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Severe lung diseases can be clinically treated with extracorporeal blood oxygenation (ECMO), where blood
oxygenators exchange gases across thousands of hollow fiber membranes. However, their large surface area
increases blood trauma and the risk of device failure. Understanding and improving gas transfer efficiency
through computational models can help to reduce the required membrane surface area for the design of smaller
and safer oxygenators. However, existing models either oversimplify local flow and gas exchange or rely on
experimental calibration.

To address this gap, we developed a reduced order model (ROM) that predicts oxygen transfer in fiber bundles
modeled as porous media, without requiring a priori experiments. The model provides locally resolved oxygen
source terms that account for fiber configuration, Reynolds number, and oxygen concentration, and were derived
from and fitted to data from in-vitro validated fiber-scale computational fluid dynamics (CFD) simulations (RMSE
<0.01). The ROM predicted oxygen transfer of the validated simulations with high accuracy (R-squared = 0.995)
and an overestimation of 6 %. When applied to a lab-scale oxygenator, the ROM accurately predicted total
oxygen transfer with a relative error of 2.3 % compared to experimental results and provided spatially resolved
oxygen concentration distributions within the fiber bundle.

We provide source term functions and coefficients for the four most common fiber configurations and a CFD
implementation in a full-scale oxygenator for further use.

1. Introduction

Extracorporeal membrane oxygenation (ECMO) is a life-support
treatment used in patients with severe respiratory failure when me-
chanical ventilation is no longer sufficient. ECMO works by an extra-
corporeal perfusion of the patient's blood through oxygenators, or so-
called artificial lungs. Hollow fiber membranes (HFMs), packed into
fiber bundles, are flushed with sweep gas on the inside. With Blood
flowing on the outside, oxygen and carbon dioxide are exchanged across
the membrane. The high foreign surface area and suboptimal flow paths
of the membrane bundles cause blood trauma, hemolysis and throm-
bosis, which may lead to sudden device failure and risky system changes
[1]. Novel oxygenator designs with improved efficiency can lower these
risks and additionally reduce device size and extracorporeal blood
volume.

However, prototyping and testing of new designs is very expensive
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and time consuming. Furthermore, the gas transfer in fiber bundles
cannot be determined analytically due to complex flow patterns be-
tween the HFMs. Numerical simulations through computational fluid
dynamics (CFD) can help, but modeling flow and gas transfer across all
fibers of a membrane oxygenator is not possible with acceptable
computation time and cost. Empirical approaches can help and, analo-
gous to heat transfer, convectional gas transfer through fiber bundles
can be generalized in a dimensionless correlation:

Sh=a-Re’-Sc'/® (¢

The Sherwood number, Sh, incorporates gas transfer and is related to
the flow regime (Reynolds number, Re) and diffusive and viscous ma-
terial properties (Schmidt number, Sc) [2]. Parameters a and b are
empirical and specific for the flow domain.

Hewitt et al. averaged the parameters of experiments with similar
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intravascular fiber bundles, whereas for different fiber bundle configu-
rations they suggest to determine specific fittings [3]. With their find-
ings, they were able to predict gas transfer of their fiber bundles at
different Re.

Zhang et al. performed CFD simulations on a commercial oxygenator
geometry and modeled the fiber bundle as porous medium [4]. They
solved the blood flow by utilizing the Ergun equation and applied the
gas transfer correlation and parameters of Hewitt et al. to the porous
medium. They modeled oxygen as transported species and used local Re
and oxygen partial pressures to determine Sh that was converted into a
local oxygen source term. This way, local gas transfer in the fiber bundle
was estimated.

He et al. experimentally fitted the Sherwood correlation on a small
experimental fiber bundle. They then approximated cylindrical full-size
oxygenators by their key geometric parameters (length, diameter,
bundle porosity, membrane area) and used those to compute the Rey-
nolds number, which was inserted into the same Sherwood correlation.
Consequently, they reproduced overall gas transfer of seven oxygenators
[5].

However, all of these reduced order models (ROMs) require pre-
liminary tests with a prototype and do not allow for an a priori calcu-
lation of oxygenator gas exchange. Furthermore, they erroneously
assume that a and b remain constant throughout the entire fiber bundle
of the varying flow direction through different sections of the aniso-
tropically packed fiber bundle.

Convectional gas transfer strongly depends on fiber arrangement,
packing density and relative blood flow direction and therefore un-
derlies local variations inside the fiber bundle [5-9]. Low et al. inves-
tigated the influence of fiber bundle porosity and flow direction in
simulations of 2D fiber bundle sections and determined local Sh across
single fibers and averaged Sh over a common fiber bundle length. They
provide a procedure to evaluate overall gas transfer a priori, but with
averaged mean flow direction and without local resolution of the fiber
bundle [7]. Jian et al. modeled flow across differently angled fibers but
also reduced complex flow effects to 2D section planes [6].

