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Abstract Membrane oxygenators are medical devices used to support or take over the gas ex-change of the natural lung. In modern oxygenators, the gas exchange surface is provided by a hollow fiber membrane packing. While blood is pumped through the shell side of the hollow fiber packing, O2 is used to sweep the fiber lumen. CO2 and O2 are exchanged through the membrane following the partial pressure gradient. Consequently, blood is en-riched with O2 and purged from CO2. Initially, membrane oxygenators were developed to supplement the natural lung dur-ing cardiopulmonary bypass. Here, the oxygenator has to take over the total metabolically required O2 and CO2 transfer. With continuous development, oxygenators were applied as lung support to manage acute respiratory distress syndrome (ARDS). Patients suffering from ARDS are often treated with lung protective ventilation (LPV). While LPV allows suf-ficient O2 transfer, the CO2 removal is limited. The limited CO2 removal evokes serious side effects such as upcoming hypercapnia and hypercapnic acidosis. Consequently, oxy-genators are increasingly used to provide additional CO2 removal during LPV to circum-vent the mentioned side effects. This doctoral research aims to improve the development process of oxygenator-based CO2 removal. A particular focus is placed on the initial development phase, where the work is strongly characterized by engineering challenges such as design, assembly, and first basic performance tests. The development process shall be improved in two ways. First, by designing experimental campaigns that are simple, inexpensive, and relia-ble. Second, by developing numerically inexpensive and accurate computational fluid dy-namic (CFD) methods for in-depth insights into the CO2 separation process. The fundament for efficient development of oxygenator-based CO2 removal is an ac-curate measurement of the CO2 removal rate. We compared the two available CO2 removal rate determination methods, i.e., the determination based on CO2 concentration decrease in the blood (blood-based) and the determination based on CO2 concentration increase in the sweep flow (sweep flow-based). Our study shows that the sweep flow-based method performed superior with a CO2 removal measurement error of 3 % of reading. This error lies significantly (p < 0.05) under the CO2 removal measurement error of the blood-based method (16 % of reading). Furthermore, blood mimicking fluids for the determination of the CO2 removal rate of oxygenators were evaluated. While water tests are a common method to reduce exper-imental effort and avoid animal tests, its application limits and reliability have never been analyzed systematically in the literature. Consequently, we compared the CO2 removal rate of blood and water at three pathological elevated CO2 partial pressures (50, 70, 100 mmHg) and three blood flow rates commonly applied in blood oxygenation (1000, 1300, 1600 mL/min). Our experimental data shows an average 10 % deviation between the CO2 removal rate of blood and water. The low deviation can be attributed to the op-posing influences of the material properties of the two liquids. Using CFD simulations, we could quantify the contributions of the different material properties. Compared to water, the higher CO2 solubility of blood and the accompanied increased CO2 removal rate (+ 125 %) is in most parts compensated by the lower CO2 diffusion rate of blood (- 53 %), followed by the lower CO2 permeance available with blood (- 18 %) and the higher vis-cosity of blood (- 10 %).  
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While this leads to comparable macroscopic CO2 removal rates, we could elaborate that the boundary layer built up – the main CO2 transport resistance in oxygenators – is fundamentally different between blood and water, i.e., the two liquids do not follow the same dimensionless mass transport analogy. Hence the use of water as a blood model should be limited to the macroscopic determination of the CO2 removal rate and not be used in studies of the boundary layer. In addition to water as a CO2 transport model, this work investigated aqueous and animal blood models as rheological models for blood.  While experimental data is most reliable, it is mainly limited to pointwise data at eas-ily accessible locations. Computational fluid dynamic (CFD) simulations can extend this data. However, they are numerically expensive due to the highly refined computational mesh required to resolve the diffusive CO2 transport in the membrane packing. Conse-quently, in the current literature, a gap between the geometric size scales of mass transfer and hydrodynamic simulations of oxygenator membrane packings can be recorded.  In order to bridge this gap, an up-scaling method was developed. It allows scaling the transmembrane transport predicted in species transport simulations of a reduced geom-etry on the geometrical scales of flow simulations. This is done by calculating velocity inlet conditions of the reduced geometry based on the average velocity within the complete packing determined via CFD flow simulations. By doing so, the flow distribution in the reduced geometry is representative of the flow regime within the complete packing. This was proven by comparing experimental and numerical results. The deviation between the experimentally determined and numerically predicted CO2 removal rate of a prototype oxygenator amounts on average to 6 % for blood and 3 % for water. As a further novelty, our CFD model for the species transport in blood oxygenators can resolve the CO2 transport in the membrane wall and the fiber lumen. While the mem-brane wall resistance is often considered negligible in literature, we could show that membrane permeance can reduce to 22 % of its original value due to plasma leakage or pervaporation. CFD simulations show that this would result in a proportional decrease of the CO2 removal rate. This is important since numerical overprediction of the CO2 removal rate poses a risk of incorrect validation of CFD models.  In order to guarantee high accuracy of a CFD model, suitable models for the complex material properties of blood are required. In the scope of this work, models for two of the most relevant material properties in oxygenator-based CO2 removal, CO2 solubility of blood and viscosity of blood, were investigated. Based on our data, we can recommend a simple and reliable CO2 solubility model proposed in the literature. Furthermore, viscos-ity models for ovine, bovine, equine, and porcine blood are presented as a function of shear rate, hematocrit, and temperature. Finally, a less complex CFD model based on the calculation of local Sherwood numbers was successfully tested. It allows to qualitatively assess different microstructures of hollow fiber membranes regarding their CO2 transport resistance in blood. To conclude, the research conducted in this doctoral thesis offers a solid foundation for designing reliable experimental and numerical investigations of oxygenator-based CO2 removal. Due to the experimental findings and advances in CFD modeling, oxygenator-based CO2 removal can be efficiently developed in the future.   



 

vii 

Kurzfassung Membranoxygenatoren sind medizinische Geräte, die den Gasaustausch der natürli-chen Lunge unterstützen oder übernehmen. Bei modernen Oxygenatoren wird die Gasaustauschfläche durch Hohlfasermembranpackungen bereitgestellt. Während Blut durch die Mantelseite der Hohlfaserpackung gepumpt wird, wird das Faserlumen mit O2 gespült. CO2 und O2 diffundieren dabei den Partialdruckgradienten folgend durch die Membran.  Ursprünglich wurden Membranoxygenatoren entwickelt, um die Lunge während ei-nes kardiopulmonalen Bypasses zu ersetzen. Dabei übernimmt der Oxygenator den ge-samten metabolisch erforderlichen O2- und CO2-Transfer. Mit kontinuierlicher Weiterent-wicklung wurden Oxygenatoren als Lungenunterstützung bei der Behandlung des akuten Atemnotsyndroms (engl. Acute Respiratory Distress Syndrome, ARDS) eingesetzt. Patien-ten, die an ARDS leiden, werden häufig mit lungenschonender Beatmung (engl. Lung Pro-tective Ventilation, LPV) behandelt. Während die LPV einen ausreichenden O2-Transfer ermöglicht, ist die CO2-Abtrennung begrenzt. Um eine ausreichende CO2-Abtrennung zu gewährleisten, werden daher zunehmend Oxygenatoren eingesetzt. Insofern ist es das Ziel dieser Doktorarbeit, eine effizientere Entwicklung von Oxyge-nator-basierter CO2-Abtrennung zu ermöglichen. Eine effiziente Weiterentwicklung der Oxygenator-basierten CO2-Abtrennung soll dabei auf zwei Arten bewerkstelligt werden. Erstens, durch die Reduktion der Komplexität der Versuchskampagnen bei gleichbleiben-der Verlässlichkeit der erhobenen Daten. Zweitens, durch die Entwicklung von weniger rechenaufwändigen, jedoch präzisen Methoden der numerischen Strömungsmechanik (engl. Computational Fluid Dynamics, CFD). Die Grundlage für eine effiziente Entwicklung der CO2-Abtrennung mit Oxygenatoren ist eine exakte Messung der CO2-Abfuhrrate. Im Zuge dieser Arbeit wurden die beiden verfügbaren Methoden zur Bestimmung der CO2-Abfuhrrate verglichen. Die erste Me-thode basiert auf Grundlage der Abnahme der CO2-Konzentration im Blut (Blut-basiert). Die zweite Methode basiert auf Grundlage der Zunahme der CO2-Konzentration im Spül-gas des Oxygenators (Spülgas-basiert). Unsere Studie zeigt, dass die Spülgas-basierte Me-thode mit einem Messfehler von 3 % der gemessenen CO2-Abtrennrate besser abschnei-det. Dieser Fehler liegt signifikant (p < 0,05) unter dem Messfehler der Blut-basierten Me-thode (16 % des Messwerts). Außerdem wurde Wasser als Blutersatz für die Bestimmung der CO2-Abtrennrate von Oxygenatoren untersucht. Obwohl Wasser ein gängiger Blutersatz ist, um den experimen-tellen Aufwand und Tierleid zu verringern, wurde dessen Anwendungsgrenze und Zuver-lässigkeit in der Literatur noch nicht systematisch analysiert. Daher haben wir die CO2-Abfuhrrate von Blut und Wasser bei drei pathologisch erhöhten CO2-Partialdrücken (50, 70, 100 mmHg) und drei Blutflussraten (1000, 1300, 1600 mL/min) verglichen. Unsere experimentellen Daten zeigen eine durchschnittliche Abweichung von 10 % zwischen der CO2-Abfuhrrate von Blut und Wasser. Die geringe Abweichung kann auf die gegensätzli-chen Einflüsse der Materialeigenschaften der beiden Flüssigkeiten zurückgeführt werden.  Mit Hilfe von CFD-Simulationen konnten wir die verschiedenen Beiträge der unter-schiedlichen Materialeigenschaften quantifizieren. Die im Vergleich zu Wasser höhere CO2-Löslichkeit von Blut und die damit einhergehende höhere CO2-Abfuhrrate (+ 125 %) wird größtenteils durch die geringere CO2-Diffusionsrate von Blut (- 53 %), gefolgt von 
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der bei Blut vorliegenden geringeren CO2-Permeanz (- 18 %) und der höheren Viskosität von Blut (- 10 %) kompensiert. Während dies zu richtigen makroskopischen CO2-Abfuhr-raten führt, konnten wir zeigen, dass die aufgebaute Grenzschicht – der größte CO2-Trans-portwiderstand in Oxygenatoren – sich zwischen Blut und Wasser grundlegend unter-scheidet. Die beiden Flüssigkeiten folgen insofern nicht der gleichen dimensionslosen Massentransportkorrelation. Daher sollte die Verwendung von Wasser als Blutmodell auf die makroskopische Bestimmung der CO2-Abfuhrrate beschränkt sein und nicht für Un-tersuchungen der Grenzschicht verwendet werden. Neben Wasser als CO2-Transportmo-dell wurden in dieser Arbeit zudem auch wässrige Lösungen und Tierblut als rheologische Modelle für Blut untersucht.  Während experimentelle Daten am zuverlässigsten sind, beschränken sie sich meist auf punktuelle Werte an leicht zugänglichen Stellen. CFD Simulationen können diese Da-ten erweitern, sind jedoch aufgrund des feinen Rechengitters, das zur Auflösung des dif-fusiven CO2-Transports in der Membranpackung erforderlich ist, numerisch aufwendig.  Daher ist in der aktuellen Literatur eine Lücke zwischen den geometrischen Größens-kalen von Stofftransportsimualtionen und hydrodynamischen Simulationen von Oxyge-natormembranpackungen zu verzeichnen. Um diese Lücke zu schließen, wurde eine Up-Scaling-Methode entwickelt. Sie ermöglicht es, den transmembranen Transport, der auf Basis von Stofftransportsimulationen einer reduzierten Geometrie berechnet wurde, auf die geometrischen Größenskalen von hydrodynamischen Strömungssimulationen zu ska-lieren. Die durchschnittliche Abweichung zwischen experimentell ermittelter und durch die Up-Scaling-Methode numerisch vorhergesagter CO2-Abfuhrrate eines Prototyp-Oxygenators beträgt im Mittel 6 % für Blut und 3 % für Wasser. Als weitere Besonderheit ist unser CFD-Modell in der Lage, den CO2-Transport in der Membranwand und dem Faserlumen aufzulösen. Während der Membranwandwider-stand in der Literatur oft als vernachlässigbar angesehen wird, konnten wir zeigen, dass die Permeanz aufgrund des Eindringens von Blutplasma auf 22 % ihres ursprünglichen Wertes sinken kann. CFD-Simulationen zeigen, dass dies zu einer direkt proportionalen Abnahme der CO2-Abfuhrrate führen würde.  Um eine hohe Genauigkeit eines CFD-Modells zu gewährleisten, sind außerdem ge-eignete Modelle für die komplexen Materialeigenschaften von Blut erforderlich. Im Rah-men dieser Arbeit wurden zwei der relevantesten Materialeigenschaften, die CO2-Löslich-keit und die Viskosität des Blutes untersucht. Auf der Grundlage unserer Daten können wir ein einfaches und zuverlässiges CO2-Löslichkeitsmodell empfehlen. Darüber hinaus wurden Viskositätsmodelle für Schaf-, Rinder-, Pferde- und Schweineblut in Abhängigkeit von der Scherrate, dem Hämatokrit und der Temperatur entwickelt. Abschließend wurde ein CFD-Modell mit reduzierter Komplexität, das auf der Berechnung lokaler Sherwood-Zahlen basiert, erfolgreich getestet. Es erlaubte den Einsatz von mikrostrukturierten Hohlfasermembranen in Oxygenatormembranpackungen hinsichtlich des CO2-Trans-portwiderstandes im Blut qualitativ zu bewerten. Fazit: Die in dieser Dissertation durchgeführten Arbeiten stellen eine solide Grund-lage für die Planung von experimentellen und numerischen Untersuchungen der CO2-Ab-trennleistung von Oxygenatoren dar. Basierend auf den experimentellen Erkenntnissen sowie den Fortschritten in der CFD-Modellierung kann in Zukunft eine erfolgreiche und effiziente Entwicklung der Oxygenator-basierten CO2-Abtrennung erreicht werden. 
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Journal Publication VI Benjamin Lukitsch planned and conducted the in vitro and in vivo blood tests and the in vitro water tests in substantial parts. Furthermore, he played an essential role in the curation and analysis of the experimental data. He compared and discussed the perfor-mance of the different CO2 solubility models for blood. He wrote, reviewed, and edited the paper.  
Journal Publication VII Benjamin Lukitsch advised on the development of the blood viscosity models, which allow considering the dependency of blood flow behavior on hematocrit, temperature, and shear rate. He reviewed and edited the paper.  
Journal Publication VIII Benjamin Lukitsch planned and conducted the in vitro water tests in substantial parts. He advised regarding the CFD model, which allows resolving the CO2 concentration po-larization at the oxygenator membrane in water and blood. He compared and analyzed experimental and computational findings. He developed the presented guidelines for using water as a blood substitute in the development of oxygenators. He wrote, re-viewed, and edited the paper.  

