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Wearable extracorporeal membrane oxygenation (ECMO) cir-
cuits may soon become a viable alternative to conventional 
ECMO treatment. Common device-induced complications, 
however, such as blood trauma and oxygenator thrombosis, 
must first be addressed to improve long-term reliability, since 
ambulatory patients cannot be monitored as closely as inten-
sive care patients. Additionally, an efficient use of the mem-
brane surface can reduce the size of the devices, priming 
volume, and weight to achieve portability. Both challenges 
are linked to the hemodynamics in the fiber bundle. While 
experimental test methods can often only provide global 
and time-averaged information, computational fluid dy-
namics (CFD) can give insight into local flow dynamics and 
gas transfer before building the first laboratory prototype. In 
this study, we applied our previously introduced micro-scale 
CFD model to the full fiber bundle of a small oxygenator for 
gas transfer prediction. Three randomized geometries as well 
as a staggered and in-line configuration were modeled and 
simulated with Ansys CFX. Three small laboratory oxygenator 
prototypes were built by stacking fiber segments unidirection-
ally with spacers between consecutive segments. The devices 
were tested in vitro for gas transfer with porcine blood in ac-
cordance with ISO 7199. The error of the predicted averaged 
CFD oxygen saturations of the random 1, 2, and 3 configura-
tions relative to the averaged in-vitro data (over all samples 
and devices) was 2.4%, 4.6%, 3.1%, and 3.0% for blood 
flow rates of 100, 200, 300, and 400 ml/min, respectively. 
While our micro-scale CFD model was successfully applied to 
a small oxygenator with unidirectional fibers, the application 
to clinically relevant oxygenators will remain challenging due 
to the complex flow distribution in the fiber bundle and high 
computational costs. However, we will outline our future re-
search priorities and discuss how an extended mass transfer 
correlation model implemented into CFD might enable an 

a priori prediction of gas transfer in full size oxygenators. 
ASAIO Journal XXX; XX:00–00.
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Extracorporeal membrane oxygenation (ECMO) is used for 
patients with Acute Respiratory Distress Syndrome (ARDS) or 
Chronic Obstructive Pulmonary Disease (COPD). A key com-
ponent of the extracorporeal circuit is the hollow fiber mem-
brane oxygenator (HFMO). The fiber bundle of the HFMO 
consists of thousands of individual hollow fiber membranes. 
A sweep gas, which consists mainly of oxygen, is pumped 
through the hollow fiber membrane lumen, while the outer 
fiber surface is in contact with the blood flow. Based on a dif-
fusion gradient, oxygen enters the blood from the fiber lumen 
and carbon dioxide leaves the blood into the fiber lumen. An 
oxygenator can therefore assist or replace lung functionality in 
critically ill patients. In recent years, clinicians have reevalu-
ated ECMO patient management. Since the first cases in the 
early 1970s, patients have historically been sedated, but the 
advantages of minimal sedation and early mobilization have 
been recognized in the last 15 years.1,2 Researchers and manu-
facturers also reevaluate ECMO from a technical perspective to 
improve the portability of ECMO components.3,4 In the future, 
the entire ECMO circuit could be wearable by the patient.5–7 
While obstacles, such as a portable oxygen source, a wearable 
pump system as well as a long-term cannulation strategy need 
to be addressed, oxygenators also have to be improved further. 
While device-induced blood trauma and oxygenator throm-
bosis8 are still relevant problems to this day, our study focuses 
on the gas transfer. A more efficient use of the available mem-
brane surface area would reduce priming volume, device size 
and weight, which therefore improves portability.

The standard procedure to evaluate the gas transfer perfor-
mance of an oxygenator is by measuring oxygen and carbon 
dioxide transfer rates in vitro with anticoagulated blood for 
the manufacturers’ specified range of operation variables in 
accordance with ISO 7199. In practice, those operation vari-
ables are the blood and sweep gas flow rate. Blood samples are 
taken pre- and post-device, which only allows a global assess-
ment of device performance. A local evaluation of the mem-
brane surface efficiency is not possible. Computational Fluid 
Dynamics (CFD) models have the potential to overcome this 
limitation and offer insight into local hemodynamics and gas 
transfer before building the first laboratory prototype. As wear-
able ECMO circuits might become a viable option for patients, 
CFD-based optimization is gaining importance to improve the 
reliability, efficiency, and device size.