Lukitsch et al. provided a method to estimate carbon dioxide transfer
in their prototype fiber bundle. First, they simulated flow around all
fibers, identified main flow directions and derived a small fiber bundle
that represents the main flow field. Then they modeled gas transfer in
this section with resolving single fibers and scaled up the gas transfer to
the whole bundle [9]. Although their predictions were accurate, these
steps would have to be repeated during an iterative fiber bundle design.
Moreover, they provide only the overall transfer rates with no infor-
mation on local gas transfer. We showed in our previous work that gas
transfer depends on the angle between fiber layers and flow direction
through the anisotropically packed fibers using 3D simulations and
in-vitro experiments of the four most common fiber bundle configura-
tions [8].

The studies discussed above provided important insights on gas
transfer on the fiber scale, but they did not accurately predict gas
transfer of a full-size oxygenator.

Existing ROMs either require calibration experiments, assume con-
stant gas transfer properties without resolving local gas transfer in the
fiber bundle, or are too computationally intensive to resolve local gas
transfer across the full fiber bundle. Thus, a translation from microscopic
to macroscopic gas transfer modeling is missing that accounts for 3D
fiber bundle orientations and the substantial anisotropy in flow and gas
exchange.

Our aim is to provide a validated, generalized ROM for oxygen
transfer modeling in full-sized oxygenators. The ROM describes the fiber
bundle as a porous medium and accounts for local gas transfer, influ-
enced by the fiber configuration, local oxygen partial pressure and the
Reynolds number. Furthermore, we provide dimensionless gas transfer
coefficients for commercially available fiber mat orientations. This
approach enables prediction of gas transfer in full-scale membrane ox-
ygenators without the need of calibration experiments.
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2. Materials and methods

In this study, a ROM for oxygen transfer was developed with a porous
medium representing the oxygenator's fiber bundle. First, microscopic
simulations at different fiber bundle configurations, blood flow rates and
oxygen partial pressures were used to obtain gas transfer rates, which
were then fitted into a dimensionless correlation. In a second step, this
correlation was translated into oxygen source terms for the ROM and
verified with the microscopic simulations. Finally, the new model was
applied on a lab sized oxygenator and validated with in-vitro experi-
ments. An overview of this process and its relation to our previous work
is shown in Fig. 1.

2.1. Development of the reduced order gas transfer model

This section describes the development of a dimensionless correla-
tion to model oxygen transfer in the ROM. This process consists of three
steps. First, the general form of dimensionless gas transfer correlation for
the ROM is determined, considering the parameters that influence gas
transfer. Thereafter, we describe the microscopic simulations of our
previous work [8] and the calculation of dimensionless parameters from
their results. Lastly, these values are used to fit the correlation for
different fiber configurations.

2.1.1. Expanded sherwood correlation

In the ROM, oxygen transfer will be described by an expanded form
of the Sherwood correlation (1), which then provides oxygen source
terms in the porous medium. In the initial form, gas transfer (incorpo-
rated by Sh) depends on the flow regime (Re), the fiber bundle config-
urations (represented by the empirical, dimensionless coefficients @ and
A) and the oxygen concentration gradient between membrane and
blood, which is also included in Sh. However, to use it as an independent
dimensionless variable for the correlation, the concentration gradient is
accounted for as a separate dimensionless oxygen partial pressure dif-
ference ApO; according to equation (2):

ShSc '/ =a;-Re” + ay-ApO;”* + ayp-ReP-Ap0O;™ )

Analogous to the initial form, coefficients ay and S are dimensionless
empirical parameters that depend only on the respective fiber bundle
configuration. When Sh, Re, and ApOj for an individual configuration
are known, ax and fx can be determined by fitting them to the above
function, which makes them empirical. The non-linear coupling be-
tween Re and ApOj accounts for the inherently non-linear behavior of
convective transport (Re), the local driving force for diffusion (Apog)
and gas transfer (Sh), which are especially pronounced in blood oxy-
genators due to the combined effects of fluid dynamics and biochemical
transport. The presented form in equation (2) was found to yield the
lowest relative error when fitted to provided data [8], which is
explained in section 2.1.3.