Reviewed Conference Publications 

Reviewed Conference Publication I Benjamin Lukitsch planned and carried out the in vitro water tests in substantial parts. He conducted the CFD for a further flow analysis of the developed CO2 removal catheter. Furthermore, he played an essential role in the curation and analysis of the experi-mental data. He wrote, reviewed, and edited the paper in significant parts.     
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1 Introduction 

1.1 Motivation1 Membrane oxygenators are medical devices that support or take over the gas ex-change of the natural lung. While in the natural lung, the gas exchange surface is provided by the alveolar membrane [1], modern oxygenators use hollow fiber membrane packings. Here blood is pumped along the shell side of the hollow fiber packing, while the fiber lu-men are swept with O2. According to the CO2 partial pressure gradients, CO2 and O2 are exchanged via the hollow fiber wall serving as a membrane. Consequently, the blood pass-ing along the membrane is enriched with O2 provided from the sweep flow in the lumen while depleting parts of its CO2 content. While the oxygenated blood is returned to the patient, the purged CO2 is discharged to the ambient via the sweep flow [2]. Initially, membrane oxygenators were developed as lung supplements in the cardio-pulmonary bypass (e.g., during heart surgery). Here, blood is pumped from the inferior or superior vena cava, via a centrifugal pump, through the oxygenator and back into the as-cending aorta. In cardiopulmonary bypass, the oxygenator has to take over the total met-abolically required O2 and CO2 transfer of 250 and 200 mL/min, respectively [3].  The continuous development of oxygenators allowed an increase in gas transfer rates with a simultaneous reduction in bleeding complications. This was the basis for the appli-cation of oxygenators for partial lung support in the treatment of acute respiratory dis-tress syndrome (ARDS) [4]. Patients suffering from ARDS are often treated with lung-pro-tective ventilation (LPV). This ventilation method uses limited tidal volumes and de-creased airway pressures to prevent lung damage [5] induced by exceeding transpulmo-nary pressure (barotrauma), overextension of alveoli (volutrauma), or increased shear stresses in pneumatic accessible but atelectatic alveoli (atelectrauma) [6]. Due to the pneumatic limitation of LPV, the lower gas transfer rates can only be increased by increas-ing the driving force (partial pressure difference) between respiration gas and blood. For a sufficiently high O2 transfer rate, O2 concentration (i.e., partial pressure) in the respira-tion gas can be increased. In contrast, an increase in the CO2 partial pressure difference between blood and respiration gas, which breaks down to a reduction of the CO2 concen-tration in the respiration gas, is only possible to a small extent. Hence, CO2 removal via LPV is limited. This can evoke serious side effects such as upcoming hypercapnia and hy-percapnic acidosis. To circumvent these side effects, oxygenators are used to provide ad-ditional CO2 removal [7]. The CO2 concentration of venous blood with approximately 500 mL CO2/L is high. Hence, the total metabolic CO2 production (200 mL/min) can be potentially eliminated by removing a 500 mL/min venous blood flow of its CO2 content [8]. Due to the relatively low blood flow rates required for this potential total CO2 removal, various vascular access points are applicable [9].  Depending on the used blood flow rates and incorporated membrane area of the ox-ygenator, total or partial CO2 removal can be established. In order to strive for minimally invasive methods, intracorporal CO2 removal catheters are under research [10].                                                          1 Due to the thematic proximity of this cumulative dissertation and the publications included therein, this section is based on the review of Publication VI and Publication VIII. 
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Despite significant efforts to increase the biocompatibility of the oxygenator circuits [11], serious side effects are still occurring due to the extensive contact of blood with the polymer surfaces. These side effects lead to an activation of the immune response, includ-ing the complement pathways, neutrophils, and the fibrinolytic cascade. These reactions ultimately reduce platelet function and survival and prolonged bleeding times after per-fusion [12]. Due to the severe side effects of the large artificial surfaces, current research focuses on increasing gas transfer rates while simultaneously decreasing membrane area and priming volume [13]. Here, oxygenator-based CO2 removal is of particular interest due to the wide variety of applications such as arteriovenous, venovenous, total, partial, extracorporeal, and intracorporeal CO2 removal. 
1.2 Objectives This doctoral research aims to enable more efficient development of oxygenators re-garding their CO2 separation performance. A particular focus is placed on the initial de-velopment phase, in which the work is strongly characterized by engineering challenges such as design, assembly, and first basic performance tests. This is to be achieved in two ways. First, by investigating how to design experimental campaigns to be simple but reli-able. Second, by developing less numerical expensive but accurate computational fluid dynamic (CFD) methods for detailed insights into the CO2 separation process. 
1.2.1 Experimental Objectives The following objectives were set to reduce complexity and improve the reliability of experimental methods: i. Water-based rheological models for human blood shall be evaluated for assess-ment of the hydrodynamic performance of oxygenator prototypes [Journal Pub-

lication III]. ii. Water-based CO2 transport models for human blood shall be evaluated to assess the CO2 removal performance of oxygenator prototypes [Journal Publication 
VIII]. iii. Animal blood of different species shall be evaluated regarding their suitability as a rheologic model for human blood [Journal Publication VII].  iv. Animal blood of different species shall be evaluated regarding their suitability as a CO2 transport model for human blood. v. The two available methods for determining the CO2 removal performance of oxy-genators (blood-based and sweep flow-based method – Section 1.3.2.1) shall be compared and evaluated regarding their accuracy [Journal Publication VI]. vi. A possible decrease in CO2 transport performance of the oxygenator membrane due to deposition of blood residues on the membrane surface or wetting of the membrane pores shall be investigated.   
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1.2.2 Computational Fluid Dynamic Objectives The following objectives were set to reduce numerical costs and improve the accuracy of computational fluid dynamic (CFD) methods: i. CO2 solubility models for blood shall be evaluated regarding their accuracy and suitability for CFD models [Journal Publication VI]. ii. Blood viscosity models of different animal species shall be derived for more accu-rate validation of CFD models using animal trials [Journal Publication VII]. iii. A CFD model shall be developed that fully resolves the blood side, membrane wall, and lumen of an oxygenator membrane packing. The common assumption that gas transport resistance in the membrane of an oxygenator can be neglected in CFD shall be investigated [Journal Publication I]. iv. An upscaling method that substantially reduces the computational effort of CFD mass transport simulations of oxygenators shall be developed [Journal Publica-
tion II]. v. The main transport resistance – the concentration polarization layer – shall be nu-merically investigated since it can not be resolved experimentally. CO2 concentra-tion polarization of blood and water shall be compared to establish application limits for water as a CO2 transport model for blood [Journal Publication VIII]. vi. A less complex CFD model omitting gas transport in membrane wall and lumen shall be tested. Blood side gas transport resistance shall be qualitatively predicted based on local Sherwood numbers [Journal Publication V].  

1.3 Review State of the Art2 This section reviews the state of the art in the development of oxygenator-based CO2 removal. First, recent research on new prototype devices is presented. Second, the main concepts and approaches of experimental and numerical methods for developing oxygen-ator-based CO2 removal are reviewed. 
1.3.1 State of the Art Oxygenator Based CO2 Removal Devices This section gives an overview (Figure 1.1) on intravascular, para-, and extracorpo-real devices for oxygenator-based CO2 removal that have been developed or are under development. For further details on the single devices, we recommend Feder-spiel et al. [3], [10], Kaushik et al. [8], and the references given in Table 1.1, Table 1.2, and Table 1.3. 

                                                        2 Due to the thematic proximity of this cumulative dissertation and the publications included therein, this section is based on the review of Publication I, Publication II, Publication VI and Publication VIII. 
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 Figure 1.1. Schematic overview of devices for oxygenator based CO2 removal adapted from [8]. 
1.3.1.1 Intravascular respiratory catheter Research on the development of intravascular respiratory catheters has been con-ducted since the 1980s. An overview is given in Table 1.1. Intravascular respiratory cath-eters aim for partial lung support during LPV. However, the final goal is to develop a wear-able and mobile device [10]. Up today, only one catheter (IVOX) was tested in clinical tri-als. It consists of a fiber module inserted into the vena cava. Crimped fibers ensure equal spacing between fibers. It is ambiguous whether the IVOX provided sufficient gas ex-change to allow the reduction of mechanical ventilation [14]–[17].  The IVOX was further augmented by introducing a pulsating balloon into the packing (Hattler catheter). Pulsation of the balloon provided active mixing and a reduction of the concentration polarization layer. An increase of CO2 exchange by a factor of 3 was achieved when compared to the IVOX. However, the development of the Hattler catheter never went past in vivo trials [18]–[20]. In the latest development step (IPRAC), the bal-loon of the Hattler catheter is substituted by a rotating impeller. The best performing pro-totype achieved a satisfactory specific CO2 removal of 573 mL/min/m2 in in vitro water tests [21], [22]. Further catheter prototypes of other research groups are ILAD, PENSIL, and HIXMO. The ILAD consists of a membrane module resembling a bottle brush. Hollow fiber mem-branes short in length are attached on both ends to a central shaft forming a loop. In the longitudinal direction, these fiber loops are positioned in a helix structure. The shaft is then rotated in order to disturb the built-up of concentration polarization layer and to 
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assist blood transport in the vena cava [23]–[25]. While rotation of the membrane module allowed increased gas exchange in in vitro trials, it remains unclear whether a rotating membrane module is feasible in the vena cava without causing harm to the patient [10]. The PENSIL is a respiratory gas exchange catheter that, similar to IVOX and ILAD, only consists of a membrane module. In contrast to the other devices, the fiber lumen of the PENSIL have a dead-end. In order to increase gas transport in the lumen, pulsating sweep gas flow was applied. However, the PENSIL achieved relatively low specific CO2 removal rates of 25 mL/min/m2 [26]–[28]. The membrane module of the HIXMO consists of several disc-shaped fiber bundles. They can be expanded after the insertion of the catheter into the vena cava. This positions the hollow fibers in crossflow mode, favorable for a reduction of concentration polariza-tion layer. In addition to a membrane module, the HIXMO catheter incorporates a minia-ture pump. The pump compensates for the increased flow resistance generated by the expanded fiber bundle [29]–[31]. Table 1.1. Overview of the intravascular respiratory catheter. 
Device Design  

Characteristics 
Membrane 
Area [m2] 

CO2 Flux 
[mL/min/m2] Status Ref. IVOX (CardioPulmonics, Inc., Salt Lake City, UT, USA) crimped fiber module in vena cava 0.25 200 halted after first clinical trials [14]–[17] ILAD (Northwestern University, Evanston, IL; USA) fiber module (resembling a bottle brush) rotating in vena cava 0.29 172 halted after in vitro bovine blood trials [23]–[25] 

PENSIL (Penn State Uni-versity, State College, PA, USA) 
fiber module (resembling a bottle brush) with dead-end fibers in vena cava, pul-sating sweep gas 0.38 25 halted after in vitro trials [26]–[28] 

Hattler (McGowan Insti-tute for Regenerative Medicine, Pittsburgh, PA, USA) membrane module with central pulsating pump 0.38 350 halted after in vivo trials [18]–[20] 
HIXMO (RWTH Aachen University, Aachen, Ger-many) 

series of disc-shaped fiber bundles in crossflow con-figuration, miniature pump to provide blood flow 
not defined at the cur-rent stage only O2 trans-fer available in vitro por-cine blood tests of a sin-gle bundle [29]–[31] 

IPRAC (McGowan Insti-tute for Regenerative Medicine, Pittsburgh, PA, USA) membrane module with central impeller 0.07 573 in vitro water trials [21], [22] 
1.3.1.2 Extracorporeal CO2 removal Extracorporeal CO2 removal (ECR) can be implemented via various vascular access routes. The venoarterial route (VA) is commonly used for total cardiopulmonary support during cardiopulmonary bypass. It poses high risks due to the access of major arteries. Furthermore, there is a lack of pulmonary perfusion, a decreased cardiac output due to a higher afterload, and an increased risk of neurological events caused by thrombi traveling from the ECMO to the brain [3].  Due to the arteriovenous pressure gradient, arteriovenous (AV) ECR allows for the use of membrane oxygenators without applying a blood pump. This reduces the aperitive complexity of the circuit. However, the blood flow rate through the oxygenator is defined 
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by the arteriovenous pressure gradient and the flow resistance of the membrane oxygen-ator. Hence, oxygenators with low flow resistance and the absence of cardiac impairments are required. While adequate CO2 removal can be achieved by increasing the sweep gas flow rates, only mild oxygenation occurs due to the limited blood flow rates [10]. Venovenous (VV) ECR poses multiple advantages over VA-ECR. Pulsatility of the blood flow and lung perfusion can be sustained. No major artery must be cannulated, and neurological events can be circumvented since thrombi can be captured in the natural lung before traveling into the brain [3].  Table 1.2 and Table 1.3 provide an overview of ECR devices currently under research. Besides VA-ECR devices (Table 1.2) with low flow resistance, which require no pump (iLa, Affinity NT), it can be differentiated between single- and multi-console VV-ECR devices (Table 1.3). Since multi-console VV-ECR can be implemented via normal commercially available extracorporeal membrane oxygenators (ECMO) combined with a commercial blood pump, only VV single-console devices are included in Table 1.3.  VV single-console devices can be differentiated regarding the integration of the blood pump. Single-console devices where blood pump and membrane module are connected in series (iLA Activve) pose no advantage to VV multi-console devices other than reduced complexity in the handling of the circuit. In comparison, the centrifugal pump of the HEXMO is positioned close to the membrane packing and can substantially characterize the flow distribution between fibers. In the ExMeTra device, silicone tubes are incorpo-rated into the packing. Pneumatic pulsation of the silicon tubes in combination with auto-matic blood valves provides blood flow rates of up to 500 mL/min and promotes mixing inside the membrane packing. Table 1.2. Overview of arteriovenous (AV) paracorporeal CO2 removal devices.  
Device Design  

Characteristics 

Mem-
brane 
Area 
[m2] 

CO2 Flux 
[mL/min/m2] Status Ref. 

iLA (Novalung GmbH, Hechingen, Germany) membrane packing with low flow resistance, no pump required (no car-diac disorders) 
1.3 154 commer-cially available [32], [33] 

Affinity NT (Medtronic, Minneap-olis, Minn., USA) membrane packing with low flow resistance, no pump required (no car-diac disorders) 
2.5 60 commer-cially avi-alable [34] 

Ambulatory-AVCO2R (University of Texas Medical Branch, Galves-ton, TX, USA supported by MC3 Cardiopulmonary, Dexter, MI, USA) 
ambulatory CO2 removal for COPD patients 2.0 53 ex vivo trials with sheep 

[35] 
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Table 1.3. Overview of venovenous (VV) extracorporeal CO2 removal (ECR) devices.  
Device Design  

Characteristics 

Mem-
brane 
Area 
[m2] 

CO2 Flux 
[mL/min/m2] Status Ref. 

Hemolung (ALung Technologies, Inc., Pittsburg, PA, USA) membrane module with integrated centrifugal pump 0.53 189 FDA Emer-gency Use Authoriza-tion 2020 
[36] 

Abylcap (BELLCO, Italy – now Medtronic) single console-device 0.67 - First clini-cal studies [37] 
iLa Activve (Novalung GmbH, Hechingen, Germany) centrifugal blood pump and membrane module in series (3 times higher flows than iLa) 

1.3 - commer-cially avail-able [38] 
Decapsmart (Hemodec, Salerno, Italy) modified renal replace-ment circuit incorporat-ing a peristaltic pump and a neonatal ECMO coupled in series with a hemofilter 

0.33 - commer-cially avail-able [39], [40] 
ExMeTra (RWTH Aachen Univer-sity, Aachen, Germany) low flow membrane module with pulsatile pump incorporated in the packing 

0.24 129 porcine blood in vitro trials [41], [42] 
HEXMO (RWTH Aachen Univer-sity, Aachen, Germany and sup-ported by Novalung GmbH, Hech-ingen, Germany) 

membrane module with low priming volume and integrated pump 0.9 166 in vivo por-cine blood trials [43] 
ULFED (Department of Critical Care Medicine, University of Pitts-burgh Medical Center, Pittsburgh, PA, USA supported by ALung Technologies, Inc., Pittsburg, PA, USA) 

low flow membrane module with integrated central impeller 0.42 179 in vitro bo-vine blood [44] 

1.3.1.3 Coating and Membrane Materials In order to improve gas transfer, reduce side effects caused by the blood-surface in-teraction, and prevent plasma leakage, different membrane coating materials are investi-gated. Wang et al. [45] tested a perfluorocopolymer coated membrane oxygenator for ar-teriovenous CO2 removal. CO2 exchange of the coated membranes exceeded the CO2 ex-change of the uncoated fibers by 16 %. Analogously, Arazawa et al. [46] coated hollow fiber membranes by immobilizing carbonic anhydrase on the surface. A 36 % increase was recorded for the modified fibers.  Anti-thrombogenic surface coatings can be differentiated between biopassive and bi-oactive coatings. Biopassive coatings minimize the interaction between blood and the ar-tificial surface by suppressing protein absorption via uncharged or zwitterionic hydro-philic polymers. Alternatively, they prevent surface wetting by utilizing particular hydro-phobic polymer surfaces. Bioactive coatings such as heparin coatings and nitric oxide (NO) releasing coatings inhibit coagulation factors. While biopassive coatings show less effective hemocompatibility, they are more stable than bioactive coatings, prone to deg-radation of their active components. In general, stable coatings that do not impede the gas transfer represent the major challenge in developing future oxygenator coatings [47]. 