Macro-scale CFD models were introduced to estimate blood 
flow and gas transfer in full size oxygenators. The fiber bundle, 
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however, is simplified with porous media models.7,9–12 While 
this step is necessary to manage the computational costs for full 
size devices, these models only provide an estimation of flow 
distribution and pressure drop on a global scale. Mass transfer 
in HFMOs can be described in the form of Sh = a · Reb · Scc,  
where Sh, Re, and Sc are the Sherwood, Reynolds, and 
Schmidt number, respectively.13 Zhang et al. applied this mass 
transfer correlation to CFD to predict the gas transfer of a full 
size device,14 but the correlation parameters a, b, and c were 
oxygenator design-specific and had to be measured experi-
mentally beforehand. This approach is therefore not currently 
a feasible option for an a priori prediction of gas transfer in full 
size devices.

Micro-scale CFD models were developed to investigate fluid 
flow and gas transfer characteristics for single fibers and fiber 
arrays with random or uniform patterns perpendicular to the 
blood flow. Recent research in this field focused on pulsatile 
flow,15,16 gas exchange,17–20 shear rates,21 the optimization of 
devices,22 and a comparison to porous media models.23 Al-
though these micro-scale models provide useful information 
on a local scale, a transfer to a full fiber membrane bundle is 
restricted due to excessive computational demand.

In order to overcome the described limitations of current 
approaches in computational modeling of gas transfer, the gas 
transfer in small-scaled but full size oxygenators was predicted 
with our recently published CFD micro-scale model.17 These 
oxygenators were also built and tested in vitro in accordance 
with ISO 7199 for reference.

Material and Methods

Reference Oxygenator Development: EurOxy

A small-scale reference oxygenator was developed with 
a fiber bundle diameter roughly the size of a 1-Euro coin 
as shown in Figure 1C; hence, the device is referred to as 
“EurOxy” throughout the manuscript. It was intended to be 
a full size reference device for CFD validation purposes that 
was manufactured in a similar way as commercial stacked 
oxygenators are, with random fiber arrangements. For the 
current study, the two main device specifications were the 
implementation of unidirectional fiber segments and spacers 
between two consecutive segments to ensure that the fiber 
segments do not merge.

EurOxy Manufacturing

Thirty-nine fiber segments (Oxyphan PP50/200, 3M Wup-
pertal, Germany) were cut to dimensions of 65 × 65 mm2. 
For each segment, 2 × 3 fibers were removed at a distance of 
49 mm, as shown in Figure 1A. The fiber segments were then 
mounted unidirectionally on four dowel pins and placed in 
a 3D-printed housing (material: Objet Veroclear RGD 810, 
printed with a Stratasys Connex3 Objet350). Between the 
39 fiber segments, 38 spacers with a height of 100 µm were 
mounted on the four dowel pins, see Figure 1B. The assembled 
devices, shown in Figure 1C, were rotated around their vertical 
axis on a custom-made centrifuge. Silicone (ELASTOSIL RT 625 
A/B, Wacker Chemie AG, Germany24) was introduced to reach 
a fiber bundle diameter of 23 mm, as marked in Figure 1B. The 
potted fiber ends were reopened to ambient air and gas in- and 
outlet caps were placed over the open fibers. Three EurOxy 
devices were manufactured and tested in vitro.

In Vitro Gas Exchange

The in vitro bench setup consisted of a conditioning and a 
testing loop, which were linked via a custom-made double 
chamber reservoir (DCR) to enable continuous gas exchange 
testing, as illustrated in Figure 2. The conditioning loop con-
tained a roller pump (HL 20, Getinge AB, Sweden) and an 
oxygenator (Hilite 7000, Xenios AG, Germany). Blood was 
pumped from the left chamber through the oxygenator and 
back into the right chamber of the DCR. The purpose of the 
conditioning loop was to keep the blood in the right chamber 
of the DCR at venous blood gas values in accordance with 
ISO 7199 at all times: oxygen saturation sO2 = (65 ± 5) %, he-
moglobin Hb = (12 ± 1) g/dl, base excess BE = (0 ± 5) mmol/L, 
partial pressure of carbon dioxide pCO2 = (45 ± 5) mm Hg. Any 
extra blood was carried over the separation wall from the right 
into the left chamber of the DCR. The blood flow rate was set 
to 6 L/min and the sweep gas composition to 0.55 L/min O2, 
0.65 L/min CO2, and 8.20 L/min N2.

