mL/min for B12 vitamin.

4.3.6 Summary of the parametrical study

Figure 22 summarizes, in terms of solute clearance, the results of the parametrical study
discussed in the previous Sections.

For each solute, i.e. urea (a) and B12 vitamin (b), the “base case” result is represented by the
red bar, while the other bars correspond to each of the variants analyzed above.

The most effective parameter is the membrane’s diffusive permeability, for which doubling
kwm leads to an enhancement in clearance of ~18 mL/min for urea and of ~35 mL/min for B12
vitamin, while halving ks yields a decrease in clearance of ~32 mL/min for urea and ~42
mL/min for B12 vitamin.

The second most effective parameter is the dialysate flow rate Op. When Op varies from 500
to 750 mL/min the clearance increases by ~12 and ~8 mL/min for urea and B12 vitamin,
respectively.

A minor effect on clearance is associated with the variation of the ultrafiltration flow rate

Qur, despite the significant influence of this parameter on hydrodynamics (notably back-
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filtration), already pointed out in Section 4.3.3. Setting Qur~0 mL/min led to a small
decrease of the clearance (~3 mL/min for urea and ~5 mL/min for B12 vitamin) in
comparison with the “base case”; setting Qur—20 mL/min yielded a weak clearance
enhancement (~3 mL/min for urea and ~6 mL/min for B12 vitamin).

Finally, the parameter that has the least influence on the solute clearance is the oncotic
pressure; a negligible effect was obtained for both solutes by accounting or not for the

presence of plasma proteins in the blood.
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Figure 22: Summary of the solute clearances obtained in the parametrical analysis for urea (a) and
B12 vitamin (b).

Conclusions

Destructive tests conducted on actual hemodialysis modules provided information on
porosity, number of fibers, fiber internal and external diameters, and bundle structure. The
bundle porosity was consistent with the nominal values reported by the manufacturer. Fiber
diameters and thickness exhibited a significant amount of statistical dispersion. A noteworthy
feature of the bundles analyzed was the presence of yarn filaments, grouped in tufts
interspersed between the hollow fibers. The yarn caused the arrangement of the fibers over
the generic cross section of a module to depart from a truly random distribution and to exhibit
large-scale clustering, with regions of high porosity alternating with more compact zones.

Axial and transverse Darcy permeabilities of the bundles were measured. On the blood side,
the axial permeability agreed well with that derived for Hagen-Poiseuille flow. On the shell-
side, the experimental values were ~2.5 times (axial) and ~11 times (transverse) lower than
CFD predictions for flow around regular hexagonal cylinder arrays. Most of this large
discrepancy can be explained by the presence of the spacing yarn, which makes experimental
values of the shell-side permeabilities necessary for a correct prediction of pressure

distributions in a hemodialyzer, which, in its turn, affect flow patterns and ultrafiltration
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rates.

The bundles’ hydraulic and mass transfer properties, obtained by combining the above
experimental results with theoretical considerations and CFD predictions, were then fed to a
porous-media model of a hemodialyzer.

The model was first validated against experimental clearance data. Computational results fell
within the dispersion range of the experiments; the increase of clearance with the lumen-side
flow rate and the module size was correctly predicted.

A parametrical study on the influence of different physical quantities and operating
conditions showed that clearance is affected, in decreasing order of significance, by the
membrane’s diffusive permeability, the dialysate flow rate and the ultrafiltration flow rate.
The oncotic pressure in blood has a negligible influence. Therefore, the room for
performance improvements, at least in terms of clearance, is closely related to the appearance
on the stage of a novel generation of membranes exhibiting a significantly larger diffusive
permeability.

The modelling approach developed here is quite general and can be applied not only to
hemodialysis but (with the appropriate modifications) also to other processes characterized

by heat or mass transfer between two segregated fluids.
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Nomenclature

A nominal internal area of the hemodialyzer (m?)

Aaf cross sectional area of the bundle in axial flow condition (m?)
Aer cross sectional area of the bundle in cross flow condition (m?)
Aext total external area of the hollow fibers (m?)

a, b, c parameters in Shp — Re; correlation (-)

C solute concentration (mol m™)

CL solute clearance (mL/min)

D solute diffusion coefficient (m?s™)

D; inner diameter of the module (m)
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de outer diameter of the fiber m)

dh hydraulic diameter (m)
d; inner (lumen) diameter of the fiber (m)
J local mass flux at the wall (mol m? s™)
k mass transport coefficient (m s™)
K Darcy permeability based on the superficial velocity (m?)
K’ Darcy permeability based on the interstitial velocity (m?)
L effective length of the fibers (m)
Ly membrane hydraulic permeability (m s™ Pa™)
No nominal number of the fibers (-)
p pressure (Pa)
q specific flow rate (m/s)
flow rate (mL/min)
R hydraulic resistance (Pa s m™)
Re Reynolds number (-)
s membrane thickness (m)
Sc source term for the solute transport equation (mol m s™)
Sm source term for the momentum equations (Pa m™)
Sc Schmidt number (-)
Sh Sherwood number (-)
t cross-flow direction (m)
U overall mass transfer coefficient (m s™)
i velocity vector (m s™)
v volume (m?)
X,y Cartesian coordinates in cross section orthogonal to the fibers (m)
z Cartesian coordinate parallel to the fibers (m)
Greek symbols
Ap pressure drop (Pa)
e porosity (-)
U dynamic viscosity (Pa s)
p density (kg m™)
o Staverman’s reflection coefficient (-)
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965 o1 standard deviation for clearance experimental data (mL/min)
966
967  Subscripts

968 af axial flow

969 avg average

970  bulk bulk (mass flow averaged)

971 B blood (lumen side)

972  ¢f cross flow

973 D dialysate (shell side)

974  DEV development

975  ext external

976 f fluid

977 i inlet

978 M membrane

979 o outlet

980 onc oncotic

981 s solute

982 ¢ transverse (lying in a plane orthogonal to the fibers)
983  tot total

984 UF ultrafiltration

985  wall wall (external surface of the fibers)
986 X,),z coordinates

987 1,2 compartment number in the 1-D hydrodynamic model
988

989  Averages

990 surface average
991  ( ) volume average
992

993  Acronyms

994 CFD Computational Fluid Dynamics
995 MW Molecular Weight

996 UF Ultrafiltration

997
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