8  1 Introduction 

 

Besides developing membrane coatings, current research aims to replace the com-mon membrane materials in oxygenators such as Poly(methylpentene) (PMP) and Poly(propylene) (PP) [48] with new materials. Here silicone membranes show promising potential due to their high gas exchange performance and good hemocompatibility. Na-kata et al. [49] could demonstrate that a prototype oxygenator with a silicone membrane showed comparable CO2 removal performance to a commercially available oxygenator with a twice larger membrane surface. 
1.3.1.4 Microfluidic Membrane Oxygenators The latest development efforts are focusing on microfluidic oxygenators. Here, molds are used to produce microfluidic structures consisting of silicone with low priming vol-ume, low flow resistance, and efficient gas exchange [50]–[52].  
1.3.1.5 Respirator dialysis Since CO2 is predominately transported in the blood as bicarbonate, dialytic separa-tion of CO2 via the removal of bicarbonate is an attractive option [53], [54]. However, res-piratory dialysis is restricted due to limited measures to compensate for shifts in the elec-trolyte concentrations and pH, which are induced by bicarbonate removal [8]. Approaches to allow long-term use by substituting bicarbonate with sodium hydroxide, tromethamine (THAM), and organic anions failed due to serious side effects such as fluid gain, hyper-chloremic acidosis, hemolysis, cardiac arrhythmias, and acid-base derangements [55]. 
1.3.2 State of the Art Experimental Investigations Experimental investigation methods are the most reliable methods for the develop-ment of oxygenator-based CO2 removal. Procedures for the determination of the gas transfer, blood cell damage, and heat exchanger performance are described in the ISO standard 7199 [56]. The planning, conduction, postprocessing, and interpretation of measurement data are excessive. Furthermore, experimental studies are expensive.  Consequently, experimental studies are adapted to the developmental progress of the investigated prototype devices. In vitro tests with blood models are used for a first assess-ment of flow distribution [57] and CO2 removal performance [58]. In vitro tests with blood are necessary if – besides the gas transfer performance – factors such as hemocompatibil-ity, hemolysis, and thrombus formation and deposition are of interest [59]–[61]. In vivo or ex vivo experiments are conducted when the effect of the blood-contacting device on health parameters such as liver and renal function [62] or cardiac output [63] is studied. Finally, clinical trials are used to prove the positive effect on the patient (e.g., the effect of surface coated oxygenator systems [64]) or to revise therapeutic strategies [65].  In the scope of this work, the main focus is on the initial development phase, i.e., the design of in vitro tests for evaluation of the CO2 removal performance and blood distribu-tion of prototype oxygenators. In the following section, the critical issues for a successful experimental design of these in vitro campaigns are reviewed. 
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 Figure 1.2. Overview of experimental methods used for the development of oxygenators. 
1.3.2.1 Determination of CO2 Removal Rate3 For future research and development of oxygenator-based CO2 removal, accurate and reliable measurement of CO2 removal rate is a fundamental requirement. There are two options for the measurement of the CO2 removal rate (Figure 1.3). First, by measuring the flow rate and CO2 concentration decrease of blood across the membrane packing – blood-based method. This is done via an ultrasound flow probe, a blood gas analyzer (BGA), and a CO2 solubility model. Second, by measuring the flow rate and the CO2 concentration in-crease of sweep gas across the membrane packing – sweep flow-based method. This is done via volumetric piston stroke or thermal conductivity sensor and an infrared-based CO2 sensor (e.g., NDIR). In order to monitor and control the oxygenator test, BGA and blood flow rate measurement is required in both methods. Consequently, the sweep flow-based method requires additional measurement equipment but shows high accuracy due to the reliable infrared measurement principle. In contrast, the accuracy of the blood-based method is dependent on the CO2 solubility model accuracy. Furthermore, additional measurement errors are induced by the re-quired samples at the oxygenator inlet. Both – CO2 solubility model and measurement samples at the inlet – are not required for the sweep flow-based method [Journal Publi-
cation VI]. However, due to the less extensive experimental setup of the blood-based method, both CO2 removal prediction methods are equally applied in recent research. 

                                                        3 This section is based on the review of Publication VI. 
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 Figure 1.3. Scheme for sweep flow- and blood-based CO2 removal rate prediction method. Due to the lower sensitivity on model and measurement errors and the simple meas-urement principle, the sweep flow-based method has been used in various studies inves-tigating the CO2 removal performance of oxygenators. Arazawa et al. [46] investigated the influence of carbonic anhydrase on the CO2 removal efficiency of hollow fiber membranes. For this purpose, the enzyme was immobilized on the shell side of the fibers. The CO2 re-moval rate was measured for modified and unmodified membranes in in vitro experi-ments with phosphate-buffered solution (PBS) and bovine blood. In contrast to the blood-based method, the sweep gas-based method is independent of a CO2 solubility model and allows a direct comparison of the CO2 removal rates measured for the two liquids. Eash et al. [66] investigated the CO2 removal performance of a respiratory catheter in in vivo ex-periments with sheep and calves. As the catheter was inserted into the right atrium, the sampling required for the blood-based method would not be possible due to limited ac-cessibility. The sweep gas-based method could be used here as a reliable alternative. Mi-helc et al. [57] developed a respiratory catheter with an impeller built into the membrane packing to reduce blood side CO2 transport resistance. In vitro studies with water and in vivo studies with calves were conducted to evaluate the influence of different impeller designs on the CO2 removal rate. Again, the sweep flow-based method allowed the com-parison of CO2 removal rate determined with the two liquids. Limited accessibility of blood-based method in in vivo studies of catheter systems was avoided. The sweep gas-based method is also used in studies with no different test liquids (e.g., blood and water) or limited accessibility. May et al. [67] measured the CO2 removal in the sweep gas of a low flow membrane oxygenator in vitro trials using bovine blood. Analogously, Wang et al. [45] determined the gas exchange performance of a prototype oxygenator with a per-fluorocopolymer coated microporous hollow fiber packing in in vivo trials, using sheep as an animal model. The blood-based method for determining CO2 removal performance is used for vari-ous reasons. For instance, May et al. [54] conducted studies on respiratory dialysis. Here, CO2 is removed in the form of bicarbonate utilizing standard hemodialysis membrane modules. In contrast to membrane oxygenation, where O2 is used as a sweep fluid, liquid 
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dialysate is applied. Hence, the infrared-based CO2 concentration measurement as used in the sweep gas-based method is not applicable. Consequently, the in vitro trials with bovine and porcine blood by May et al. [54] were evaluated with the blood-based method.  Furthermore, the BGA data provided by the blood-based method gives essential in-formation on blood parameters at the inlet and outlet of the oxygenator. This data is re-quired to validate and set up CFD simulations. CFD simulations extend the experimental data, which is often limited regarding spatial resolution and accessibility. In order to de-velop a CFD model for the numerical investigation of the CO2 removal process, Hormes et al. [68] designed a prototype oxygenator incorporating a small membrane packing with a low fiber number. The CO2 removal performance of this miniature oxygenator was deter-mined in in vitro porcine blood trials. The simple geometry allowed a numerically inex-pensive validation of the CFD model based on the blood-based method and the required BGA measurements. The blood-based method is also used to study the CO2 removal performance of oxy-genators when there is no particular suitability. Schraven et al. [69] investigated the po-tential of pulsatile blood flow to increase the CO2 removal of oxygenators. For this pur-pose, in vitro tests were performed with porcine blood. Wu et al. [70] determined the gas exchange rates of a microfluidic oxygenator with a porous polycarbonate membrane in in vitro tests with human blood. Borchardt et al. [42] investigated an oxygenator with an integrated pulsating pump in in vitro tests with porcine blood. As outlined above, both methods for determining the CO2 removal rates are used to the same extent in recent research. However, the CO2 removal rates obtained by the blood-based and sweep flow-based method are rarely compared. Barret et al. [71] deter-mined the CO2 removal performance of an extracorporeal oxygenator in vitro with human blood using both methods. The CO2 removal rate was measured at a constant blood flow rate (400 mL/min) and varying sweep flows (0 to 1000 mL/min). The relative deviation of blood-based CO2 removal from sweep flow-based CO2 removal was found to be depend-ent on the CO2 removal rate. It was largest (20 %) at low CO2 removal rates (57.9 mL/min – lowest sweep flow) and lowest (6 %) at high CO2 removal rates (94.0 mL/min – highest sweep flow). The average deviation amounted to 11 %. [Journal Publication VI] compared the CO2 removal rate predicted by blood-based and sweep flow-based method. While measurement error of sweep flow-based method was found to be low (3 % of reading), measurement error of blood-based method was significantly (p < 0.05) higher (16 % of reading). Furthermore, the accuracy of the blood-based method displayed a strong dependency on the chosen solubility model. Deviation in CO2 removal rate predicted by blood and sweep flow-based method could increase to a value of 127 % when an inadequate CO2 solubility model was chosen. 
1.3.2.2 Rheological Models for Blood In vitro tests with blood are excessive and expensive due to the limited durability and availability of blood and the associated contamination of the test circuits. Hence, for effi-cient and cost-effective development of oxygenator-based CO2 removal, accurate and re-liable rheological models with comparable viscosity and density are required. However, the two-phase nature of blood and the interaction between blood cells and blood plasma result in complex rheologic behavior, including shear-thinning and thixotropic effects 
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[72]. Consequently, dependent on the flow regime, multiple fluids have been proposed as rheological blood models for hydrodynamic tests of blood-contacting devices.  Since the macroscopic viscosity of blood converges to approx. 3.5 mPa s at shear rates above 200 1/s [73], Newtonian models are applied for devices with elevated shear rates, e.g., left ventricular assist devices (LVAD). Using dimensionless analyses and an enlarged model with the ratio of 5:1, Chua and Akamatsu [74] investigated the wall shear stress in the clearance gap of a centrifugal blood pump with air as a Newtonian Model. Zhu et al. [75] used water to test an intraventricular assist device in an in vitro mock circulation. However, the most common Newtonian model for blood is a mixture of glycerol and water with a glycerol content of 40 w% (3.5 mPa s, 1100 kg/m3) [76]–[79]. Besides viscosity and density, optical measurement systems require transparent blood models with a re-fractive index comparable to the flow guiding parts, i.e., PDMS models of vessels or acryl models of pumps. In order to increase the refractive index of water-glycerol mixtures, so-dium iodide [80] or sodium chloride [81] is added. Non-Newtonian blood models have been developed to match the shear-thinning be-havior of blood at flow conditions with low to intermediate (< 200 1/s) shear rates. Here commonly aqueous solutions with Xanthan gum (approx. 0.05 w%) and glycerol (approx. 40 w%) are used [82]–[84]. However, Xanthan gum reduces the refractive index. This can be compensated only to a certain extent since the shear-thinning behavior of Xanthan gum solutions is sensitive to salts (e.g., sodium iodide, sodium chloride) [85].  To assess the hemolysis in blood-contacting devices, it is common practice to use an-imal blood models [86]. However, animal species show differences in the mechanical fra-gility of erythrocytes [87], resulting in deviations of the normalized indices of hemolysis between species. In a comparative study, bovine and porcine blood exhibited comparable hemolytic characteristics to human blood, while ovine blood showed increased sensitivity towards mechanical stress [88].  In general, hemorheological parameters differ between species. The most substantial deviations of whole blood viscosity of man and animal species can be recorded at low shear rates (0.7 1/s). At high shear rates (94 1/s), differences in whole blood viscosity decrease. A proper fit for the shear-thinning behavior of human blood can be recorded for porcine and equine blood [89]. In [Journal Publication VII], viscosity models were de-rived, considering the animal-specific dependency of the whole blood viscosity on shear rate, hematocrit, and temperature. These mathematical models will, in the future, provide an essential basis for the selection of the correct animal model for in vitro or in vivo tests. 
1.3.2.3 CO2 Transport Models for Blood4 In order to increase efficiency and reduce the cost of in vitro tests to determine the CO2 removal rate of a prototype oxygenator, reliable and easily accessible CO2 transport models are required. Consequently, water as a CO2 transport model for blood was pro-posed early and can be traced back to research published in the 1970s [90]. Today in vitro water tests are still common practice in various studies due to the substantially reduced experimental effort compared to in vitro blood tests [Journal Publication VIII].  Hout et al. [91] conducted in vitro water tests with two different oxygenator models to examine the dependency of the CO2 removal rate on the sweep flow rate. In order to                                                         4 This section is based on the review of Publication VIII. 
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guarantee the comparability of the data obtained for the two oxygenator designs, the CO2 removal rate was normalized by the maximum CO2 removal rate. To a linear approxima-tion, this makes the CO2 removal rate independent from the specific mass transfer char-acteristics of an oxygenator [92] and, consequently, the test fluid (blood/water) used. Hattler et al. [58] determined the CO2 and O2 transfer rates of a respiratory catheter in vitro with water and in vivo using calves as large animal models. The suitability for water as a blood model in gas exchange experiments is only discussed for O2 to a limited extent. Furthermore, comparability of in vitro and in vivo data is not guaranteed. The cath-eter positioned in the vena cava close to the right atrium was exposed to different hydro-dynamic conditions than the catheter in the in vitro test loop. Consequently, an in-depth investigation on the suitability of water as a blood model to determine the CO2 removal rate of oxygenators cannot be conducted. However, Mihelc et al. [57] and Jeffries et al. [21] reported that the CO2 removal rate of a respiratory catheter measured in vivo with calves and in vitro with water correlates within a 10 % deviation. The good agreement is at-tributed to opposing effects of viscosity and CO2 solubility of blood and water on the CO2 removal rate.  Svitek et al. [93] assume similarity between the CO2 mass transfer mechanisms of wa-ter and blood in the context of a dimensionless analysis, i.e., water and blood follow the same Sherwood correlation when their material parameters (e.g., density, viscosity, CO2 diffusion rate, and solubility) are considered accordingly. That allows a Sherwood corre-lation for predicting CO2 removal with blood to be established based on in vitro tests with water. Svitek et al. show that the water data-based Sherwood model reasonably predicts the CO2 removal rates of in vitro bovine blood tests for the applied range of blood flow rates. However, the Sherwood correlations of the two fluids are not compared directly, failing to prove the initial assumption of similarity in mass transfer characteristics. Wickramasinghe et al. [94] compared the CO2 mass transfer characteristics of New-tonian and Non-Newtonian blood models. As Newtonian models, water and water-glyc-erol mixtures with various glycerol fractions were investigated. As Non-Newtonian mod-els, water-glycerol-Xanthan mixtures with various glycerol and Santhan content were in-vestigated. Wickramasinghe et al. could show that for CO2 mass transfer, Newtonian and Non-Newtonian blood models follow a comparable Sherwood correlation if the Non-New-tonian behavior is considered accordingly in the Reynolds and Schmidt number.  Tabesh et al. [95] determined the CO2 removal rate of a prototype oxygenator in vitro with porcine blood and water. The CO2 removal for blood and water was calculated based on BGA and pH sensor data, respectively. Blood was saturated with O2 and CO2 to match normed venous conditions. Water was set to varying CO2 partial pressure levels by expos-ing it to saturation gas streams with different CO2/N2 ratios. The difference in CO2 removal rates was then studied in dependency of the CO2 partial pressure of water. Based on the acquired data, a correlation was developed, which allows minimizing the difference be-tween the CO2 removal rate of blood and water by adjusting the CO2 partial pressure of water. The correlation calculates the CO2 partial pressure based on the mean retention time and effective membrane surface. It was checked for two commercial oxygenators with comparable packaging design to the prototype oxygenator. The adjustment of the CO2 partial pressure of water to a level given by the correlation allowed to reduce the maximum deviation between CO2 removal rates of blood and water to 5 %. However, the authors acknowledge that this correlation could depend on the investigated membrane 
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packing design and flow setup. Furthermore, by adjusting the CO2 partial pressures in the water, this method distorts the driving force for transmembrane CO2 transport. A com-parison of the CO2 removal rate of blood and water at the same inlet CO2 partial pressures is not given.  In [Journal Publication VI], the CO2 removal rate determined with blood and water was systematically compared to provide a future reference for replacing avoidable in vivo experiments with in vitro water tests. The deviation at nine measurement points – three pathological elevated CO2 partial pressures (50, 70, 100 mmHg) and three blood flow rates (1000, 1300, 1600 mL/min) – amounted on average to 10 %. Follow-up CFD studies allowed us to attribute the low deviation in CO2 removal rate to the opposing influences of the material properties of the two liquids. Compared to water, the higher CO2 solubility of blood and the accompanied increased CO2 removal rate (+ 125 %) is in most parts com-pensated by the lower CO2 diffusion rate of blood (- 53 %), followed by the lower CO2 per-meance available with blood (- 18 %), and the higher viscosity of blood (- 10 %). How-ever, dimensionless analysis of the CO2 mass transport characteristics of blood and water strongly indicates that, in the two liquids, the built-up of CO2 concentration polarization differs significantly. Consequently, water as a blood model should be limited to the mac-roscopic determination of the CO2 removal rate and not be used in studies of the boundary layer.  
1.3.3 State of the Art Numerical Investigations5 Numerical investigation methods are used for a wide range of applications in the de-velopment of oxygenator-based CO2 removal, from initial evaluations of design strategies to detailed analyses and process parameter studies. They are either faster and cheaper than experimental methods or allow an extension of the experimentally obtained data.  
1.3.3.1 Dimensionless Sherwood Correlations The simplest numerical method for the prediction of the CO2 removal performance of oxygenators are dimensionless Sherwood correlations. Sherwood correlations for hollow fiber membrane oxygenators are commonly based on heat exchange analogies of pipe bundle heat exchangers [96]. The Sherwood number (Sh) is calculated via the Reynolds (Re) and Schmidt (Sc) number using a correlation of the form Sh = a·Reb·Sc0.33. The mass transfer coefficient k can then be calculated using Sh. If we assume a negligible mass trans-fer resistance in the membrane, average transmembrane flux can be calculated by the product of k and the partial pressure difference between blood and sweep bulk flow [93]. Material properties of the mass transfer system are considered via the material parame-ters in the Sherwood, Schmidt, and Reynolds number, i.e., density, viscosity, and diffusion rate. With the characteristic velocity u, Re allows considering different blood flow rates. However, the basic flow guidance and the geometry of the hollow fiber bundle must be considered over the empirical fitting parameters a and b [97]. Consequently, design adap-tions cannot be evaluated based on Sherwood correlations since they would require a modification of the empirical parameters to a value apriorily not known. 