2.1.2. Acquisition of dimensionless numbers

To obtain values for Sh, Re, and ApOZ we evaluated the results of
validated microscopic simulations for different fiber configurations re-
ported in a previous study [8]. In brief, periodic 3D sections of hollow
fiber membrane bundles in four different fiber configurations were
simulated with respect to plasma oxygen partial pressure and Reynolds
number. The fiber bundle configurations were modeled after typical
oxygenator designs that use either 90° stacked fibers perfused in trans-
verse direction (90Z), or 24° layered fibers with different flow path
designs, resulting in a combination of longitudinal (24X), circumferen-
tial (24Y) and radial (24Z) flow directions (Fig. 2). The 3D fiber bundle
sections were simulated as periodic domains (PDs) over an accumulated
length of x = 16 mm (cf. Fig. 3), resulting in rising oxygen partial
pressure data for each PD over the length x of the flow path. The inlet
oxygen partial pressure was set to 41.2 mmHg, and a constant oxygen
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Fig. 1. Development and validation process of the gas transfer ROM for oxygenators.
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Fig. 2. Oxygenator types with 90° stacked (A, C, E) and 24° wound (B, D, F) fiber mats. A and B show typical flow (red arrows) through the devices. C and D show the
corresponding fiber bundles, which are made of layered fiber mats. E and F depict the fiber microstructure, which influences blood flow patterns and, consequently,
gas exchange characteristics. The definitions of blood flow directions used in this study are shown in E and F. In the 90° stacked fiber bundle (E), flow directions 90X
and 90Y are orthogonal and result in identical flow patterns due to symmetry. Figure adapted from Focke et al. [8] under the terms of the Creative Commons CC-BY
license (https://creativecommons.org/licenses/by/4.0/). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version

of this article.)
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Fig. 3. Exemplary microscopic simulation of the 24X configuration using periodic domains (PDs, top). For every single PD; (red), mean oxygen partial pressure pOa;
and mean oxygen concentrations at the outlet of each PD cO,; were analyzed. (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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Table 1
In-vitro venous porcine blood properties used for CFD gas transfer model that
were measured during experiments [8].

Het PO2;in SO2,in pCO2in Hb pH CBPG
[C)] (mmHg) (%) (mmHg) (g/dL) =) (mmol/L)
0.36 41.2 65.0 44.0 11.5 7.36 5.2

partial pressure of 713 mmHg was imposed at the membrane surface.

The blood model with gas exchange was adapted from our previous
work with detailed explanations provided in Focke et al. [8]. In brief, the
blood model was an Eulerian-Eulerian model with two homogeneously
mixed Newtonian phases, plasma and red blood cells, parameters are
listed in Table 2. Oxygen is dissolved in both phases and reacts with
hemoglobin Hb to oxyhemoglobin HbO, in the red blood cell (RBC)
phase. The binding reaction depends on the imbalance of solved and
bound oxygen that is described by the oxygen dissociation curve [10]
and can be found elsewhere [11]. The binding behavior had been
adapted to porcine blood, which the validating experiments had been
performed with [8].

The dimensionless parameters for equation (2) were determined for
all PDs i of the four fiber configurations at five different Reynolds
numbers between 0.9 and 4.4, which falls within the common range for
blood oxygenators (0.1 < Re < 10) [4,5,7,13]. These are explained in
detail in the following.

The Sherwood number is the relation between gas flow rgp, per
membrane surface Apemn and the concentration gradient AcO, between
the membrane and blood:

92 .
7 char ‘M0, i

Sh; = 3)
' DOZ plasma.eff 'Amem.i 'ACOZ‘in
The characteristic length is
- €
Z, char = L 'dﬁber (4)

17€FB

with the outer fiber diameter dfper = 380 pm [14]. The fiber bundle
porosity epg = 0.4625 is defined as the ratio of blood volume to total
bundle volume, where mats are packed with a typical density of 18 fi-
bers per 10 mm and adjacent mats are in contact. Doz plgsma,eff = 1.2 -
107° ecm?/s - (1—Hct) is the effective diffusion coefficient for oxygen in
blood, which incorporates the tortuous diffusion path of oxygen in
plasma between RBCs of the volume fraction (hematocrit) Hct = 0.36
[8]. Amem,i is the membrane fiber surface area in the PD providing gas
exchange. AcOjj, is the oxygen concentration difference in plasma be-
tween fiber surface and the venous inlet, calculated with the respective
oxygen partial pressures and the solubility coefficient of oxygen in

Table 2
Properties of the blood phases. Parameters that have been changed regarding the
original model [11] are marked with an asterisk.

Property Symbol Plasma Red blood Units
cells

Density Pplas Pric 1030 1090 kg/m?®

Viscosity Hpla: Hrbe 1.2 5.9 mPa s

Hematocrit Hct 0.36 -

Diffusion coefficient Do, pia> 2.4.107% 0 cm?/s
0, Do, rbe

Diffusion coefficient Dco, pla Variable -
CO, [12]

O, solubility o, 1.56 - mmol/
coefficient mmHg/m?