The testing loop consisted of a rotary blood pump (DP3, 
Xenios AG, Germany), a heat exchanger (Biotherm, Medtronic 
GmBH, Germany), and the EurOxy device. Blood was drawn 
from the right chamber through the EurOxy device into the left 
chamber of the DCR. In order to generate a developed inlet 
flow, an inlet section with a length Le of 500 mm and an inner di-
ameter of 24.5 mm was placed upstream of the EurOxy device. 

Figure 1. Illustration of alternating stacking of fiber segments and spacers during the manufacturing process of the EurOxy device (A, B) 
and picture of the assembled device (C).
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Access ports for blood gas sampling were installed 40 mm pre- 
and 50 mm post-device. Blood temperature was measured pre-
device and adjusted via the heat exchanger to 37 °C ± 1°C for the 
duration of the experiment. Three EurOxy devices were tested in 
sequence under the same conditions. The specified range of op-
eration variables were blood flow rates of 100, 200, 300, and 
400 ml/min with a pure oxygen sweep gas to blood flow ratio 
of 15:1. The gas flow rate was intentionally chosen this high to 
justify the CFD model assumption of a constant partial pressure 
for oxygen and carbon dioxide at the fiber-blood-interface. The 
blood flow was monitored continuously downstream of the heat 
exchanger via a flowmeter and a flow sensor (TS410 & ME9PXL, 
Transonic Europe B.V., Elsloo, Netherlands). Three pairs of pre- 
and post-device blood samples were taken per blood flow in 
2 ml syringes and analyzed with an ABL800 FLEX (Radiometer 
Medical A/S, Copenhagen, Denmark). It is noteworthy that the 
continuous reconditioning with a DCR only works if 1) the test 
device has considerably less fiber membrane surface than the 
conditioning device and 2) the blood flow rate in the testing 
loop is considerably smaller than in the conditioning loop.

CFD: Geometry and Mesh

An inlet section with a diameter of 24.5 mm was used in 
vitro to generate a fully developed blood flow profile upstream 
of the fiber bundle, which has a diameter of 23 mm. Due to 
the unidirectional fiber positioning (refer to Figure 1), the ve-
locity component longitudinal to the fibers is zero. Therefore, 
a 2D blood flow characteristic was assumed, which allows the 
reduction of necessary geometry for simulation to a quasi-2D 
volume, as shown in Figure 3C. Since Ansys CFX 19.0 (Ansys 
Inc., Canonsburg, PA) cannot process 2D-structures directly, a 
volume with a thickness of 3 µm was modeled and meshed with 
one element perpendicular to the blood flow; the geometry 

is referred to as “quasi-2D” throughout the manuscript. The 
fiber segments were stacked during manufacturing as shown 
in Figure 1 and the vertical relative position of individual fiber 
segments is therefore random. To account for this randomness, 
three quasi-2D CAD volumes were generated with random-
ized vertical fiber positions. However, during manufacturing 
the vertical fiber gap w (fiber spacing in the mat production) 
and the gap between fiber segments h (spacers in the EurOxy 
production) were kept constant at 0.26 mm and 0.1 mm, re-
spectively, as shown in Figure 3D. From these three random-
ized quasi-2D CAD volumes, a periodic slice with a width p of 
0.56 mm, which is the sum of the fiber diameter d of 0.3 mm 
and the fiber gap w of 0.26 mm, repeats itself throughout the ge-
ometry, as depicted in Figure 3C,D. These periodic slices were 
meshed with the commercially available software Ansys CFX 
Mesh 19.0. The global mesh size, the number of prism layers in 
fiber proximity, the first layer thickness, the face element sizing 
at the fiber-blood-interface, and the face element sizing at the 
two interfaces with periodicity were set to 1 × 10−3 – 2 × 10−3 
mm, 10 layers, 1 × 10−3 mm, 3 × 10−3 mm, and 3 × 10−3 mm, 
respectively, illustrated in Figure 3E. These mesh settings are 
identical to the ones used in our previous publication and the 
mesh sensitivity in regard to the output parameters of interest 
such as the oxygen saturation, has already been evaluated.17 
These settings resulted in about 1.1 × 106 mesh elements and in 
the following mesh quality: a maximum skewness <0.82 and 
an average element quality >0.62.