                                                        5 This section is based on the review of Publication I and Publication II. 
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1.3.3.2 Computational Fluid Dynamic Methods Computational fluid dynamics (CFD) models are highly complex but provide a flexible platform for investigating membrane separation processes [98]. Here, the membrane module geometry is discretized into a computational grid consisting of finite volume cells. The relevant transport equations (Section 2.2.1) are then solved for each cell of this grid. Consequently, CFD directly considers the flow guidance and geometry in its computations. Therefore, information on process parameters can be provided in the spatial resolution of the computational grid. However, phenomena scaling below this resolution cannot be computed directly but must be modeled [99]. In order to resolve the narrow distances between the individual fibers of a membrane packing, a high number of relatively small computational cells and thus a high computa-tional effort is necessary. Consequently, CFD simulations of oxygenators can be divided into homogenous models – CFD models that do not resolve the packing and heterogenous models – CFD models that resolve the membrane packing [100]. In homogenous models, the membrane packing is considered a homogenous porous medium. Darcy’s law is applied to model the flow resistance of the packing via a source term in the momentum equation. This inexpensive computational method can study the flow distribution in the complete geometry of an oxygenator [101]–[103]. Furthermore, it was proposed to estimate the gas exchange performance within the packing based on Sherwood correlations [104], [105]. However, these correlations must be determined ex-perimentally for different packing densities and flow arrangements [97]. In heterogeneous models, the membrane packing is resolved by the computational grid. While commonly computer models of ideal fiber packings are investigated, D’Onofrio et al. [106] proposed a method to acquire a realistic three-dimensional model of a blood oxygenator by reconstructing micro-CT scans. While heterogeneous models are less de-pendent on empirical models, they are computational more expensive. In addition to the fine geometric features of membrane packings, high Schmidt numbers are present in mass transfer problems. These result in steep concentration gradients of the permeating spe-cies in the laminar boundary layer [107]. For an adequate resolution of this diffusive transport resistance, an additional cell refinement of the computational grid perpendicu-lar to the membrane surface is required [108]. This additional mesh refinement for mass transfer simulations is accompanied by a significant increase in computational effort [Journal Publication II]. Consequently, het-erogeneous flow simulations are feasible on macroscopic scales – e.g., membrane modules [109], representative parts of fiber packings [100] – while heterogenous mass transport simulations are limited to microscopic scales – e.g., single fibers, periodic fiber arrange-ments [97] or smaller parts of packings [110].  In order to overcome this gap in geometrical size scale, an upscaling method was pro-posed [Journal Publication II]. It allows using CFD mass transport simulations of smaller packings to predict the total CO2 removal performance of oxygenators. The latter is achieved by deducing inlet velocity boundary conditions of the mass transport simula-tions from macroscopic CFD flow simulations. While blood is considered a single phase in most heterogenous CFD models, Kaesler et al. [111] used an Eulerian-Eulerian approach to describe two phases, red blood cells 
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and blood plasma. This allowed considering the influence of the heterogeneous distribu-tion of red blood cells and consequently hemoglobin on the O2 transfer of a prototype oxygenator. Commonly, heterogenous CFD models only include the blood side in the simulation domain, as the concentration polarization layer in the blood is the main transport re-sistance [3]. Therefore, CO2 and O2 partial pressure at the membrane surface is set to a uniform constant value [112], [Journal Publication V]. However, in studies of the oxygen transport in a prototype oxygenator, Taskin et al. [113] additionally resolved the mem-brane wall and showed that neglection of the membrane resistance leads to an overpre-diction of O2 transfer. This approach was extended in [Journal Publication I], and the hollow fiber lumen was included. While this is numerically complex due to the required multi-region solver, the approach allows considering the gas side decrease in driving force over the length of the fibers. 

 Figure 1.4. Overview of CFD models used for the development of oxygenators. 
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2 Methods6 In this work, existing experimental and numerical (CFD) methods for investigating the CO2 removal performance of oxygenators were utilized, evaluated, and further devel-oped. In this section, the used methods are described. The descriptions are intended to provide the basis for understanding the research presented in Chapter 3 (Publication Summary) and Chapter 4 (Summary and Discussion) 
2.1 Experimental Methods The CO2 removal performance of a prototype oxygenator was determined experimen-tally in vitro with water and bovine blood and in vivo with porcine blood. The prototype oxygenator was developed at the Technical University of Vienna for the application as a membrane module in an intravascular CO2-separation catheter. Elaborate tests of the pro-totype oxygenator were conducted at the Center for Biomedical Research of the Medical University of Vienna. Due to the extensive development effort for an intravascular gas ex-change catheter, only basic performance tests of the complete catheter system (mem-brane module + drive unit – Section 2.1.8) were conducted. All tests were approved by the institutional ethics and animal welfare committee and the national authority (ZI. 153/115-97/98). The prototype oxygenator is presented in Figure 2.1a. The blood flows into the coaxial cylindrical cavity within the hollow fiber membrane packing. Through a deflector in the center of the cavity (baffle), blood is guided radially through the shell side of the packing into the hollow cylindrical space between packing and module wall. From there, it flows back radially through the shell side of the packing to the centrally located outlet. The cross-flow created by the double deflection is intended to reduce the build-up of concen-tration polarization as much as possible. The spiral arrangement of the fibers, which is defined by the winding of a fiber mat around the inlet and outlet pipe, can be seen in Fig-ure 2.1b. It shows the cross-section of the epoxy fiber potting, which separates the blood on the shell side and the sweep gas on the lumen side of the fibers.  

 
 
 
 

(a) 
 

(b) Figure 2.1. Prototype oxygenator: (a) Principle flow guidance; (b) slice of fiber potting to illustrate fiber arrangement. By Lukitsch et al. [Journal Publication II] (CC BY 4.0).   
                                                        6 The method section is based on the method sections of the publications included in this cumulative dissertation. 
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As sweep gas, O2 was used. The sweep gas flows axially through the fiber lumen of the hollow fiber membranes. The respiration gases O2 and CO2 are then exchanged over the membrane (fiber wall) following the partial pressure gradient. Consequently, CO2 is re-moved from the blood and transported from the oxygenator via the sweep gas exhaust. O2 diffuses through the membrane into the blood, generating a higher O2 saturation. The hollow fiber membranes used are commercially available but were only ap-proved for research purposes. The integrity of the hollow fibers cannot be guaranteed entirely for the construction of the prototype oxygenators.  
2.1.1 Gas Permeation Test In order to guarantee the functionality of the built prototype oxygenators, pure gas permeation tests were performed (Figure 2.2).  

 Figure 2.2. Scheme of pure gas permeation measurement. Adapted from Lukitsch et al. [Journal Publica-
tion VI] (CC BY 4.0). Pure O2, CO2, or N2 was applied at the shell side of the hollow fiber membranes in a dead-end configuration (stage cut of 1). The pressure difference across the membrane Δp [Pa] and permeate flow V̇ [mL/STP/min] was measured. With an estimation of the mem-brane area A [m2] based on fiber and module dimensions, the pure gas permeance Pi [mL STP/min/m2/Pa] of species i can be determined. 

௜ܲ = ௏̇୼௣∙஺  2.12.1.1 The used Polymethylpentene (PMP) hollow fiber membranes (Membrana Oxyplus® 90/200 PMP, 3M) are selective to CO2. This allows to detect leakage through the potting or the membrane since the latter would result in a reduced ideal selectivity (Si,j [-], e.g., of CO2 and N2).  ܵ௜,௝ = ௉೔୔ౠ ݅ ℎݐ݅ݓ         ≠ ݆        ݁. ݃.: ܵ஼ைଶ,ேଶ = ௉಴ೀమ୔ొమ     2.12.1.2 Pure gas permeation of modules was assessed after in vitro or in vivo tests. A decrease in gas permeation performance (permeance) indicates water-filled pores in the mem-brane wall or blood residues on the membrane surface. Both would undercut the long-term durability and performance of a prototype oxygenator.   
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2.1.2 In Vitro Water Tests Figure 2.3 shows the experimental setup of the in vitro water tests to determine the CO2 removal rate of the prototype oxygenator [Journal Publication VI]. Deionized water was pumped in a loop using a centrifugal blood pump (BPX- 80, Medtronic). The water flow rate was measured using an ultrasound flow probe (SONOFLOW CO.55/080). A com-mercial extracorporeal oxygenator (ECMO Adult, Eurosets) was used to saturate the wa-ter with CO2. To control the CO2 level in the water, two mass flow controllers (MFC - GF40, Brooks) were used to sweep the ECMO with a defined mixture of CO2 and N2. While the water loop was connected to the fiber shell side of the prototype oxygenator, the sweep fluid (pure O2) was applied to the lumen side. Sweep flow was controlled by a third MFC (GF40, Brooks). Exhaust gas flow rates of the ECMO and the prototype oxygenator were measured via piston stroke measurement devices (Defender 510, Bios DryCal). Addition-ally, the CO2 concentration in the prototype oxygenator exhaust gas was measured via NDIR (BINOS 100 M, Emerson) to assess the CO2 removal rate. Before and after the pro-totype oxygenator, two sample ports (BG, Figure 2.3) were installed for offline blood gas analysis (BGA - ABL825 FLEX, Radiometer Medical A/S). The pressure was measured (PR, Figure 2.3) before and after both membrane modules (ECMO and prototype oxygenator) on the gas and waterside, using pressure transmitters (AMS 4711, Analog Microelectron-ics). The CO2 removal rate was measured at three partial pressure levels (50, 70, 100 mmHg) at three blood flows each (1000, 1300, 1600 mL/min). These nine measurement points correspond to elevated pathological CO2 partial pressure values and the intended blood flow rates of the oxygenator prototype. 

 Figure 2.3. Scheme of in vitro water tests.  Adapted from Lukitsch et al. [Journal Publication VI] (CC BY 4.0). 
2.1.3 In Vitro Bovine Blood Tests Figure 2.4 shows the experimental setup of the in vitro bovine blood tests to deter-mine the CO2 removal rate of the prototype oxygenator [Journal Publication I]. Bovine blood was provided by the Teaching and Research Farm of the University of Veterinary Medicine Vienna. The blood was pumped in a loop using a centrifugal blood pump (BPX- 80, Medtronic). The blood flow rate was measured using an ultrasound flow probe (SON-OFLOW CO.55/080).  
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A commercial extracorporeal oxygenator (ECMO Adult, Eurosets) was used to set pathological relevant venous CO2 and O2 levels in the blood. To control the CO2 and O2 level, three mass flow controllers (MFC - GF40, Brooks) were used to sweep the ECMO with a defined mixture of O2, CO2, and N2.  The fiber shell side of the prototype oxygenator was connected to the blood loop. The sweep fluid (pure O2) was applied to the lumen side. Sweep flow was controlled by a fourth MFC (GF40, Brooks). Exhaust gas flow rates of the ECMO and the prototype oxy-genator were measured via piston stroke measurement devices (Defender 510, Bios DryCal). Additionally, the CO2 concentration in the prototype oxygenator exhaust gas was measured via NDIR (BINOS 100 M, Emerson) to assess the CO2 removal rate (sweep flow-based CO2 removal rate – Journal Publication VI).  Before and after the prototype oxygenator, two sample ports (BG, Figure 2.4) for of-fline blood gas analysis (BGA - ABL825 FLEX, Radiometer Medical A/S) were installed. The BGA data (e.g., CO2 partial pressure) combined with a CO2 solubility model and the blood flow rate enables a second method to determine the CO2 removal rate (blood-based CO2 removal rate – Journal Publication VI). Comparing the sweep flow-based CO2 re-moval rate and blood-based CO2 removal rate allows us to assess the accuracy of different CO2 solubility models [Journal Publication VI].  The pressure was measured (PR, Figure 2.4) before and after both membrane mod-ules (ECMO and prototype oxygenator) on the gas and blood side, using pressure trans-mitters (AMS 4711, Analog Microelectronics). The CO2 removal rate was measured at three partial pressure levels (50, 70, 100 mmHg) at three blood flows each (1000, 1300, 1600 mL/min). These nine measurement points correspond to elevated pathological CO2 partial pressure values and the intended blood flow rates of the oxygenator prototype. 

 Figure 2.4. Scheme of in vitro bovine blood tests. Oxygenator. By Lukitsch et al. [Journal Publication VI] (CC BY 4.0). 
2.1.4 In Vivo Porcine Blood Tests Figure 2.5 shows the experimental setup of the in vivo porcine blood tests to deter-mine the CO2 removal rate of the prototype oxygenator [Journal Publication II]. Two pigs were provided by the teaching and research farm of the University of Veterinary Medicine Vienna.  
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The animals were sedated and mechanically ventilated via an endotracheal tube. Ox-ygen saturation and CO2 partial pressure were controlled via the ventilator (Servo 900C, Siemens). Ringer's solution was administered to maintain physiological blood pressure. Heparin was injected intravenously to prevent blood clotting. Blood pressure, cardiac out-put, body temperature (approx. 37°C), and heart rate were monitored (PiCCO plus, Pul-sion Medical System). Blood was pumped (BPX-80, Medtronic) from the pig to the prototype oxygenator via a cannula in the femoral vein. The oxygenated blood was then returned via a cannula in the jugular vein. The blood flow rate was measured using an ultrasound flow probe (SON-OFLOW CO.55/080).  While the blood circuit was connected to the shell side of the fibers of the prototype oxygenator, the sweep fluid (pure O2) was applied to the lumen side. Sweep flow was con-trolled by an MFC (GF40, Brooks). Exhaust gas flow rates of the ECMO and the prototype oxygenator were measured via piston stroke measurement devices (Defender 510, Bios DryCal). Additionally, the CO2 concentration of the prototype oxygenator exhaust gas was measured via NDIR (BINOS 100 M, Emerson) to assess the CO2 removal rate (sweep flow-based CO2 removal rate – Journal Publication VI).  Before and after the prototype oxygenator, two sample ports (BG, Figure 2.5) for of-fline blood gas analysis (BGA - ABL825 FLEX, Radiometer Medical A/S) were installed (blood-based CO2 removal rate – Journal Publication VI). Comparison of the sweep flow-based CO2 removal rate and blood-based CO2 removal rate allows assessing the accuracy of different CO2 solubility models [Journal Publication VI].  The pressure was measured (PR, Figure 2.5) before and after both membrane mod-ules (ECMO and prototype oxygenator) on the gas and blood side, using pressure trans-mitters (AMS 4711, Analog Microelectronics). The CO2 removal rate was measured at three partial pressure levels (50, 70, 100 mmHg) at three blood flows each (1000, 1300, 1600 mL/min). These nine measurement points correspond to elevated pathological CO2 partial pressure values and the intended blood flow rates of the oxygenator prototype. 