Inlet partial pressure  pOy 41.2% mmHg
Oy

Inlet partial pressure ~ pCOajn 44.0% mmHg
CO,

Inlet Saturation SO2n - 0.65* -
HbO,/HbT
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plasma @02 plasma = 1.56 - 1073 rnol/mmHg/m3 as
AcOyj, = (713 mmHg — 41.2 mmHg)-ao, piasma- (5)

The molar oxygen mass flow rig, ; from the membranes into the blood
is described as

Tig, i = (€O2; — €02i-1)Qbiood; (6)

where Qpooq is the volumetric blood flow rate, cOy; is the average oxygen
concentration at the outlet of the PD; and cO,;_; is the concentration at
the outlet of the previous PD;_; (Fig. 3).

The oxygen concentrations cO, are calculated with

- 1
Oy = COzdf.;'H—Ct + cHbO, g ()

with ¢O,g; and cHbO,gpe being the concentrations of dissolved ox-
ygen in full blood and chemically bound oxygen in the RBC phase,
respectively.

The dimensionless concentration gradient ApO, is introduced as the
oxygen partial pressure difference between membrane pOjmen and
blood plasma pO, normalized by the highest difference at the venous
inlet pOg n:

* poz.mem - pOZ
Ap02 _poz.mem - pOZ,in (8)

The Schmidt number expresses the relation between hydrodynamic

and concentration boundary layer thickness and is described as

Se=— ©
p'DOZ plasma.eff
with the mixture dynamic viscosity 7 = 2.9 mPas and the density of
blood p = 1052 kg/m>. The Reynolds number is calculated as
:/) UL, char
n

Re 10)

with u as the mean velocity of blood between the fibers.

2.1.3. Determination of oy and f

For each configuration, the coefficients ax and fx were determined by
a least-squares fitting to equation (2) performed in MATLAB R2023b.
The fitting used the results of the dimensionless numbers from the
microscopic simulations.

2.2. Reduced order model

The dimensionless gas transfer correlations explained in the previous
section were converted into oxygen source terms ®o, for the porous
medium using the individual coefficients ax, fx from equation (2) for
every fiber bundle orientation. For each configuration, equations (2), (3)
and (5) give

) 1
®o, = (a1-Re” + az-ApO,”* + a12-ReP-Ap0;™)-Sc3-
.DOZ plasma.eff A (1 1)

(poz.mem - po2m)

mem,spec
~£ char

The source terms are volumetric in mol/s/m>, therefore the mem-
brane surface A, has to be expressed as a specific surface area (m?/
m?), relative to the control volume of the porous medium. For the given
fiber bundle specifications, this yields Amem, spec = 1800 & m?/m?3. Local
velocities and oxygen partial pressures required for the calculation of Re
and ApOj, respectively, were obtained from the CFD solver.

The implementation of oxygen transfer into porous medium was
verified using quasi-2D domains of 16 mm length and width of the 90Z
PD 0.556 mm. The source terms of the four fiber configurations 90Z,
24X, 24Y and 24Z were applied to these domains. Gas transfer of the
ROM and the microscopic simulations was compared at the initial five
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flow rates to verify the correlation formulation. Samples of the total
oxygen concentrations were taken at distances corresponding to the PD
length of the respective fiber configurations (cf. Fig. 3).

The porous domains were meshed with Ansys Meshing 24R1 using
an unstructured mesh of hexahedral elements. Mesh independence using

the outlet oxygen concentration cOs,y as the independent variable was
achieved with an element size of 10~2 mm yielding a total of 89.600
mesh elements per domain.

The solutions were obtained with Ansys CFX 24R1 on 18 2.4 GHz
Intel Xeon E5-2640 CPUs and 64 GB RAM. Blood flow was solved in
steady state simulations with a residual target of 10>, In a second
simulation, gas transfer was solved on the obtained flow field with the
same residual targets and monitoring outlet partial pressures which
settled after about 120 accumulate iterations. Due to the low Reynolds
numbers, flow was modeled laminar. All simulations were handled with
a high-resolution advection scheme and timescale was calculated auto-
matically with a conservative length scale. To facilitate convergence of
the highly nonlinear oxygen source term, unphysical negative values for
ApOj, and Sh were prevented by a threshold at 0.001.

2.3. Simulation of oxygenator and validation with experimental data

The ROM was applied to two versions of a full-size lab oxygenator
(RatOx, Fig. 4 A) and compared to pre-existing experimental results
which are described in detail elsewhere [15,16]. In brief, the oxygena-
tors contained 29 or 56 stacked fiber mats (90Z configuration), resulting
in lengths of 11.0 mm and 21.3 mm, and membrane surfaces of 0.031
and 0.059 m?, respectively. The bundles were potted cylindrically to a
diameter of 25 mm. Through the central inlet, venous porcine blood was
perfused at flow rates of 60 and 180 mL/min for the 56-layer oxygenator
and for the 29-layer oxygenator at a flow rate of 500 mL/min. The latter
was chosen to test extrapolation of the ROM beyond the training data
range (Re = 0.9 ... 4.4). For an ideally homogenously perfused fiber
bundle, this corresponds to Reynolds numbers of 0.52, 1.57, and 4.36,
respectively. The sample sizes were 6 for the 29-layer oxygenator and 10
for the 56-layer oxygenators. The experiments had been performed ac-
cording to ISO 7199, so that comparable boundary conditions of venous
blood gas concentrations could be assumed for the simulations (Table 1).