CFD: Boundary Conditions

At the inlet, marked in Figure 3C,A blood flow velocity was 
specified:

Vblood and D are the blood flow rate (100, 200, 300, and 
400 ml/min) and the fiber bundle diameter (23 mm, refer to 

Figure 2. Schematic representation (left) and photography (right) of in-vitro bench setup.
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Figure 3C), respectively. All inlet parameters for the oxygen 
transfer model (OTM) were based on the in vitro experiments. 
The inlet parameters for CFD were averaged over three pre-
device blood samples per device. The parameters are sum-
marized in Table 1, including a standard deviation to give 
the reader an idea of the consistency of the inlet parameters. 
Please note that the standard deviation was not used for CFD. 
The blood flow rates have been carefully selected to evaluate 
the CFD model. The model’s accuracy can only be evaluated if 
the oxygen saturation at the device outlet is not fully saturated.

The fiber–blood interfaces, marked in Figure 3E, were de-
fined as walls with a no-slip condition. The hollow fiber mem-
branes are hydrophobic, thus the microporous pores of the 
Polypropylene (PP) fibers are gas-filled.25 The thickness of the 
hollow fiber membranes was therefore neglected for CFD, so 
that the diameter of the fiber–blood interfaces is equal to the 
outer diameter of the PP fiber membranes. Oxygen and carbon 
dioxide partial pressures at the fiber–blood interfaces were set 
to 713 and 0 mm Hg, respectively.17

The left and right boundaries of the periodic slice were con-
nected via an interface with translational periodicity to reduce 
computational costs. The modeled geometry is therefore a pe-
riodic slice in an infinite array of slices. The fiber bundle of the 
real oxygenator, however, is a finite geometry and is framed by 
walls. In the symmetry plane, as shown in Figure 3B,C, there 
are 41 periodic slices.

CFD: Validity of the Boundary Conditions

The periodic slices are based on the assumption that the 
array of slices is infinite in width. However, the fiber bundle of 
the oxygenator is a finite geometry and therefore the influence 
of the wall on the hemodynamics and gas transfer must be 
investigated. An increasing number from 1 up to 10 consecu-
tive periodic slices were modeled with wall boundary condi-
tions on the left and right side, as indicated in Figure 3C,D. The 
meshes were adjusted to reduce computational costs, as the 
number of consecutive slices is proportional to the increase in 
required mesh size. The element size at the walls and the first 
layer height were adjusted from 3 × 10−3 to 6 × 10−3 mm and 
1 × 10−3 to 3 × 10−3 mm, respectively. Figure 4 demonstrates 
that the influence of the wall on the gas transfer can be ne-
glected beyond a number of five periodic slices.

CFD: Oxygen Transfer Model

Up to 97% of oxygen in blood transported from the lungs to 
the tissue is bound to hemoglobin. Based on preliminary work by 
Wright,26 a novel OTM was further developed, introduced into 
CFD, and explained in detail in previous work.17 The idea of the 
model is to include the chemical bound portion of oxygen into 
the steady convection-diffusion equations in the form of a source 
term. To this end, three transport variables were introduced for 1) 

Figure 3. Breakdown of the CAD geometry and mesh: CAD of the EurOxy device (A), blood volume in the fiber bundle (B), quasi-2D slice 
through the blood volume (C), magnified section of periodic elements (D), and illustration of the local mesh structure (E).