 Figure 2.5. Scheme of in vivo porcine blood tests. By Lukitsch et al. [Journal Publication II] (CC BY 4.0). 
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2.1.5 Viscosity Measurements In the course of this work, bovine blood and porcine blood viscosity were measured for two reasons:  i. To gain reliable data for the viscosity models needed in the CFD simulations (Sec-tion 2.2.7.1). ii. To provide training data for a blood viscosity estimator based on a Gaussian pro-cess regression model [Journal Publication IV]. Whole blood viscosity was measured with a Physica MCR301 rheometer (Anton Paar, Austria). The Rheometer was equipped with a Peltier controlled stainless steel double gap cylinder system (internal gap: 0.417mm; external gap: 0.462mm, cup length: 42mm). The whole blood viscosity was measured at logarithmically homogeneously distributed shear rates between 1 s-1 and 1000 s-1 at constant temperature (37°C) [Journal Publication VII].  
2.1.6 Assessment of the CO2 Solubility Models for Blood The CO2 removal rate was determined via two methods (Section 2.1.3 and 2.1.4). First, based on measurements in the sweep gas – sweep gas-based CO2 removal rate (Q̇CO2,sweep [mL STP/min]). Second, based on measurements in the blood (resp. water) – blood-based CO2 removal rate (Q̇CO2,blood [mL STP/min]). In both methods the CO2 removal rate is cal-culated as the product between flow rate through the prototype oxygenator and the CO2 concentration difference across the prototype oxygenator. Consequently, Q̇CO2,sweep is cal-culated via the sweep flow rate Q̇sweep [mL STP/min] and the CO2 concentration difference in the sweep flow ΔcCO2,sweep [-]. Analogously, Q̇CO2,blood is calculated using the blood flow rate Q̇blood [mL/min] and the CO2 concentration difference in blood flow ΔcCO2,blood [-]. In contrast to blood. The CO2 inlet concentration of the sweep fluid can be assumed zero since medical O2 was applied. ܳ̇஼ைଶ,௦௪௘௘௣ = หܳ̇௦௪௘௘௣ ∙ Δܿ஼ைଶ,௦௪௘௘௣ห = หܳ̇௕௟௢௢ௗ ∙ Δܿ஼ைଶ,௕௟௢௢ௗห = ܳ̇஼ைଶ,௕௟௢௢ௗ  2.12.1.3 While the CO2 concentration in the sweep gas can be measured directly using NDIR, blood side measurement is limited to determining standard blood parameters such as CO2 partial pressure, pH, bicarbonate concentration, hematocrit (volume fraction of red blood cells in the blood), and oxygen saturation. Using these parameters, the CO2 concentration can be calculated via a CO2 solubility model. Consequently, only the blood-based CO2 re-moval rate is dependent on the accuracy of the CO2 solubility model. This allows the as-sessment of the CO2 solubility model error by calculating the relative deviation of the blood-based CO2 removal rate from the sweep flow-based CO2 removal rate (prediction error – ε [%]). ߝ = ฬொ̇಴ೀమ,್೗೚೚೏ିொ̇಴ೀమ,ೞೢ೐೐೛ொ̇಴ೀమ,ೞೢ೐೐೛ ฬ ∙ 100  2.12.1.4  However, the prediction error is only a measure for the CO2 solubility model error. It includes measurement errors on the sweep side, measurement errors on the blood side, and propagation and amplification of BGA measurement errors via the CO2 solubility model (propagation of uncertainty).  
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Nevertheless, it could be shown that measurement errors of the sweep flow-based CO2 removal rate are satisfactory (3 % of reading), and measurement errors of the blood-based CO2 removal rate (approx. 16 % of reading) are relatively small compared to the determined prediction errors (ε of up to 125 %). We could demonstrate that a similar propagation of uncertainty is to be expected for other standard BGA devices. Conse-quently, ε gives a generic evaluation of the investigated blood CO2 solubility models [Jour-
nal Publication VI]. 
2.1.7 Statistical Testing The following statistical tests were performed to compare the performance of the in-dividual CO2 solubility models: i. Levene’s test [114] was applied to test for the homogeneity of variances between two groups (e.g., in vitro and in vivo data). ii. Welch’s t-test was [115] utilized to test for significance between two groups with unequal sample size and variances. iii. Games-Howell posthoc test was used [116] to test for significance between more than two groups. For all statistical tests, values of p < 0.05 were considered statistically significant [Journal Publication VI]. 
2.1.8 Gas Exchange Catheter Tests – Minimal Invasive Liquid Lung (MILL) In this work, basic performance tests of an intravascular CO2 removal catheter the minimal invasive liquid lung (MILL) were conducted. The MILL catheter consists of two main components, the membrane module for respiration gas exchange and a drive unit (miniature blood pump driven by an electric motor). The catheter shall be operated within the body's largest blood vessel, the inferior vena cava. Consequently, the pump must compensate for the blood flow resistance in the blood vessel generated by the in-serted catheter. Furthermore, the blood pump is required to compensate for the pressure loss of the membrane packing in order to provide sufficient blood flow (approx. 1 L/min) for the targeted CO2 exchange (40 mL STP CO2/min – 20 % of metabolic CO2 production [3]). Both the miniature blood pump and the membrane module were designed and as-sembled at the Technical University of Vienna. CO2 removal performance tests of the membrane module, in this work generally referred to as prototype oxygenator, are de-scribed in Section 2.1.2, 2.1.3, and 2.1.4. The MILL catheter can be seen in Figure 2.6. 

 Figure 2.6. Prototype of the minimal invasive liquid lung (MILL) intravascular CO2 removal catheter [Re-
viewed Conference Publication I]. 
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2.1.8.1 Flow Distribution Tests In vitro tests were conducted to investigate the interaction between membrane mod-ule and catheter pump (Figure 2.7). A water-glycerol mixture (60 vol.% water and 40 vol.% glycerol) was used as a rheologic blood model. The catheter prototype was in-serted into a silicone model of the inferior vena cava to produce flow conditions similar to the intended application. The pressure head of the catheter pump and pressure loss over the membrane were measured (AMS 4711, Analog Microelectronics). Flow rate (measured with an ultrasound flow probe - SONOFLOW CO.55/080) through the vena cava was set to physiological levels using a commercial centrifugal blood pump (BPX-80, Medtronic).[Reviewed Conference Publication I]  

 Figure 2.7. Flow distribution test setup [Reviewed Conference Publication I]. Based on the motor speed and pressure head of the catheter pump, the flow rate gen-erated by the catheter pump could be estimated via the pump characteristics determined in pretests.  
2.1.8.2 Viscosity Estimation Tests Viscosity estimation tests were conducted to provide training data for a Gaussian re-gression model. It allows for the estimation of blood viscosity, pressure loss over the membrane packing, and blood flow rate based on motor speed and motor current. The test setup (Figure 2.8) comprises the catheter pump, a reservoir, and a throttle.  

 Figure 2.8. Scheme of the viscosity estimation tests. 
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The throttle was used to set different flow resistances in the circuit. The catheter pump was driven by an ECX-8 motor (Maxon Group). Before and after the catheter pump the pressure was measured (PR - AMS 4711, Analog Microelectronics). The flow rate was measured via an ultrasound flow probe (FR - SONOFLOW CO.55/080).  The tests were conducted with water-glycerol mixtures and bovine blood provided by the Teaching and Research Farm of the University of Veterinary Medicine Vienna. The viscosity was variated either by adapting the glycerol content (water-glycerol mixture) or blood plasma content (adaption of bovine blood hematocrit) [Journal Publication III, 
Journal Publication IV]. 
2.2 Computational Fluid Dynamic Methods The main focus of this work was the development of a Computational Fluid Dynamics (CFD) model to determine the CO2 removal rate of a prototype oxygenator. In contrast to experiments, the CFD model allows a high temporal and spatial resolution of the flow in-side the oxygenator. Therefore, through CFD, it is possible to resolve the main CO2 transport resistance in oxygenators – the concentration polarization in the blood-side boundary layer. This allows a detailed evaluation of measures to reduce this resistance. In the following section, the main elements of the CFD model are described. All CFD simulations were conducted using OpenFOAM® 4.1 (ESI Group). 
2.2.1 Governing Transport Equations In CFD, the governing transport equations of a flow, namely, mass (Eq. 2.2.1), momen-tum (Eq. 2.2.2), and energy balance (Eq. 2.2.3), are solved [117].  
డఘడ௧ + ∇ ∙ (࢛ߩ) = 0  2.2.1 డఘ࢛డ௧ + ∇ ∙ ࢛࢛ߩ = ݌∇− + ∇ ∙ ࢛∇)ߤ + ∇்࢛)  2.2.2 డఘ௖೛்డ௧ + ∇ ∙ ௣࢛ܶܿߩ = ∇ ∙ ݇(∇ܶ)  2.2.3 

Here ρ [kg/m3] denotes the density, p [Pa] pressure, μ [Pa s] dynamic viscosity, 
u [m/s] fluid velocity, T [K] temperature, k [W/(m K)] thermal conductivity, and cp [J/(kg K)] the specific heat capacity. In order to numerically predict the CO2 separation rate of oxygenators, the partial mass balances (specie balances) are required [97], [110] 
డఘ௒೔డ௧ + ∇ ∙ ߩ ௜ܻ࢛ = ∇ ∙ ∇)௜ܦ ௜ܻ)   2.2.4 with Yi [kg/kg] the mass fraction of species i and Di [m2/s] the corresponding diffusion coefficient. The moderate velocities (approx. 0.1 m/s) within the packing, the small spacing be-tween fibers (approx. 200 µm) [Journal Publication II], and the whole blood viscosity of approx. 2.3 10-6 m2/s [89] produce Re numbers of approx. 10. Hence, additional transport equations for turbulence modeling are mainly not required. The governing transport equations are formulated via the conservative finite volume method. Hence the differential equations are integrated over the control volume. 
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2.2.2 Implementation of Transmembrane Transport The transmembrane transport was implemented as a volumetric source term added to the governing transport equations (Eq. 2.2.1- 2.2.4).  
డఘడ௧ + ∇ ∙ (࢛ߩ) = ܵ௠ =  ∑ ܵ௠,௜  2.2.5 డఘ࢛డ௧ + ∇ ∙ ࢛࢛ߩ = ݌∇− + ∇ ∙ ࢛∇)ߤ + ∇்࢛) + ܵ௠࢛  2.2.6 డఘ௖೛்డ௧ + ∇ ∙ ௣࢛ܶܿߩ = ∇ ∙ ݇(∇ܶ) + ∑ ܵ௠,௜ ܿ௣,௜ܶ + ∑ ܵ௠,௜ Δℎ௖௢௡ௗ,௜ = ∇ ∙ ݇(∇ܶ)  2.2.7 డఘ௒೔డ௧ + ∇ ∙ ߩ ௜ܻ࢛ = ∇ ∙ ∇)௜ܦ ௜ܻ) + ܵ௠,௜  2.2.8 

With Sm [kg/(m3 s)] the sum of all transmembrane species fluxes Sm,i [kg/(m3 s)], cp,i [J/(kg K)] the specific heat capacity and Δhcond,i [J/(kg)] the specific condensation en-thalpy of species i.  Transmembrane specie flux Sm,i is calculated for every computational cell adjacent to the membrane based on specie permeance Pi [kg/(m2 s Pa)] and partial pressure differ-ence Δpi [Pa] between the one cell (e.g., in the blood region) and the neighboring cell on the other side of the membrane (e.g., in the sweep flow region). ܵ௠,௜ = ௜ܲ  A Δ݌௜ ܸ⁄   2.2 2.2.9 With A [m2], the membrane surface shared by the cells of the two different regions, and V [m3], the cell volume of the cell to which the source term is applied.  
2.2.3 Discretization Schemes Since in technically relevant problems, the finite volume formulation of the governing transport equations cannot be solved analytically, they are discretized spatially and tem-porally and are then numerically solved. Hence, discretization of the transport equations requires various discretization schemes for the spatial and temporal derivatives. Only sta-tionary flow problems were investigated in this work, omitting the necessity for highly accurate time discretization schemes. For spatial discretization, the second-order un-bound Van Leer scheme was applied to increase the accuracy of the solution [118]. 
2.2.4 Computational Mesh 

2.2.4.1 Computational Mesh of the Prototype Oxygenator The spatial discretization of the geometry has to be provided as a computational mesh. Mesh resolution must be fine enough to resolve the physical processes of interest but low enough to limit computational costs to an acceptable amount [119].  Figure 2.9 shows the geometry and computational mesh of the prototype oxygenator investigated. Due to the complexity of the geometry, the effort to produce a computational mesh is extensive. 
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 (a) 

     (b) Figure 2.9. The geometry of the prototype oxygenator investigated: (a) Cross-section in side view; (b) Cross-section of the fiber packing with close up on the boundary layer mesh of the fibers. Adapted from Lukitsch et al. [Journal Publication VIII] (CC BY 4.0) A relatively fine mesh is needed to resolve the narrow spacings in the fiber packing (approx. 200 µm, Figure 2.9b center). Consequently, cell size in the radial and tangential direction (Figure 2.9b left) variated from 87 µm (cells in the packing) to 175 µm (cells outside the packing, Figure 2.9b left). The resolution must be further increased to resolve the steep CO2 concentration gradients towards the membrane wall. Therefore, ten cell layers were applied (Figure 2.9b right). The cell layer thickness decreases successively towards the membrane wall. The ratio of the most outer layer thickness to the most inner layer thickness equals 1:5. The thickness of the most inner layer measured 1.4 µm. In the longitudinal direction, this high resolution is not needed due to the parallel ar-rangement of the fibers. However, to limit the numerically relevant aspect ratio of the computational cells [120], a longitudinal cell length of 350 µm was chosen. Due to the fiber length of 100 mm (Figure 2.9a) the total cell number amounts to 32 Mio. cells, inducing significant computational effort to the CFD computations. In order to guarantee a high mesh quality of the computational grid, the commercial meshing software Gambit 2.4.6 (ANSYS) was utilized [Journal Publication I]. While Gam-bit comes with significantly higher manual effort than other automatic meshing algo-rithms, it provides a high level of cell refinement and cell size control. Furthermore, the automatic algorithms tested (SnappyHexMesh – OpenFOAM® 4.1, ESI Group; cfMesh 1.1, Creative Fields Holding LTD) could not generate the required cell layers at the membrane. Gambit allowed to discretize the geometry using only hexahedron cells. Hence, the com-plex geometry could be discretized as a mesh showing only low un-orthogonality. Since Gambit could not handle the complete cell number, the mesh produced by Gambit was later longitudinally refined in axial direction using OpenFOAM®. 
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2.2.4.2 Computational Mesh of the Membrane Packing Due to the high number of cells necessary to adequately resolve the geometry of the prototype oxygenator, CFD CO2 transport simulations were conducted on a packing seg-ment. The smaller mesh size allowed to reduce the computational effort and could be used for: i. Mesh independency studies for the cell boundary layer at the membrane. ii. Plausibility studies to test the chosen material models for blood and sweep fluid. iii. Testing of the numerical setup in regards to stability and convergence. A fully parameterized computational grid for a single fiber was developed for the mesh dependency study based on the OpenFOAM® utility BlockMesh [Journal Publica-
tion I]. This allows an exact definition of the grid resolution at precisely defined areas and generation of meshes consisting only of hexahedron cells. Figure 2.10 shows three grids generated for the mesh dependency study with different resolutions (coarse, medium, fine). In addition, the calculated Grid Convergence Index (GCI) is shown. It estimates the error of the numerical solution due to the chosen mesh [121]. Based on the GCI, it can be deduced that a suitable computational grid should have at least the medium resolution in the boundary layer area. 

 Figure 2.10. Coarse, medium, and fine computational mesh of a single hollow fiber membrane including shell side (red), membrane wall (grey), and lumen (green). A python script was written for the meshing of a membrane packing [Journal Publi-
cation I]. The script takes the mesh of a single fiber and uses it to assemble the mesh of a packing. The fiber length, -diameter, -wall thickness, and spacing can be varied and the number of fibers and their arrangement (staggered, non-staggered) can be defined. This allowed producing high-quality grids (Figure 2.11). They were utilized to validate the flow fields determined with CFD simulations via µPIV measurements [Journal Publication V]. 

 Figure 2.11. Mesh for validation of the flow field via µPIV-Measurement data. The packing segment was assembled from computational grids of a single fiber (Figure 2.10). 

GCI = 14.7 % GCI = 2.8 % GCI = 0.6 % 
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2.2.5 Solver In order to consider the transmembrane transport, an in-house developed multi-re-gion solver (membraneFOAM) was utilized and adapted to the separation problem inves-tigated in this work. The solver solves the transport equations of the single regions, which are divided by the membrane independently. However, the different regions are coupled by transmembrane transport. The latter is implemented as a volumetric source term in the transport equations for all cells attached to the membrane surface (Section 2.2.2).  Transmembrane transport is calculated based on the driving force across the mem-brane. While the solver can handle different driving forces, the partial pressure difference between the computational cell and its neighbor cell on the other side of the membrane is utilized in this work. If there is no direct neighbor cell (non-conformal mesh between the regions), the partial pressure can be interpolated based on nearby values using vari-ous schemes. This is possible since the partial pressure boundary field is mapped to the neighbor region. In Figure 2.12 the basic structure of the solution algorithm is illustrated. 

 Figure 2.12. Workflow of the solving algorithm adapted from [98]. 
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At the beginning of the computation of each timestep, the transmembrane flux is cal-culated. Then for every region, the transmembrane flux is applied as a volumetric source term to the computed fields. Subsequently, velocity and pressure equations (deductions of the mass and momentum balances) are solved using the PISO algorithm to gain the velocity and pressure fields [122]. Afterward, the equations of the mass fractions and tem-perature are solved. Finally, the material properties are updated. After this is done for every region, the computation of the next time step starts. 
2.2.6 Upscaling Method Due to the complexity of the applied solver (membraneFoam) and the high number of computational cells necessary to adequately resolve the whole prototype oxygenator, an upscaling method was developed [Journal Publication II]. The upscaling method uses CFD flow simulations of a complete or representative part of a hollow fiber module (Figure 2.9a) and samples the velocities within this packing (Fig-ure 2.13a,b). Flow simulations are significantly less expensive than species transport sim-ulations due to three reasons. First, the required solvers are less complex and hence faster. Second, the concentration polarization towards the membrane must not be re-solved, reducing the cell count significantly. Third, mass transport in the membrane and sweep flow region can be neglected. The sampled velocities are then used to calculate an average velocity that can be used to calculate the inlet velocity boundary condition of the reduced geometry (Figure 2.13c). In this way, the method allows the flow conditions in the reduced geometry to represent the flow regime in the complete fiber packing. CO2 transport simulations of the reduced geometry can then provide an accurate prediction of the average transmembrane flux of the whole geometry. Figure 2.14 shows the workflow of this upscaling method.  