The fiber bundle was modeled as porous medium with porosity erg =
0.4625 and permeability Kperm = 1.1 - 10 ~° m? which was determined
by Schlanstein et al. [13] for the 90Z configuration and the fiber

collector
and outlet

inlet and
distributor

5mm
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diameter and packing density used in this case. Inlet and outlet of the
oxygenators were central; thus, an axisymmetric 45°-section of the
oxygenator was simulated (Fig. 4 B). Inlet and outlet were designed as a
15 mm long tube of 2.2 mm in diameter, which corresponds to the
diameter of the connectors used in experiments. Blood was modeled in
the same way as in the microscopic simulations with parameters listed in
Table 2.

Gas transfer from the simulations was determined as the gain of
oxygen concentration AcOz in mL oxygen per L of blood using equation
12).

Ac02 = (@out - @in)'vm (12)

with the oxygen concentrations cO2 in molpa/Lpjood and the molar
volume of oxygen at 25 °C, V,, = 22.41 - 10° mLgy/molos.

An unstructured tetrahedral mesh with a global size of 3 - 10™* m was
used including 10 layers prism elements at 1.5 - 107> m for the
oxygenator inlet and outlet tube and local refinements at 5 - 107> m
within the fiber bundle to resolve the flow and gas transfer (Fig. 4 C).
Mesh independent results regarding gas transfer were achieved at an
element number of 8.2 - 10° elements. Solver settings were used as in
section 2.2. A flexible timescale factor was set that gradually increased
during the iteration from 0.1 to 1 to improve convergence.

3. Results
3.1. Fitting parameters and reduced order model

Dimensionless correlation was successfully performed according to
equation (2) for all four fiber configurations with a fitting accuracy of
RMSE < 0.01. Given that ShSc™1/3 ranges from 0.5 to 2.5, this corre-
sponds to a deviation less than 0.5 % related to the total range. The
fittings of the coefficients ax and g for the four configurations are shown
in Table 3. The function correlates well with the provided data points
with an adjusted R-squared of 0.9994 or higher for all fittings. The in-
dividual plots are shown in Fig. 5, which display the fitted correlations
in comparison to the results from the microscopic simulations for all four
fiber configurations.

The plots indicate generally highest gas transfer for 90Z and 24Y
configurations. Across all configurations, gas transfer is elevated at
higher Re and approaching zero for low Re, indicating no convective gas
transport. A value of ApO, = 1 is the highest relative partial pressure

Fig. 4. (A) RatOx oxygenator with 29 fiber mat layers. Blood enters from below, perfuses the fiber bundle (blue) and leaves the oxygenator on the top. (B)
Axisymmetric fluid domain of the RatOx, of which 1/8 was simulated. The fiber bundle is represented by a porous domain (blue), between inlet and outlet sections
(red). (C) Unstructured mesh used for the gas transfer simulations. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)
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Table 3

Coefficients of all configurations for equation (2).
Configuration a az a1z P Pa P P
907 0.4690 0.7608 0.2116 0.5586 2.7523 0.3600 17.8149
24X 0.1717 0.0932 0.5987 0.5766 —1.6098 0.2006 3.6766
24Y 0.7974 —0.1364 0.8779 0.3958 —1.3089 0.1566 5.7137
247 0.2678 0.5989 0.0225 0.7214 5.0059 1.1573 17.6503

ShSe¢ 1?3

S

o o, v

e e

L5 “: M
25N

. %

ShSe 13

ApO; © " R

Fig. 5. Solutions (response surfaces) of the dimensionless oxygen transfer correl;
microscopic simulations (black markers). In configuration 24Z, data from the firs

2.2

ShSe 3

0.8

ShSe1/3

0.6

0.4

0.2

ApO; . Re

ations for the configurations 90Z, 24X, 24Y and 24Z that were fitted using data from
t two periodic domains were excluded (red markers) due to inlet effects at the bundle

entrance. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

difference between venous blood and membrane surface, and therefore
causes highest gas transfer, while a value of 0 indicates an equilibrium
between membrane and blood plasma and therefore no gas transfer. For
configuration 247, at high values of ApO,, as they occur at the inlet PDs

Linear regression of all data points

of the microscopic simulations, gas transfer was found to decrease more
rapidly. Note that data points from the first two PDs of the 24Z config-
uration were excluded from the fitting, as boundary layer development
was slower in the microscopic simulations [8] and would have unreal-
istically skewed the response surface.