Table 1.  Inlet Boundary Conditions from In-Vitro Experiments, Averaged Over Three Pre-Device Blood Samples Per Blood Flow 
and Standard Deviation (SD)

 in L/min vinlet in m/s Hct
pO2 in  

mm Hg sO2 in %
pCO2 in  
mm Hg

HbT In  
mol /cm3 pH

FCOHb  
in %

MetHb  
in % FHbF in %

2,3-BPG* in  
mmol/L

Average 100  0.36 44.6 67.6 49.2 11.7 7.322 0.4 1.0 0 5.2
SD — 0.01 0.7 0.9 0.2 0.2 0.011 — — — —
Average 200  0.36 44.4 67.0 49.0 11.8 7.326 0.4 0.9 0 5.2
SD — 0.01 0.7 1.2 0.5 0.2 0.011 — — — —
Average 300  0.36 44.6 67.3 48.8 11.8 7.330 0.2 0.9 0 5.2
SD — 0.01 1.2 1.8 0.3 0.2 0.013 — — — —
Average 400  0.36 44.5 67.3 49.1 11.7 7.334 0.6 1.1 0 5.2
SD — 0.00 1.1 1.9 0.1 0.2 0.013 — — — —

* From Literature.32
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physically dissolved oxygen in plasma, 2) chemically bound ox-
ygen (oxyhemoglobin), and 3) deoxyhemoglobin, free of oxygen. 
Blood was implemented as a multiphase fluid with two phases for 
plasma and red blood cells. Due to the large amount of red blood 
cells, a direct modeling of red blood cells is not feasible. Instead, 
an Eulerian–Eulerian approach was utilized, which quantifies the 
amount of the phases based on volume fractions.

CFD: Computation

The multiphase blood flow simulation was performed in 
a first step until a root-mean-square (RMS) residual target of 
1 × 10−5 was reached for all solutions, which we considered to 
be sufficient for this study. Convergence was further monitored 
by stabilized predictions of the pressure drop over the modeled 
domain. Second, the transport equations were iterated until the 
predictions for oxygen saturation sO2 and partial pressure of 
oxygen pO2 at the outlet region of the modeled domain stabi-
lized. All computations were performed on a Windows Server 
2016 (64-bit) operating system with 30 2.4 GHz Intel Xeon 
CPUs and 64 GB RAM.

Results

Figure 5 shows the post-device oxygen saturation over the 
blood flow for three EurOxy devices tested in vitro. The in vitro 
data for the EurOxy devices E1, E2, and E3 are summarized for 
blood flow rates of 100, 200, 300, and 400 ml/min in Table 2. 
Because the devices are all identical in design, an overall in 
vitro average was calculated to be 92.0%, 82.5%, 79.8%, and 
77.7% for blood flow rates of 100, 200, 300, and 400 ml/min, 
respectively, as shown in Figure 5 (dash-dot line).

The predicted post-device oxygen saturation from CFD was 
mass-flow-weighted and calculated at the geometries outlet of 
the three randomized geometries r1, r2, and r3 and is illustrated 

in Figure 5. The oxygen saturation average over the three 
geometries r1, r2, and r3 was calculated to be 94.2%, 86.2%, 
82.2%, and 80.1%, respectively, as shown in Figure 5 (dashed-
line). A summary of these results can be found in Table 3. The 
error of the predicted averaged CFD oxygen saturations (r1, r2, 
and r3) relative to the averaged in vitro data (over all samples 
and devices) was 2.4%, 4.6%, 3.1%, and 3.0% for blood flow 
rates of 100, 200, 300, and 400 ml/min, respectively.

Additionally, a staggered (st) and an in-line (in) configura-
tion were simulated to show both extremes for a maximum 
and minimum gas transfer. These configurations do not occur 
naturally in a fiber bundle of stacked oxygenators, but help to 
interpret the results of the randomized geometries. Post-device 
oxygen transfer for the staggered configuration was calcu-
lated to be 95.4%, 87.8%, 83.6%, and 81.3% for 100, 200, 
300, and 400 ml/min blood flow, respectively. Post-device ox-
ygen transfer for the in-line configuration was calculated to 
be 79.5%, 74.7%, 72.9%, and 72.2% for 100, 200, 300, and 
400 ml/min, respectively.