 (a) 

  

         (b)             (c) Figure 2.13. Packing geometry: (a) Scheme of the prototype oxygenator fiber arrangement including sam-pling line positions; (b) Longitudinal distribution of sample points; (c) Scheme of reduced geometry for CO2 transport simulations. Adapted from Lukitsch et al. [Journal Publication II] (CC BY 4.0)  



2.2 Computational Fluid Dynamic Methods  31 

  

 Figure 2.14. Workflow of the upscaling method. By Lukitsch et al. [Journal Publication II] (CC BY 4.0). The described upscaling method was validated for the CO2 removal performance of the prototype oxygenator for blood [Journal Publication II] and water [Journal Publi-
cation VIII]. 
2.2.7 Material Properties Blood Examining the transport equations (Section 2.2.2), the essential material properties can be identified. These are: i. The Viscosity, which influences the flow distribution significantly. ii. The CO2 solubility, which is needed to calculate the partial pressure (driving force for transmembrane flux) based on the mass fractions. iii. The CO2 diffusion coefficient, since it characterizes the main transport resistance, the CO2 concentration polarization located in the boundary layer. Thermal material properties play only a minor role due to the isothermal conditions ensured by the heat exchanger installed in the oxygenator. 
2.2.7.1 Viscosity Blood viscosity results from multiple characteristics like the viscosity of blood plasma, red blood cell (RBC) aggregation, RBC deformation, and the interaction between plasma and RBC. Due to these features, blood generally shows shear thinning properties [89]. The typical shear thinning behavior can be seen in Figure 2.15.  

 Figure 2.15. Shear rate dependency of the whole blood viscosity of porcine blood. By Lukitsch et al. [Jour-
nal Publication II] (CC BY 4.0). 
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Numerous models have been proposed for the whole blood viscosity of human blood [123]. However, to validate CFD models or to extend experimental data with CFD, blood viscosity models of animals are of interest since in vitro and in vivo tests are primarily conducted with animal blood. In the course of this research, data supplied by the Medical University of Vienna was used to derive mathematical models which describe the influ-ence of hematocrit, temperature, and shear rate on the whole blood viscosity of humans, pigs, sheep, and horses [Journal Publication VII].  Additionally, whole blood viscosity of the blood used in in vitro and in vivo tests was measured (Section 2.1.5) to minimize errors induced by the viscosity model during vali-dation of the CFD methods. For the CFD simulations, the following simple but accurate power-law model was applied. µ = max(µ௠௜௡, min(µ௠௔௫ , µ଴ ∙  .௡ିଵ))      2.2 2.2.10 Here µ is the dynamic whole blood viscosity [Pa s], µmin represents the Newtonian viscosity at high shear rates (Figure 2.15), µmax can be considered as a numerical limiter to improve stability at the initial phase of the computations, µ0 and n are empirical param-eters, and γ̇ is the shear rate [1/s]µmin (2.38 mPa), µ0 (8.81 mPa), and n (0.792) were de-termined via regression of the measurement data (Section 2.1.5)ߛ̇
2.2.7.2 CO2 Solubility The CO2 solubility model is used to calculate the blood side driving force for trans-membrane flux, the CO2 partial pressure. Hence, a suitable selection of the CO2 solubility model is crucial to predict the transmembrane flux via CFD accurately. In the course of this work, four CO2 solubility models commonly used for human blood were investigated regarding their suitability for bovine and porcine blood (Section 2.1.6 [Journal Publication VI]). This allowed to reduce errors induced by the CO2 solubility model during validation of the CFD methods. The data shows that the simplest model pro-posed by Loeppky [124] gives the most accurate results. ܿ஼ைଶ,௧௢௧௔௟ = ∙ ݍ ஼ைଶ௧݌      2.2.11 Here q (0.128 mL STP CO2/mL/mmHg0.369), t (0.369 [-]) are empirical parameters, pCO2 denotes the CO2 partial pressure [mmHg], and cCO2,total the total CO2 concentration [mL STP CO2/mL] which can be derived from CO2 mass fractions. An adaption of the em-pirical parameters to either porcine or bovine blood gives no significant reduction of the solubility model error. 
2.2.7.3 CO2 Diffusion Coefficient As the partial pressure was calculated based on the total CO2 concentration in blood (Section 2.2.7.3), the different CO2 species – physically dissolved CO2, bicarbonate, and carbaminohemoglobin – were not considered explicitly but summarized as one total CO2 species.   
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Hence the corresponding total CO2 diffusion coefficient has to consider the contribu-tion of physically dissolved CO2 and bicarbonate to the total diffusive CO2 transport. The diffusion of carbaminohemoglobin can be neglected since CO2 is bound to the relatively large hemoglobin molecule located in the RBC. Consequently, the total diffusive CO2 transport can be written as −ܦ஼ைଶ,௧௢௧௔௟∇ܿ஼ைଶ,௧௢௧௔௟ = ஼ைଶ∇ܿ஼ைଶܦ− − ு஼ைଷష∇ܿு஼ைଷషܦ      2.2.12 with DCO2,total the total CO2 diffusion coefficient of all CO2 species [m2/s], DCO2 the diffusion coefficient of physically dissolved CO2 [m2/s], DHCO3- the diffusion coefficient of bicar-bonate [m2/s], cCO2,total the total CO2 concentration [-], cCO2 the concentration of physical dissolved CO2 [-], and cHCO3- the concentration of bicarbonate [-]. The derivation of the total CO2 concentration by the partial pressure (λCO2 [1/mmHg]) can be approximated as constant at elevated, clinically relevant CO2 partial pressure lev-els. Hence, the following relationship can be derived [Journal Publication I] ܦ஼ைଶ,௧௢௧௔௟ = ு஼ைଷషܦ + ஼ைଶܦ) − ு஼ைଷష)   ఈ಴ೀమఒ಴ೀమܦ   2.2.13 when utilizing αCO2 the solubility of physically dissolved CO2 in blood plasma [1/mmHg]. The values for the different parameters can be taken from Table 2.1. Table 2.1. Summary of material parameters required for the total diffusion coefficient (DCO2,total). [93] 
Symbol Description Units Value αCO2 solubility of CO2 in blood mL CO2 STP/mL/mmHg 6.62 E-04 DCO2 diffusivity of CO2 in blood m2/s 4.62 E-10 DHCO3- diffusivity of HCO3- in blood m2/s 7.39 E-10 λCO2 slope of CO2 dissociation curve mL CO2 STP/mL/mmHg 4.25 E-03 

2.2.8 Material Properties Water Reliable data for the material properties of water can be found in the NIST webbook [125]. Consequently, the material properties of water were taken from literature without any additional experimental investigations. A summary of the required material parame-ters can be found in Table 2.2. Table 2.2. Summary of water material properties. [125] 
Symbol Description Units Value HCO2,w Henry´s law constant for CO2 in water mL CO2 /mL/mmHg 8.27 E-4 [126] DCO2,w diffusivity of CO2 in water m2/s 2.38 E-9 [127] ρw density of water kg/m3 993.33 [128] µw dynamic viscosity of water Pa s 6.91 E-04 [129] 

2.2.8.1 Viscosity Constant values for viscosity and density of water at 37 °C were taken from Wagner et al. [130] and Kestin et al. [131], respectively. 
2.2.8.2 CO2 Diffusion Coefficient The CO2 Diffusion coefficient was taken from Himmelblau [127]. 
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2.2.8.3 CO2 Solubility The driving force for transmembrane flux (partial pressure pi [mmHg]) was calcu-lated based on Henry’s law ܿ௜ = ௜ܪ ∙  .௜   2.2.14 with Hi the Henry coefficient (solubility) [mL STP/mL/mmHg] and ci the concentration of species i [mL STP/mL] [126]݌
2.2.9 Material Properties Sweep Gas Material Properties of the sweep gas underly fewer complex phenomena than blood. Therefore, minor variations in the material properties of the investigated gasses can be expected. Consequently, the material properties of the gases were taken from literature without any additional experimental investigations. Furthermore, the findings of Journal 
Publication I indicate, that the gas side CO2 transport resistance has limited influence on the overall transmembrane CO2 flux under the investigated conditions. Hence, the gas side was neglected in the subsequent studies to save computational costs, omitting gas mate-rial properties. 
2.2.9.1 Viscosity Dynamic viscosity for each species (µi [Pa s]) considered in the gas phase (CO2, O2, N2) was determined using Sutherland’s formula  µ௜ = ௦ܣ √்ଵା ೞ் ்⁄   2.2.15 with T the Temperature [K], and As (1.458 E-6 K-0.5), Ts (110.4 K) empirical parameters for air [132].  
2.2.9.2 CO2 Diffusion Coefficient The diffusion coefficient of CO2 in O2 (2.02 E-5 m2/s) was taken from literature by Marrero and Mason [133]. 
2.2.9.3 CO2 Solubility The driving force for transmembrane flux (partial pressure – pi [mmHg]) was calcu-lated based on the assumption of an ideal gas mixture ݌௜ = ݌ ∙ ௜ݔ   2.2.16 with p the total pressure [mmHg], and xi the mole fraction [-] of species i (Dalton’s law).   
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2.3 Alternative Modeling Approaches – Computation of Sherwood Number 

2.3.1 Sherwood Mass Transfer Correlation An alternative to complex and numerical expensive CFD species transport simula-tions are dimensionless Sherwood correlations. They allow to predict transmembrane flux based on the dimensionless Sherwood (Sh [-]), Reynold (Re [-]), and Schmidt (Sc) number. The mass transfer analogy for crossflow within a hollow fiber membrane packing then takes the form of  ܵℎ = ܽ ∙ ܴ݁௕ ∙ ܵܿ଴.ଷଷ  2.3.1 with the empirical parameters a and b [96]. In order to account for the diffusion of bicar-bonate and physically dissolved CO2 in the blood, [93] proposed the following definitions for Sh and Sc: ܵℎ = ௞಴ೀమ ∙ௗ೑೔್೐ೝఈ಴ೀమ ∙஽೑   2.3.2 ܵܿ = ఔ್೗೚೚೏஽೐೑೑   2.3.3 
With the CO2 mass transfer coefficient kCO2 [m/Pa/s], fiber diameter dfiber [m], CO2 solubility in blood αCO2 [1/Pa], facilitated diffusion Df of CO2 in blood [m2/s], Newtonian kinematic viscosity of blood νblood [m2/s], and effective diffusion Deff of CO2 in blood [m2/s]. Definitions of Df and Deff are non-trivial and ambiguous. A popular proposal for Df and Deff was given by [93]. Sh and Sc for water can be calculated analogously to the definitions above by substituting Df and Deff with the diffusivity of CO2 in water (Section 2.2.8).  Average transmembrane CO2 flux jCO2 [m/Pa/s] can then be calculated utilizing the mass transfer coefficient kCO2 and the CO2 partial pressure difference ΔpCO2 [Pa] between water/blood bulk flow and sweep gas. ݆஼ைమ = ݇஼ைమ ∙ Δ݌஼ைమ  2.3.4 The empirical parameters a and b are a priori not known since they are dependent on the mass transfer characteristics, the hollow fiber packing arrangement, and flow guid-ance [97]. Consequently, for an accurate prediction of transmembrane flux, a and b must be determined experimentally. This poses the most significant disadvantage compared to CFD simulations, which can deal with differing geometries and flow guidance. 

2.3.2 Simplified CFD Model Modeling the CO2 transport within the blood flow as a passive scalar allows omitting the empirical parameters a and b. Here, a transport equation of a passive scalar repre-senting the CO2 concentration (cCO2 [-]) is added to the mass, momentum, and energy bal-ance (Eq. 2.2.1-2.2.3). This requires a significantly less complex solver architecture com-pared to the solver described in Section 2.2.5.  
డ௖಴ೀమడ௧ + ∇൫࢛ܿ஼ைమ൯ = ∇ଶ൫ܦ஼ைమܿ஼ைమ൯  2.3.5 
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For reliable results, a suitable diffusion coefficient DCO2 [m2/s] must be chosen, which adequately models the diffusion rate of CO2 in blood [Journal Publication V]. The CO2 transfer coefficient kCO2 [m/s] can then be estimated, assuming a value of zero for cCO2 at the membrane wall. ݇஼ைమ = − ஽಴ೀమ஼಴ೀమ,್ డ௖಴ೀమడ௡   2.3.6 
Here cCO2,b [-] denotes the bulk flow value of cCO2 and n [m] the orthogonal vector com-ponent of the membrane wall. The CO2 transfer coefficient allows the calculation of a local Sherwood number Sh [-] using a characteristic length d [m]. ܵℎ = ௞಴ೀమௗ஽಴ೀమ   2.3.7 While this model has advantages due to the lower complexity compared to the pro-posed CFD model (Section 2.2.5) and the independence of empirical parameters required by the Sherwood correlation, it only allows for a qualitative assessment of transmem-brane flux since the membrane resistance is neglected and a total CO2 removal is assumed at the membrane wall (cCO2 of zero at the membrane wall). 
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3 Publication Summary 