Comparison of ROM, micro CFD, and experiments

9 9 T T
/
Configurations % B 24X 500 mL/min
= 24X / B 24Y 100 mL/min
Y| 1 == oy
E . —©&— micro CFD
[} 90Z = HTH Experiments
E 7t 1 ‘g 7F .
2? adj. R?= 0.995 g
= E
6 1 &6 .
5 Q°
s
o)
o 5t ] 5t i
/
4 1 1 1 1 4 1 1 1 1 1 1 1 1 1
4 5 6 7 8 9 0 2 4 6 8 10 12 14 16

microscopic CFD cO, (mol m™)

x (mm)

Fig. 6. Left: Linear regression of oxygen concentrations at all configurations, Reynolds number (Re) and periodic domains (PDs) between the reduced order model
(ROM) and microscopic simulations. Right: Oxygen concentration increases over the course of 16 mm for experiments (box plots, inlet and outlet values), microscopic
simulations (discrete values at intersections between PDs, circular markers) and ROM simulations (dashed line), for the two extreme combinations 24X at high Re

(pink) or 24Y at low Re (green). (For interpretation of the references to colour

in this figure legend, the reader is referred to the Web version of this article.)
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Utilizing the dimensionless transfer correlations as an oxygen source
term in porous medium according to equation (11), the ROM was
applied to fluid domains of the size of the microscopic simulations and
modeled at the same boundary conditions. Fig. 6 (left) provides the
linear regression of oxygen between concentrations in microscopic CFD
and the ROM at all Re, configurations, and positions along the flow path.
An excellent agreement with an R-square of 0.995 was achieved. The
ROM overestimates oxygen concentration on average with by 6 %, and
most for configuration 24Z by 12 %. In Fig. 6 (right), the best performing
configuration (24Y at lowest Re) and the worst performing configuration
(24X at highest Re) are used to compare the results of the ROM, the
microscopic simulations (at all PDs), and the oxygenators of the vali-
dating experiments (at inlet and outlet) along the 16 mm domain.

3.2. Modeling of full oxygenator

Fig. 7 compares the gas transfer into blood between the ROM pre-
dictions and in-vitro data from literature. The comparison includes three
design points, one for a smaller oxygenator version at high flow rate, and
two for the larger version at lower flow rates. In the small version, the
high flow rate led to low oxygenation, with 29.6 mL O per L blood. The
model strongly underestimated oxygen transfer by 33 % with 19.9 mL/
L. In the large version, transfer rates of 71.8 and 51.8 mL/L were
measured at flow rates 60 and 180 mL/L, respectively. The ROM pre-
dicted corresponding values of 70.1 and 51.9 mL/L, with deviations
below 2.3 %, which falls within the experimental standard deviation.

Fig. 8 shows the local oxygen saturation inside of the oxygenators as
blood passes through the porous medium at different flow rates. In the
smaller oxygenator, the high flow rate produces a jet that passes through
the center of the fiber bundle and leads to inhomogeneous saturation.
This jet causes almost unsaturated blood (70 %) to leave the bundle in
the central region. Peripheral to the jet, blood has slightly higher satu-
ration of up to 80 %. In the larger oxygenator, at 60 mL/min, blood is
saturated to 80 % after about a fifth of the flow path and nearly fully
saturated to 95 % after two thirds. At higher flow of 180 mL/min, 80 %
saturation is reached at about a third of the flow path and leaves the
oxygenator at about 90 % saturation, with oxygenation appearing most
homogenous across the entire fiber bundle. Under this condition,
oxygenation appears most homogenously distributed across the whole
fiber bundle.

In all versions, zones of elevated oxygen concentration can be
observed near the inlet that extend downstream into the fiber bundle
along a curved path. These regions are located at the flow separation
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Fig. 7. Oxygen transfer for two sizes of the oxygenator at three flow rates,
predicted by the ROM and as reported in literature.
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between the inlet jet from the pipe and the perpendicular distributor
geometry. At this transition, areas of reduced flow and backflow occur
near the first layers of fibers (cf. Fig. A 1, Supplementary data ).

Further plots that show the distribution of Re, ApOj and ®,, can be
found in the supplement.

4. Discussion

The aim of this work was to develop a ROM for gas transfer in blood
oxygenators that predicts gas transfer a priori, without the need for
calibration experiments. This required the model to resolve local gas
transfer within the fiber bundle for four common fiber configurations.
Using validated microscopic simulations from our previous study, we
derived oxygen source terms from fiber bundle sections and applied
them to a porous medium model. These results were compared to both
microscopic simulations and in-vitro experiments. The ROM was then
applied to a full-scale lab oxygenator and accurately predicted the
overall oxygen transfer across typical flow regimes and provided local
oxygen concentrations within the fiber bundle.