A visual representation of the red blood cell velocity distri-
bution and the oxygen saturation in the random geometries 
r1, r2, and r3, the staggered and the in-line configurations 
at a blood flow rate of 400 ml/min is given in Figure 6 and 
Figure 7. Due to the reduction in cross-section, the highest 
velocities (up to 50 mm/s) are observed in the narrows of the 
fiber gaps, as seen in Figure 6. Fibers of several fiber segments 
form chains of “fiber clusters.” In the gap within those fiber 
clusters, the velocity drops close to zero and blood stagnates, 
as seen in the detailed views of r1*, r3*, and in* in Figure 6. 
Due to this stagnation, the residence time of blood in fiber 
proximity increases, which results in an increase of the local 
oxygen saturation, as seen in the detailed views r1*, r3*, and 
in* in Figure 7. However, when comparing the staggered to 
in-line configurations in Figure 6 and Figure 7, it becomes ob-
vious that areas of stagnation, even though the blood is well 
saturated due to the fiber proximity, do not contribute substan-
tially to the overall gas transfer.

Figure 4. Post-device oxygen saturation of the random 1 (r1) 
geometry with wall boundary conditions at a blood flow rate of 
400 ml/min.

Figure 5. Oxygen saturation in vitro versus CFD. CFD, computa-
tional fluid dynamics.
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Discussion

Wearable extracorporeal membrane oxygenation (ECMO) 
circuits may soon become a viable alternative to conventional 
ECMO treatment, which are tied to the bedside. However, 
complications such as device-induced blood trauma and ox-
ygenator thrombosis must first be addressed to improve the 
overall reliability of the devices. In addition, the membrane 
surface of the devices must be more efficiently used in order to 
reduce device size, priming volume, and weight. These chal-
lenges are directly linked to the local hemodynamics. CFD has 
become an appealing tool to predict local blood flow and gas 
transfer. In this study, our goal was to use our previously intro-
duced micro-scale CFD model to predict the gas transfer in a 
small-scale but full size oxygenator.

The EurOxy devices, specially designed for this study, 
had unidirectional fiber segments and spacers between two 
consecutive segments to allow the use of a quasi-2D mod-
eling approach and to ensure that the fiber segments do not 

merge. Three randomized geometries as well as a staggered 
and in-line configuration were simulated and compared with 
in vitro data of three EurOxy devices with randomized fiber 
arrangements. The oxygenator used in this study was designed 
to be compared with CFD data, but not for efficiency. Figures 6 
and 7 illustrate that, in the randomized geometries, chains of 
fiber clusters occur, which results in less efficient use of the 
fiber membrane. The ratio of stagnation area to the total flow 
area might be an useful indicator to evaluate how efficient the 
membrane surface of a device is utilized for the gas transfer. 
However, the randomized geometries produce post-device ox-
ygen saturations close to the staggered geometry, which repre-
sents the most effective configuration in terms of gas transfer.

In our previous approaches, we used micro-oxygenators 
with only three fibers per row and 120 fibers in total.17,18 Since 
the fibers were positioned by hand in larger bore holes, manu-
facturing tolerances were introduced effecting the fiber gap 
w and the gap between fiber rows h, as marked in Figure 3. 
Those limitations were addressed in this study by using fiber 

Table 3.  Predicted Mass-Flow-Averaged Oxygen Saturation at the Outlet from CFD for Three Random Geometries (r1, r2, and r3) 
as Well as a Staggered (st) and in-Line (in) Configuration for Blood Flows of 100, 200, 300, and 400 ml/min.

r1 r2 r3 Average (r1, r2, r3) st in

ml/min sO2 in % sO2 in % sO2 in % sO2 in % sO2 in % sO2 in %

100 94.1 94.9 93.6 94.2 95.4 79.5
200 86.1 86.9 85.7 86.2 87.8 74.7
300 82.1 82.7 81.8 82.2 83.6 72.9
400 80.0 80.5 79.7 80.1 81.3 72.2

CFD, computational fluid dynamics.

Figure 6. CFD plane view of slices with periodicity for three random (r1, r2, r3), the staggered (st), and the in-line (in) configuration at 400 ml/
min blood flow; the velocity of red blood cells (RBCs) is color-coded; the detailed views show normalized velocity magnitude vectors. CFD, 
computational fluid dynamics.