3.1 Journal Publication Summary 

3.1.1 Journal Publication I Title: Fully resolved computational (CFD) and experimental analysis of pressure drop and 
blood gas transport in a hollow fibre membrane oxygenator module. In this paper, a CFD model which allows to resolve the CO2 transport within a hollow fiber membrane packing of an oxygenator is presented. The model – membraneFOAM – is implemented in OpenFOAM an open-source CFD code that offers excellent flexibility and a solid fundament for efficient numerical optimization of oxygenators. Similar to compa-rable codes in literature, membraneFOAM resolves the blood region within the membrane packing. In addition, the membrane wall and the sweep gas region in the fiber lumen can be resolved.  The CFD simulations show that the decrease in CO2 partial pressure (the driving force of transmembrane CO2 flux) is strongest in the boundary layer of the blood flow (35 mmHg), followed by the drop across the selective membrane surface (12 mmHg) and the membrane wall (2 mmHg). No partial pressure gradient in the radial direction of the hollow fiber membranes can be observed in the lumen. Besides computational analysis, in vitro experiments with bovine blood were con-ducted (Section 2.1.3) to determine the CO2 removal performance of a prototype oxygen-ator. While it was possible to conduct flow simulations of the complete prototype oxygen-ator, the numerically expensive CO2 transport simulations were limited to a small packing segment. Therefore, only the flow simulations were validated. Only a rough comparison between the numerically and experimentally determined CO2 removal rate could be made. The limitations of species transport simulations to small packings pointed out the ne-cessity to find an upscaling method that allows transferring the findings of the CO2 transport simulations (packing segments) on the scale of flow simulations (whole pack-ings). 
3.1.2 Journal Publication II Title: Computation of global and local mass transfer in hollow fiber membrane modules. In this publication, an upscaling method (Section 2.2.6) is presented that predicts the total CO2 removal rate of oxygenators using CFD CO2 transport simulations of a reduced geometry. First, CFD flow simulations of a complete or representative part of an oxygen-ator membrane packing are conducted. Then the velocities within this packing are sam-pled. The velocity samples are afterward used to calculate an average velocity. Based on the average velocity, inlet velocity boundary conditions of the reduced geometry are de-duced. In doing so, the upscaling method ensures that the flow condition in the reduced geometry is representative of the flow regime within the complete packing. Consequently, CO2 transport simulations of the reduced geometry give an accurate prediction of the av-erage transmembrane flux.  
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In order to validate the upscaling method, in vivo trials (Section 2.1.4) were con-ducted. In the experiments, the CO2 removal rate of a prototype oxygenator was deter-mined at nine measuring points (three CO2 partial pressures at three blood flow rates). A maximum deviation of 7 % between experimental and numerically determined CO2 re-moval was recorded. Since the CFD simulations could predict the influence of the CO2 par-tial pressure and the blood flow rate on the CO2 removal rate, it was possible to validate both the upscaling method and the CFD CO2 transport model presented in Journal Publi-
cation I.  
3.1.3 Journal Publication III Title: Estimation methods for viscosity, flow rate and pressure from pump‐motor assembly 
parameters. This work presents an estimation method based on Gaussian process regression mod-els. It allows estimating important control variables which cannot be measured directly since currently available sensors do not meet the spatial restrictions and long-term sta-bility required in intracorporal medical assist devices. By estimating blood flow rate, whole blood viscosity, and pressure loss over the membrane (e.g., within oxygenators, dialysis systems), the reliability and accuracy of blood pump control systems in intracor-poral medical assist devices can be improved. In vitro tests with a prototype gas exchange catheter consisting of a miniature blood pump and a membrane packing were conducted (Section 2.1.8.2) to validate the estima-tion method. Different water–glycerol mixtures were used to model variations in the vis-cosity of blood. Additionally, flow rate and pressure loss over the membrane were meas-ured. The viscosity, flow rate, and pressure loss were estimated from motor current and motor speed measurements. The presented method can be used to accurately (coefficient of determination approx. 0.98) predict blood flow rate, pressure, and viscosity online. 
3.1.4 Journal Publication IV Title: Non-parametric dynamical estimation of blood flow rate, pressure difference and vis-
cosity for a miniaturized blood. This work presents an estimation method based on Gaussian process regression mod-els for intracorporal gas exchange catheter systems. The gas exchange catheter comprises two main components: a membrane packing for the gas exchange and a miniature blood pump to compensate for the pressure loss induced by the membrane packing and the catheter itself. The method estimates whole blood viscosity, blood flow rate, and pressure loss over the membrane packing based on motor current and motor speed measurement. While the proof of concept has been delivered in previous work for water-glycerol as a blood model (Newtonian fluid) [Journal Publication III], this work aims to validate the estimation method for an animal blood model (shear-thinning fluid).  Consequently, in vitro trials with bovine blood were conducted (Section 2.1.8.2). In the course of the tests, hematocrit was adjusted to 11 different levels in order to vary whole blood viscosity. Additionally, the flow rate through and pressure loss across the membrane of the gas exchange catheter was measured. The results suggest that this method can estimate essential hydrodynamic parameters with high accuracy (coefficient of determination approx. 1) online. 
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3.1.5 Journal Publication V Title: Microstructured hollow fiber membranes: Potential fiber shapes for extracorporeal 
membrane oxygenators. In this paper, a Sherwood number-based CFD model was used (Section 2.3.2) to esti-mate the influence of microstructured hollow fiber membranes on the CO2 removal per-formance of oxygenators. While the CFD model is not capable of considering the CO2 transport resistance induced by the membrane [Journal Publication I], it is less compu-tationally expensive and allows for a qualitative assessment of different fiber geometries regarding CO2 removal performance. In order to validate the numerically determined flow field, micro-particle image velocimetry experiments were conducted. The CFD simulation showed that an increase in surface area to volume ratio leads to increased areas with low flow. In addition to an increased formation of concentration po-larization, this also leads to an increased risk of thrombus formation. Therefore, increas-ing the specific surface area by modifying the membrane profile does not automatically lead to improved oxygenator performance. However, suitable fiber geometries allow for a 48 % increase in CO2 flux compared to the conventional circular geometry. 
3.1.6 Journal Publication VI Title: Suitable CO2 solubility models for determination of the CO2 removal performance of 
oxygenators. In this work, the general performance of the CO2 removal determination based on blood side measurements (blood-based method) is evaluated and discussed. Further-more, model prediction errors of four different CO2 solubility models were quantified (Section 2.1.6). Therefore, the CO2 removal of a prototype oxygenator was determined using the sweep flow-based and the blood-based method (Section 2.1.3 and 2.1.4). The predictions of both methods were compared. This was done for in vitro trials using bovine blood (Section 2.1.3) and in vivo trials using porcine blood (Section 2.1.4).  The results show that the simplest CO2 solubility model (Loeppky [124]) is more ro-bust and performs better than the more complex models. Evaluation of the obtained data suggests that the original parameters of this model can be considered generic and suitable for bovine and porcine blood. Compared to the simplest model, the more complex models show a significantly better performance for in vitro bovine blood data than in vivo porcine blood data. However, these models are susceptible to pH as an input parameter, making them prone to high variations in their prediction performance. For the best performing model (Loeppky), the average deviation of the blood-based CO2 removal rate from the sweep flow-based CO2 removal rate is 31 % for in vitro bovine blood data and 23 % for in vivo porcine blood data.   
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3.1.7 Journal Publication VII Title: Animal blood in translational research: How to adjust animal blood viscosity to the 
human standard. This work conducted viscosity measurements of human, porcine, equine, and ovine blood at different hematocrit, temperatures, and shear rates (Section 2.1.5). Based on a multi-linear regression approach, viscosity models were derived for each species. They reflect the dependence of hematocrit, temperature, and shear rate on blood viscosity.  Adequate consideration of blood viscosity is crucial for the reliability of performance tests of blood-contacting biomedical devices. Since the dependence of blood viscosity on hematocrit, temperature and shear rate differs significantly between animal species, the above-mentioned mathematical models are an essential basis for selecting the correct an-imal model for in vitro or in vivo tests. Furthermore, suitable viscosity models are neces-sary to extent experimental data with CFD simulation results (Section 2.2.7.1). This study shows that porcine blood cannot be recommended for experiments at low flow conditions, although the erythrocyte properties are similar in pigs and humans. How-ever, porcine blood mimics human blood excellently at high flow conditions. Horse blood consistently exhibited increased blood viscosity and is unsuitable as an experimental model in this regard. Under several conditions tested, sheep blood came closest to human blood viscosity of all species tested. 
3.1.8 Journal Publication VIII Title: Water as a blood model for determination of CO2 removal performance of membrane 
oxygenators. In this paper, the suitability of water as a blood model for predicting the CO2 removal performance of oxygenators is evaluated. For this purpose, the CO2 removal performance of a prototype oxygenator was determined in vitro using water as a blood substitute (Sec-tion 2.1.2). The results are compared to in vivo studies using porcine blood (Section 2.1.4). In general, the CO2 removal rate of porcine blood and water is comparable despite differ-ing fluid properties (CO2 diffusion rate, CO2 solubility, and viscosity). The deviation of the CO2 removal rate determined with porcine blood from that of water amounts to approxi-mately 10 %. This deviation agrees well with data found in recent literature. To better understand this remaining difference and to assess the application limits of in vitro water tests, CFD simulations were conducted and validated based on the experi-mental results [Journal Publication I, Journal Publication II]. The CFD simulations quantify the partly opposing influences of the differing fluid properties of blood and water on the CO2 removal rate. Our data indicate that the difference in CO2 solubility between blood and water has the strongest effect on CO2 removal rate, followed by the difference in CO2 diffusion rate, and the difference in viscosity. Furthermore, the CFD simulations resolve the main CO2 transport resistance in membrane oxygenators, the diffusional boundary layer attached to the membrane surface. The results suggest that the diffusional boundary layer generally behaves differently in blood and water. Hence, examinations of the CO2 boundary layer (micro-scale) should preferably be conducted with blood. How-ever, for the accurate determination of the total CO2 removal performance of oxygenators (macro-scale), water tests can be considered suitable. 
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3.2 Reviewed Conference Publication Summary 

3.2.1 Reviewed Conference Publication I Title: Basic performance tests of the MILL intravascular CO2 removal catheter. In this work, basic performance tests of the MILL intravascular CO2 removal catheter were conducted (Section 2.1.8.1). The two main components of the catheter, the mem-brane module, and the miniature blood pump, were manufactured in-house. The in vitro tests utilizing a water-glycerol mixture as a blood model aimed to investigate the interac-tion between membrane module and pump. Therefore, the catheter prototype was in-serted into a silicone model of the inferior vena cava.  In order to better understand the flow distribution in the vena cava, CFD simulations were conducted. To reduce CFD model complexity, flow through the pump and the mem-brane module was neglected by adding additional boundary conditions. While this de-creased the computational costs, it also introduced model errors. Consequently, valida-tion with the experimental data was only possible to a limited extent. The tests showed that the miniature pump provides the membrane module with the required 1 L/min blood flow. However, the data suggest that catheter insertion could in-crease total pressure at the entrance of the right atrium. This pressure increase cannot be omitted by the miniature pump. CFD simulations also indicated a high-velocity jet at the outlet of the catheter and provided an impetus for future design revisions.   
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4 Summary and Discussion This work aims to assess and improve experimental and numerical (CFD) methods for investigating the CO2 removal performance of oxygenators. Particular focus is placed on the initial development phase, in which the work is strongly characterized by engineer-ing challenges such as design, assembly, and basic performance tests. Therefore, in this section, research results that collectively improve the development of oxygenator-based CO2 removal are presented.  
4.1 Summary and Discussion of Experimental Results Reliable but simple experiments are essential for the efficient optimization of oxygen-ators. The use of human blood or animal blood models increases the experimental effort significantly [Journal Publication VIII]: i. The use of blood is accompanied by animal suffering. ii. The use of blood is not permitted in all technical laboratories.  iii. Test circuits get contaminated and must be rebuilt due to blood deposits.  iv. Additional logistical challenges arise due to the limited durability of blood. v. An ethics committee approval must be obtained. Consequently, water-based blood models can be used to reduce the experimental ef-fort in earlier stages of oxygenator development.  
4.1.1 Water-Based Hydrodynamic Models Water-glycerol mixtures are commonly used in literature as hydrodynamic models of blood [85]. In contrast to blood, water-glycerol shows no shear thinning behavior. Conse-quently, the Newtonian viscosity of the mixture is commonly matched to the constant vis-cosity of blood at high shear rates via the glycerol content. Despite this simplification, it was demonstrated [Journal Publication III], [Journal Publication IV] that water-glyc-erol can be used to develop complex control algorithms for respiratory catheters. The in-vestigated control algorithms show improved performance due to the estimation of vis-cosity, flow rate, and pressure loss across the membrane packing.  Substituting blood with water-glycerol decreased the experimental effort signifi-cantly since experiments with variating viscosities were required for algorithm training. Different levels of viscosity could be achieved relatively simply by changing the glycerol content. Compared to water-glycerol, an adaption of the blood viscosity via modification of the hematocrit was experimentally more extensive. First, the RBC were separated from blood plasma using a blood centrifuge. Then RBC and blood plasma were mixed in the required ratios.  The root mean square errors (RMSE) of the estimation algorithm for blood and water-glycerol are comparable, i.e., the deviations between the predicted and actual value of vis-cosity, flow rate, and pressure loss of the two liquids are in the same range (Table 4.1). 
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Table 4.1. Comparison of root mean square errors (RMSE) of the estimated parameters  for water-glycerol and bovine blood [Journal Publication III, Journal Publication IV]. 
Variable Water-Glycerol [Journal Publication III] Bovine Blood [Journal Publication IV] Viscosity 0.049 mPa s 0.31 mPa s Flow rate 46 mL/min 0.31 mL/min Pressure loss 8.7 mmHg 0.09 mmHg  When comparing the RMSE of flow rate and pressure loss, it can be observed that the estimation method, which initially was tested for water-glycerol, performs even better for bovine blood (shows lower RMSE at comparable experimental conditions). Only RMSE of viscosity is increased for bovine blood by one order of magnitude. The elevated RMSE of bovine blood viscosity probably originates from its complex shear-thinning rheologic be-havior. However, an RMSE of 0.31 mPa s can be considered reasonable at a mean viscosity of approx. 3.3 mPa s. Water-glycerol also allowed to investigate the coupling of the catheter pump and the membrane module, providing critical information in the initial development of the respir-atory catheter [Reviewed Conference Publication I].  A comparison of the pump characteristics measured for water-glycerol and bovine blood can be seen in Figure 4.1. The pump characteristics determined with water-glycerol and bovine blood match reasonable. However, the curve for water-glycerol is elevated, i.e., higher pressure heads occur at lower flow rates. The latter is due to the higher viscos-ity of the water-glycerol mixture used, which was matched to model human blood. Com-pared to bovine blood used, human blood is more viscous. 

 Figure 4.1. Comparison of pump characteristics measured with water-glycerol and bovine blood.  The suitability of water-glycerol mixtures in both test series can be attributed to the high rotational speed of the catheter pump and the associated high shear rates above 200 1/s (Section 2.2.7.1) [Journal Publication VII]. CFD studies have shown that this benchmark is also commonly exceeded in membrane packings [104]. At shear rates above 200 1/s, blood can be considered a Newtonian fluid [Journal Publication VII]. After thor-ough investigation, water-based rheological models for human blood can be considered suitable for hydrodynamic performance tests of oxygenators (Experimental Objec-
tive I). 
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4.1.2 Water-Based CO2 Transport Models As discussed in [Journal Publication VI], water is commonly used in in vitro tests to determine the CO2 removal of prototype oxygenators. However, in contrast to previous work, [Journal Publication VI] systematically quantifies the difference between the CO2 removal rate determined with water and the CO2 removal rate determined with blood. An average difference in CO2 removal of approx. 10 % can be expected. Figure 4.2 compares the CO2 removal rate measured for porcine blood and water at three different (blood/wa-ter) flow rates and three different CO2 partial pressures.  

 Figure 4.2. Comparison of experimentally determined CO2 removal. Red squares: in vivo studies with por-cine blood; blue circles: in vitro studies with water. By Lukitsch et al. [Journal Publication VIII] (CC BY 4.0). Water can reasonably model the influence of the (blood/water) flow rate and CO2 partial pressure on CO2 removal (Figure 4.2). Consequently, water-based CO2 transport models for human blood can be considered suitable to determine the macroscopic CO2 removal rate of oxygenators (Experimental Objective II). However, it could be shown that the diffusive boundary layer – the main CO2 transport resistance – behaves differently for blood and water (Section 4.2.5), limiting in vitro water tests to the macroscopic pre-diction of the CO2 removal rate [Journal Publication VI]. 
4.1.3 Animal Blood Models for Hydrodynamic Models While there are studies on the rheologic behavior of human blood [134], [135], liter-ature that investigates and compares the whole blood viscosity of standard animal models to the whole blood viscosity of human blood is scarce. In the future, [Journal Publication 
VII] will provide a solid decision-making basis for selecting an appropriate animal model (Experimental Objective III). The study shows that the suitability of animal blood mod-els is dependent on the biomedical application investigated. The differing dependency be-tween whole blood viscosity (WBV) and shear rate of different animal species substan-tially characterizes the outcome of these experimental investigations. A comparison of WBV at three different shear rates for human, porcine, ovine, and equine blood is given in Figure 4.3. WBV was measured at physiological conditions with a packed cell volume (PCV) of 40 % and 37 °C.  
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 Figure 4.3. Shear rate dependency of whole blood viscosity (WBV) at physiological conditions: packed cell volume (PCV) 40 %, temperature 37 °C, for human, porcine, ovine, and equine blood. Brackets indicate significant differences (**p < 0.05, ***p < 0.01) between human and other species.  adapted from [Journal 
Publication VII] At low shear rates (10 1/s), the whole blood viscosity (WBV) of human blood differs significantly from all other investigated species. At intermediate shear rates (100 1/s), only human and ovine blood shows no significant difference in WBV. At elevated shear rates (1000 1/s), the WBV of porcine blood best matches that of human blood [Journal 

Publication VII].  While there is a significant difference of WBV between human and sheep blood at low and elevated shear rates, sheep blood provides the closest match to human blood over the investigated range of shear rates.  
4.1.4 Animal Blood Models for CO2 Transport  In this work, the CO2 removal performance of oxygenators was not determined with human blood. Therefore, it cannot be quantified which animal blood model best fits hu-man blood regarding CO2 removal performance. However, in vitro experiments with bo-vine blood and in vivo experiments with porcine blood give comparable CO2 removal rates for the investigated prototype oxygenator (Figure 4.4). The average relative deviation between bovine blood and porcine blood CO2 removal rate amounts to 14 %. The deviation increases with increasing CO2 partial pressure from 10 % at 50 mmHg to 20 % at 100 mmHg. Furthermore, the deviation decreases with in-creasing blood flow rate from 17 % at 1000 mL/min to 12 % at 1600 mL/min. 
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 Figure 4.4. Comparison of experimentally determined CO2 removal rate measured at three CO2 partial pressures and blood flow rates. Red squares in vivo studies with porcine blood; black rhombuses in vitro studies with bovine blood.  The overall difference between the CO2 removal rates measured for these two species is reasonable and lies within 22 %. This reasonable deviation in CO2 removal rate for por-cine and bovine blood, as well as the slight deviation in CO2 removal rate between porcine blood and water (Section 4.1.2), indicates that the macroscopic CO2 removal rate of bovine or porcine blood allows a reasonable estimate of the CO2 removal rate of human blood. However, for a thorough evaluation of the suitability of animal blood as a CO2 transport model for human blood (Experimental Objective IV), in vitro studies with human blood must have been conducted. To the author's best knowledge, a direct comparison of the CO2 removal rate measured for animal and human blood is not available in the literature. Consequently, the deviation between the CO2 removal rate in animal and human blood trials can not be specified. 
4.1.5 Measurement of CO2 Removal Performance  The CO2 removal performance of an oxygenator can be determined by two methods. First, by measuring the CO2 removal rate on the blood side (blood-based prediction method) and second, by measuring the CO2 removal rate on the sweep gas side (sweep gas-based prediction method – Section 2.1.6). In literature, both methods are equally used [Journal Publication VI].  However, it could be shown that the CO2 removal rate of an oxygenator can be meas-ured more accurately on the sweep gas side (Experimental Objective V). The CO2 re-moval rate measurement error amounts to 3 % of reading. In contrast, the CO2 removal rate measured at the blood side underlies measurement errors of approx. 16 % of reading. Since the measurement of the CO2 removal rate on the blood side requires a CO2 solubility model (Section 4.2.1), this error can be increased significantly, leading to unacceptably high measurement errors of up to 127 % [Journal Publication VI]. However, although generally inferior, the blood-based method is used commonly in literature since with higher CO2 removal performances of oxygenators, lower measure-ment error of the blood-based CO2 removal prediction method can be expected [Journal 
Publication VI]. At the investigated ratios of CO2 removal rate and blood flow rate < 0.14, the measurement errors of the blood-based method (16 %) determined in [Journal Pub-
lication VI] are comparable to literature (20 %) [71].  
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4.1.6 Measurement of CO2 Permeance Before and After Trials The main CO2 transport resistance of oxygenators is located in the blood side bound-ary layer. It builds up due to the concentration polarization of permeating species close to the membrane surface. Since the CO2 transport resistance of unused fibers is significantly lower than the blood side resistance, the blood side transport resistance is considered dominant and characterizing for the CO2 transport performance of an oxygenator. Conse-quently, membrane resistance is often neglected in investigations of CO2 transport [3].  However, membrane fouling due to wetting of pores or blood residues on the mem-brane surface could increase the CO2 transport resistance in the membrane to a level where it would substantially influence the CO2 transport characteristics of an oxygenator. Literature studying how membrane fouling influences the CO2 transport performance of oxygenators is not available. Current studies on membrane fouling are limited to evaluat-ing new membrane materials regarding their reduced hydrophily (water contact angle) and platelet adhesion [136].  This work aims to investigate whether a reduction of the membrane gas exchange performance occurs during the application of an oxygenator (Experimental Objec-
tive VI). Consequently, the CO2 permeances of our prototype oxygenator were measured before and after in vitro and in vivo tests (Section 2.1.1). Our data indicates a significant decrease in CO2 permeance after testing. However, an accurate measurement of the CO2 permeance decrease is unfeasible due to residual moisture in the oxygenator. The latter leads to a successive increase of CO2 permeance during the follow-up tests due to the dry-ing mechanism induced by the measurement gas (Figure 4.5) [Journal Publication VIII]. 