The ROM was developed by fitting a dimensionless gas transfer
correlation to the results of validated microscopic simulations [8]. For a
Reynolds number range of 0.9-4.4 the correlation closely matched the
simulation data. The low root mean square error (RMSE) values below
0.01 correspond to deviations of less than 0.5 % over the full range of
ShSc™1/3, indicating excellent agreement and confirming the reliability
of the chosen fitting function within these ranges.

Testing the ROM against microscopic simulations gave a strong
correlation across all configurations and Reynolds numbers with a high
coefficient of determination (R-squared = 0.995), which verified the
robustness of the fitted source terms and the general applicability of the
ROM. However, a systematic overestimation of 6-12 % was observed in
the ROM when directly compared to microscopic simulations. This likely
results from the porous medium approach, which does not resolve the
microscale concentration boundary layers at individual fiber surfaces.
These layers introduce additional diffusion resistance in fully resolved
CFD, reducing the concentration gradient at the fiber surface, which is
the effective driving force for gas transfer. In contrast, the ROM treats
oxygen concentration as locally averaged within the porous domain,
which can lead to an overestimation of the gradient between membrane
and blood.

The verified ROM then accurately predicted the total oxygen transfer
for a full-size oxygenator, demonstrating the applicability of the ROM in
actual design processes. However, the model was fitted to realistic Re in
fiber bundles and does not reliably extrapolate to flow conditions far
beyond this training data. In the case of the 29-layer oxygenator at 500
mL/min blood flow rate, 23 % of the fiber bundle volume was exposed to
Re > 5 (cf. Fig. A 1, Supplementary data). For these cases, gas transfer
tends to be underestimated due to limitations in the ROM's ability to
capture flow phenomena like jetting at inlet regions, which should be
avoided anyway, as they lead to elevated shear rates, and consequently
to blood damage, as well as inhomogeneous and inefficient perfusion of
the fiber bundle. Similar flow inhomogeneities and regions of increased
thrombosis risk have been observed in clinically used oxygenators
through numerical simulations [17,18]. Zhang et al. found a linear
relationship between Re and wall shear stress in fiber bundles, which in
the jet region could exceed the threshold for hemolysis. Nevertheless,
they reported that hemolysis remains negligible for flow regimes rele-
vant to commercial oxygenators [19]. Additionally, this working point
represents a blood flow to gas exchange area ratio (0.5 L/min: 0.031 m?)
which is far outside of the design point of an oxygenator and thus
beyond clinical applicability as the oxygenator does not supply sufficient
gas exchange at this flow rate (minimum gas exchange should reach 50
ngaS/Lblood) [20].

A key strength of the ROM is its ability to resolve local gas transfer
and saturations throughout the fiber bundle. This enables a detailed
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Fig. 8. Numerically solved O, saturation of blood passing through the RatOx on a plane that is axisymmetric around the oxygenator's centerline. Venous blood enters
at the bottom, is saturated in the fiber bundle resembled by a porous medium (red box) and then guided towards the outlet. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

assessment of how different regions contribute to the overall perfor-
mance. Local inefficiencies, delayed saturation or bypassing flow paths
can be identified, which is critical to improve fiber bundle design. The
computational cost of the ROM was approximately 24 CPU hours for the
29-layer oxygenator. In contrast, fully resolved microscopic simulations
from our previous study, require on the order of 8 - 10* CPU hours when
extrapolated to the same volume. Even the more efficient mesh proposed
by Monsefi Estakhrposhti et al. [21] would still reduce this only by a
factor of about four, remaining far beyond practical feasibility for
full-size oxygenators. This makes the ROM a valuable tool for evaluation
and optimization of fiber bundle geometries.

Previous studies have proposed ROMs, empirical correlations, and
surrogate fiber bundles to estimate oxygen transfer in hollow fiber
membrane oxygenators, but most of them are limited in scale or reso-
lution. Gas transfer is often averaged across whole devices, assuming
constant transfer coefficients, regardless of local flow effects or fiber
configuration. For example, He et al. fitted the Sherwood correlation to
experimental data from a small scale fiber bundle and were able to
derive transfer rates of full-size oxygenators, achieving prediction errors
within 16 % for seven commercial oxygenators [5]. Nevertheless, this
approach requires homogeneous flow fields and does not resolve local
variations. Low et al., Jian et al., and Li used 2D simulations to inves-
tigate the effects of fiber arrangement and flow direction, providing
valuable insight into local transfer behavior [6,7,22]. Low et al. used 2D
simulation data to provide an analytical method to estimate gas transfer
for uniform flow through simplified fiber bundles, with tendencies
comparable to our findings [7]. However, the restriction to
two-dimensional sections limits their applicability to realistic 3D ge-
ometries, and the analysis of only small sections or homogeneous flow
conditions restricts their use for full size devices with more complex flow
fields.