Table 2.  In-Vitro Results for the EurOxy Devices E1, E2, and E3 for Blood Flows of 100, 200, 300, and 400 ml/min with Standard 
Deviation (SD) and an Average Over All Devices

E1 E2 E3 Average

ml/min sO2 in % SD in % sO2 in % SD in % sO2 in % SD in % sO2 in %

100 92.3 0.6 91.1 0.6 92.5 0.1 92.0
200 81.8 0.6 82.8 0.3 82.8 0.2 82.5
300 79.2 1.0 80.9 0.4 79.2 0.7 79.8
400 78.0 1.0 77.5 0.6 77.7 0.4 77.7
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segments and spacers. However, some limitations remain: the 
periodicity approach does not account for housing walls and 
Figure 4 clearly shows that the wall boundary conditions affect 
gas transfer in up to five periodic slices, a fact neglected in the 
current study. Neglecting the wall might be one explanation 
for the overestimation of the oxygen saturation prediction of 
our model of 4.6%, 3.1%, and 3.0% for blood flow rates of 
100, 200, 300, and 400 ml/min, respectively, relative to the 
averaged in vitro data. Another explanation for the oxygen sat-
uration overestimation of the model might be that we intro-
duced a reaction rate of 75 mol m3 s−1 in our micro-scale CFD 
model, which was determined based on experiments with the 
aforementioned micro-oxygenators and their limitations. The 
reaction rate describes the hemoglobin kinetics and represents 
a time-dependent constant for the reaction of hemoglobin and 
oxygen to oxyhemoglobin.17

Other micro-scale CFD models to predict gas transfer on 
a fiber level found in literature are based on the idea to in-
clude the hemoglobin–oxygen interaction into an effective 
diffusivity.18,19 Weissman and Mockros27 originally introduced 
the effective diffusivity in 1967. Vaslef et al. further developed 
the approach to predict gas transfer in full devices.28 In our 
recent publication,17 we demonstrated that our multiphase 
blood model, which includes a novel approach to model the 
hemoglobin–oxygen interaction, predicted the gas transfer in 
micro-oxygenators with higher accuracy compared with the 
effective diffusivity model.

While a periodic 3D-approach with our model might work 
for stacked oxygenators with a homogenous flow distribution, 
the application of the model to any type of oxygenator will 
remain challenging. A promising macro-scale approach to 
predict gas transfer in clinically relevant devices is the mass 
transfer correlation, mentioned in the introduction. In the past, 
researchers determined correlation parameters specifically for 
their novel devices.13 During development, however, major de-
sign changes may alter the flow distribution in the fiber bundle 
so that the correlation parameters must be determined repeat-
edly by experiments. A true a priori and in silico prediction of 
gas transfer is therefore not yet possible.

A more methodical approach would be to determine corre-
lation parameters not for specific devices but for isolated fiber 

bundles with variances in 1) fiber diameter, 2) fiber distance, 3) 
fiber angle between two consecutive fiber segments, and 4) the 
flow direction by in vitro experiments with blood. A validated 
micro-scale CFD model, such as the one used in this study, 
might represent a promising tool to reduce experimental effort 
for that approach. Similar to the investigation of the anisotropic 
permeability of hollow fiber membrane bundles,29–31 universal 
correlation parameters could be derived, which would not be 
device-specific. Zhang et al. applied the mass transfer correla-
tion to CFD and estimated the gas transfer in a full device.28 By 
extending the model to a directional mass transfer correlation 
and by using correlation parameters derived from experiments 
on a variation of fiber bundles, a true a priori prediction and 
optimization of gas transfer in any type of HFMO would be-
come possible.

Conclusion

To our knowledge, this is the first time a micro-scale CFD 
model was used to predict the gas transfer in a small but full 
size oxygenator. The manufacturing process of oxygenators 
introduces a certain randomness concerning the alignment 
of individual fiber segments. We investigated this random-
ness with CFD and showed that even in random configura-
tions chains of fiber clusters emerge and form areas of low 
blood velocity. A quantification of those areas might help to 
assess how effective the membrane surface is utilized for the 
gas transfer. In future work we will 1) further evaluate the influ-
ence of the housing wall on the gas transfer, 2) reevaluate the 
previously introduced reaction rate to further improve our CFD 
models accuracy, and 3) apply the periodic approach intro-
duced in this study to a 3D-geometry with a cross-stacked fiber 
configuration.
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