We closed these gaps by using fiber-scale gas transfer to calculate
oxygen source terms that can be applied to porous medium fiber bun-
dles. This can be performed by using the correlation coefficients from
Table 3 and implementing them in CFD through the source term in
equation (11). The porous medium CFD model of the RatOx with the
source term implementation can be found at Zenodo (see Data

availability).

The reduction of complexity comes with restrictions in our study.
The most obvious limitation is the underestimation of oxygen transfer
for an oxygenator with blood flow that is higher than the data used for
fitting the ROM. Although these high blood flows are irrelevant for
commercial oxygenators, additional microscopic simulations at higher
flow rates, especially in the relevant range of Re < 10 [4,5,7,13], would
provide further data to account for high Reynolds numbers. Further-
more, Zierenberg et al. found that at Re > 10, vortices form downstream
of fibers, enhancing mixing and thereby increasing gas transfer [23].
This change of flow regime is neglected by the ROM, which assumes
consistent flow regime across all Re and does not account for additional
convective gas transfer though vortices. This limitation likely contrib-
utes to the underestimation of gas transfer above the validated range.

Another important factor for oxygenator characterization is carbon
dioxide removal. Not only is it crucial for life support, but it also in-
creases the binding affinity of oxygen to hemoglobin, the so-called Bohr
effect [24], and subsequently the oxygen transfer. While the blood
model used is capable to reproduce this effect, the CO, transfer data
from our previous study was not included here, as it significantly
underestimated actual transfer. With reliable data, the same approach
demonstrated for oxygen transfer can be used to formulate CO5 sink
terms in the porous medium for different fiber configurations, Re and
the dimensionless concentration gradient ApCO,. Yet, the sweep gas
flow would have to be accounted for as an additional variable, as it
strongly influences CO, removal [25,26]. In this study, pCO, was kept
constant at 44 mmHg, which was the CO; partial pressure measured in
the validating experiments [8], representing normal venous blood
values.

In the 24Z configuration, a simplified in-line configuration of
consecutive fiber mats has been used due to high computational cost of
single PDs. This setup led to reduced mixing and an extended formation
of concentration boundary layers at the fiber membrane surface, which
propagated along downstream fibers and PDs, impairing gas transfer.
This effect was most pronounced in the first PDs, where gas transfer was
underestimated. The first two PDs at high values of ApO}, were excluded
from the fitting to avoid an overestimation of the response surface
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gradient and a subsequent distortion of the response surface. In our
previous work, this configuration was underestimated by microscopic
simulations, caused by the in-line stacking in the CFD model.

In our validation, we used a lab oxygenator with 90Z as its main fiber
configuration. When modeling devices with more than one configura-
tion, e.g. oxygenators with wound cross layered fiber mats and a com-
plex flow path, source terms of all involved configurations need to be
applied. With the given orthogonal source terms for 24X, 24Y, and 24Z
configurations (cf. Fig. 2), they can be weighed by the local velocity
component as a first approximation.

The general flow field in the fiber bundle needs to be solved in order
to apply the gas transfer ROM and analyze oxygenator performance. The
flow field was modeled considering loss terms derived by Schlanstein
et al. [13]. Also Poletti et al. investigated directional loss terms for
different fiber configurations [27]. For oxygenators involving flow in
multiple flow directions or configurations, these directional loss terms
must be considered as well.

The methodology of this work along with our previous investigations
allows to investigate more fiber configurations and find optimal gas
transfer performance. Microscopic simulations of flow directions
through fiber bundles, other than orthogonal, potentially reveal best
performance with regard to pressure loss and gas transfer.

Overall, the model enables computationally efficient analysis of
oxygenator performance by predicting local and overall gas transfer
within any fiber bundle geometry. Its flexibility allows for explorative
oxygenator design in early-stage development processes, providing
insight into high and low performing areas in the fiber bundle and
reducing the need for experiments.

In addition, extending the ROM to carbon dioxide transfer will be a
critical step to a more complete physiological model [21]. The meth-
odology of this paper can be utilized to formulate carbon dioxide sink
terms and should consider the sweep gas flow rate as additional variable,
which increases CO, removal rates.

5. Conclusions

In this study we developed a computationally efficient and general-
izable method for oxygen transfer prediction in membrane oxygenators.
Our approach eliminates the need for calibration experiments and pre-
dicts local and overall oxygen transfer for full-size oxygenators. The
model was validated against fiber scale simulations and in-vitro experi-
ments in a complete oxygenator. This approach offers new possibilities
to optimize fiber bundle and flow path design in future oxygenator
development.

We provide direction-dependent transfer coefficients (Table 3) and a
ROM implementation in full-size oxygenators (see Data availability) for
further use.
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