 Figure 4.5. Increase in CO2 permeance during the follow-up gas permeation measurements. Continuous lines: selected values for CFD CO2 transport simulations. By Lukitsch et al. [Journal Publication VIII] (CC BY 4.0). Based on CFD simulations, it can be estimated that the CO2 permeance of the mem-brane is reduced by 78 % when used with blood. This decrease is lower if the membrane was used with water (62 %). Lower permeances of fibers used with blood could originate from blood residues detected on the membrane surface, leading to an increased mem-brane resistance [Journal Publication VIII]. Furthermore, CFD simulations indicate that a reduction in permeance reduces the CO2 removal rate in a comparable magnitude (Sec-tion 4.2.3).  
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For the investigated membranes, the high reduction in CO2 permeance and the asso-ciated increase in CO2 transport resistance in the membrane wall requires the CFD simu-lation to consider the membrane resistance (Section 2.2.2).  The determined reduction in CO2 permeance is also plausible for other prototype or commercial devices. However, we must emphasize that the hollow fiber membranes built in the prototype oxygenators were only approved for research purposes. Furthermore, the integrity of the hollow fibers cannot be guaranteed entirely for the construction of the prototype oxygenators.  Consequently, similar tests as in [Journal Publication VIII] should be conducted with commercial oxygenators to quantify a possible CO2 permeance reduction of oxygenators due to their contact with blood or water.  
4.1.7 Measurement of O2 and CO2 for Data Validation In this work, the CO2 concentration was measured exclusively in the prototype oxy-genator sweep gas. An additional measurement of the CO2 and O2 concentration in the sweep gas of the prototype oxygenator and the oxygenator used for CO2 and O2 level con-trol of blood (Section 2.1.3) would have allowed a complete validation of the measure-ment data. The additional instrumental effort, which is low compared to the experimental effort, would also have allowed investigations of the O2 transfer rate or O2 solubility mod-els.  
4.1.8 Thrombus Formation Since the main CO2 transport resistance of oxygenators – the CO2 concentration po-larization – is located on the blood side, measures intended to counteract this resistance mainly concern the flow guidance of the blood. However, in addition to the resulting im-provement in gas transfer rates, the formation and deposition of thrombi should be con-sidered during the assessment of the flow guidance adaptation since they are essential factors for the service life of an oxygenator [137].  While current research investigates the influence of flow guidance [138] and mem-brane materials [139] on thrombus formation in oxygenators, the experimental test cam-paigns of this work are mainly limited to feasibility studies regarding the realization of a CO2 transfer rate of 40 mL STP/min with restricted dimensions of the membrane module (Section 2.1.8). 
4.2 Summary and Discussion of Computational Fluid Dynamic Results 

4.2.1 CO2 Solubility Model While a numerical comparison of different blood viscosity models has been con-ducted [123], no recommendation for a suitable CO2 solubility model for blood can be found in the literature. In the course of this work, the suitabilities of four different CO2 solubility models with different levels of complexity were studied experimentally (Section 2.1.6). However, the results are summarized here since suitable CO2 solubility models are crucial for reliable CFD-based oxygenator development (CFD Objective I). 
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In [Journal Publication VI], CO2 solubility models were assessed by determining the relative difference between blood-based and sweep fluid-based CO2 removal rate predic-tion (prediction error ε [%] – Section 2.1.6). Prediction errors of the four investigated CO2 solubility models are illustrated in Figure 4.6 for the in vitro trials with bovine blood and water and the in vivo trials with porcine blood.  Games-Howell test gives that the simplest model (Loeppky et al. [124]) performs sig-nificantly better than the other models. The average prediction error (ε̄ [%]) amounts to 31 % for bovine blood tests and 23 % for porcine blood tests. The performance of the Loeppky model for porcine blood is comparable to that of the Henry model for water (ε̄ = 16 %). Welch’s t-test gives that for the Loeppky model, no significant difference in prediction error can be found between bovine and porcine blood tests [Journal Publica-
tion VI]. 

 Figure 4.6. Average prediction error of the different CO2 solubility models for in vitro tests with water and bovine blood and in vivo tests with porcine blood. The error bars show the standard deviation. Difference of average prediction error between test series was tested for significance with Welch’s t-test. By Lukitsch et al. [Journal Publication VI] (CC BY 4.0). The models with additional complexity, May [54], Siggaard-Andersen [140], and Zierenberg [141], show elevated average prediction errors and prediction error varia-tions. These models calculate the bicarbonate concentration based on the Henderson-Hasselbalch equation [Journal Publication VI]. Welch’s t-test gives that May, Siggaard-Andersen, and Zierenberg perform significantly better for the bovine blood tests than for the porcine blood tests [Journal Publication VI].  By omitting the calculation of the bicarbonate concentration, prediction error varia-tion can be reduced significantly (Levene’s test p-value < 0.05 – Figure 4.7 ). This simpli-fication leads to a significant increase in average prediction error only for bovine blood tests when using the Siggaard-Anderson and Zierenberg model (Welch’s test 
p-value  < 0.05) [Journal Publication VI].  
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 Figure 4.7. Average prediction error of the different solubility models when including (original) and ne-glecting the calculation of the bicarbonate content in blood. The error bars show the standard deviation. Difference of average prediction error between original model and model with neglected bicarbonate cal-culation was tested for significance with Welch’s t-test. By Lukitsch et al. [Journal Publication VI] (CC BY 4.0). Adapting the empirical parameters of the Loeppky model to the different test proce-dures and animal species allowed for no significant improvement of the Loeppky model prediction performance (Welch’s test p-value > 0.05) [Journal Publication VI]. To conclude, the Loeppky model is a simple to use and generic CO2 solubility model for blood. Compared to the more complex models, it demonstrated superior accuracy and robustness. Consequently, we recommend the Loeppky model for the blood-based CO2 removal prediction method (Section 2.1.6) and application in CFD CO2 transport simula-tions (Section 2.2.7.2). 
4.2.2 Blood Viscosity Models for Animal Blood Since in vitro and in vivo tests are commonly conducted with animal blood, accurate blood viscosity models for different animal species are required for correct CFD model validation (CFD Objective II). In [Journal Publication VII], blood viscosity models for porcine, ovine, and sheep blood were developed based on multi-linear regression. The models consider the dependency of whole blood viscosity from shear rate, hematocrit, and temperature. Due to the lack of data, a comparable model for cows – another standard animal model – was not developed. 
4.2.3 Implementation of Computational Fluid Dynamic Model In this work, a CFD model which allows resolving the CO2 transport within a hollow fiber membrane packing of an oxygenator is presented [Journal Publication I]. The model is based on an in-house CFD solver for transmembrane mass transport (mem-braneFOAM – Section 2.2.5). The solver is implemented in OpenFOAM an open-source CFD code that offers excellent flexibility and a solid fundament for efficient numerical op-timization of oxygenators. Similar to comparable codes in literature, membraneFOAM re-solves the blood region within the membrane packing. In addition, the membrane wall and the sweep gas region in the fiber lumen can be resolved (CFD Objective III).  
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CFD mass transport simulations of a simplified geometry (Section 2.2.6, Figure 2.13c) were conducted to analyze the fundamental phenomena of CO2 transport in oxygenator membrane packings. To compare the CO2 transport resistance of the blood side, mem-brane wall, and lumen, the drop in CO2 partial pressure – the driving force of transmem-brane flux – was investigated (Figure 4.8).  

                               (a)                                                                (b)                                                                  (c) Figure 4.8. CFD mass transport simulations of a simplified geometry: (a) Velocity distribution; (b) CO2 par-tial pressure distribution; (c) CO2 flux on blood side membrane surface. [Journal Publication I] CO2 partial pressure in the blood decreases from 50 mmHg in the bulk flow to 15 mmHg at the membrane surface. CO2 partial pressure drop over the selective mem-brane layer amounts to 12 mmHg. An additional partial pressure drop of 2 mmHg occurs in the membrane wall. No partial pressure gradient in the radial direction can be observed in the lumen [Journal Publication I]. Consequently, considering the lumen in CFD mass transport simulations is unnecessary if adequate sweep flow rates are set. Sufficient sweep flow can be ensured by monitoring the CO2 concentration of the sweep flow outlet. High sweep flow rates guarantee high partial pressure differences across the total length of the hollow fiber membrane packing and hence are an inexpensive measure to maximize the CO2 removal rate. As described in Section 4.1.6, an increase in membrane resistance due to contact of the oxygenator with water or blood should be assumed. In order to quantify the associ-ated reduction in transmembrane flux, the dependence of the CO2 removal rate on perme-ance was investigated using CFD simulations. This allows evaluating whether the mem-brane resistance must be considered in CFD mass transport models of oxygenators (CFD Objective III). In the investigated range, the CO2 removal rate increases approxi-mately linearly with permeance (Figure 4.9). 

velocity  magnitude [m/s] Detail a 

a 

CO2 partial  pressure [mmHg] Detail b specific CO2 flux  [ml STP/min/m2] 
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 Figure 4.9. Dependency of transmembrane CO2 flux on permeance. Determined via CFD for water. [142] Due to the significant reduction in permeance (78 %) recorded for the prototype ox-ygenator, the membrane resistance must be considered to ensure an exact determination of the CO2 removal rate using CFD. The neglection of the membrane resistance common with CFD models proposed in the literature (Section 1.3.3) would not be valid if a quanti-tative prediction of CO2 removal rate is desired. If the reduction of permeance is also con-firmed for commercial oxygenators, a paradigm shift towards CFD models considering membrane resistance would be required. 
4.2.4 Upscaling Method Due to the high numerical effort of CFD simulations of oxygenators, only hydrody-namic simulations of representative packing segments can be performed. In comparison, species transport simulations are limited to small parts of packings. In this work, an up-scaling method was developed that predicts the total CO2 removal rate of oxygenators based on CFD CO2 transport simulations of small membrane packings (Section 2.2.6 – 
CFD Objective IV). In this respect, the up-scaling method bridges the gap between the geometric size scales of hydrodynamic and mass transfer simulations presently recorded in the literature (Section 1.3.3.2).  The up-scaling method was validated for both water and porcine blood [Journal Pub-
lication VIII]. Figure 4.10 compares the CO2 removal rates predicted by the up-scaling method with the experimentally determined CO2 removal rates. When combining the de-veloped CFD model (Section 2.2.5) and the up-scaling method (Section 2.2.6), the depend-ence of the CO2 removal rate on CO2 partial pressure and blood/water flow rate can be described reasonably. The satisfactory agreement between experimental and numerical results applies to water and porcine blood [Journal Publication VIII].  
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 (a) 

     (b) Figure 4.10. Comparison of CO2 removal determined with experiments and CFD simulations: (a) in vivo porcine blood tests; (b) in vitro water tests. By Lukitsch et al. [Journal Publication VIII] (CC BY 4.0) The mean relative deviation between numerically and experimentally determined CO2 removal rates is 6 % for the in vivo porcine blood tests. However, higher deviations must be recorded mainly at higher CO2 partial pressures and higher blood flow rates (13 %). For the in vitro water test, the mean relative deviation between numerically and experimentally determined CO2 removal rate is 3 %. The CO2 removal rate can be repro-duced well for all investigated CO2 partial pressures and water flow rates [Journal Pub-
lication VIII]. The up-scaling method reduces the computation time of the CFD simulations by 99.3 % (factor of 150) [Journal Publication II]. In contrast to Sherwood methods, no em-pirical fitting parameters are required (Section 2.3.1). In this respect, the up-scaling method represents a reliable, accurate, and efficient method for developing oxygenators.   
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4.2.5 Investigation of Concentration Polarization Layer The suitability of water for experimental prediction of the CO2 removal performance of oxygenators was investigated. Here CFD simulations allow extending experimental data by resolving the concentration polarization in the boundary layer. By doing so, ap-plication limits for water as a CO2 transport model can be established (CFD Objective V). Figure 4.11 shows exemplary pCO2 profiles of water and blood for a membrane packing in crossflow. As shown in Figure 4.11, the pCO2 boundary layer for water is thicker than that for blood. Furthermore, the pCO2 profiles in water show a lower slope. Both phenomena, the thicker boundary layer and the lower slope of water profiles, can be attributed to the higher diffusion rate of CO2 in water [Journal Publication VIII]. 

 (a) 
 (b) Figure 4.11. Exemplary boundary profiles of CO2 partial pressure (pCO2) and normalized CO2 partial pres-sure (pCO2′): (a) porcine blood (b) water (normalized profiles are overlapping). By Lukitsch et al. [Journal 

Publication VIII] (CC BY 4.0) Figure 4.12 shows the influence of the flow velocity on the thickness of the pCO2 boundary layer profiles. The boundary layer thickness was defined as the smallest dis-tance from the membrane wall at which 99 % of the bulk pCO2 is exceeded [Journal Pub-
lication VIII]. The boundary layer thickness is shown on the one hand as a function of the maximum velocity in the membrane packing (Figure 4.12a) and on the other hand as a function of the Reynolds number (Re [-] – Figure 4.12b). Re was calculated with the max-imum velocity and fiber diameter. Due to increased shear rates (> 200 1/s), Newtonian kinematic viscosity was applied. 
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 (a) (b) Figure 4.12. Dependency of boundary layer thickness on: (a) maximum velocity between fibers; (b) Reynolds number. By Lukitsch et al. [Journal Publication VIII] (CC BY 4.0) As shown in Figure 4.12, porcine blood and water have more comparable pCO2 bound-ary layer thicknesses at the same maximum velocities than at the same Re. This indicates that at the same velocities, the lower viscosity of water leads to additional mixing and thus to a reduction of the pCO2 boundary layer thickness. The dependence of the boundary layer thickness on the bulk pCO2 recorded for blood is due to the non-linear dependence of the CO2 partial pressure on the CO2 concentration [Journal Publication VIII]. The fundamentally different behavior of the boundary layers of blood and water also becomes apparent in a dimensionless comparison of the mass transport characteristics of the two media. For this purpose, the mass transport analogy described in Section 2.3.1 was applied.  As shown in Figure 4.13, the empirical parameter b of the mass transfer analogy dif-fers in particular. Hence, in the context of a dimensionless analysis, similarity cannot be assumed regarding the mass transfer mechanisms [Journal Publication VIII]. 

 Figure 4.13. Sherwood correlations for porcine blood and water determined via the CFD results. Adapted from Lukitsch et al. [Journal Publication VIII] (CC BY 4.0). 
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Despite the different mass transport characteristics, water and blood show compara-ble macroscopic CO2 removal rates. This observation was investigated in more detail with additional CFD simulations. For this purpose, a material property of water was hypothet-ically changed to one of blood in order to individually investigate the influence of this ma-terial property on the transmembrane flux. As shown in Figure 4.13, the lower CO2 diffu-sion rate of blood, followed by the lower CO2 permeance available with blood and the higher viscosity of blood, leads to a reduction of the CO2 removal rate. Only the higher CO2 solubility of blood leads to an increase in the CO2 removal rate [Journal Publication VIII]. 

 Figure 4.14. Influence of CO2 diffusion, CO2 permeance CO2 solubility, and viscosity model on the CO2 re-moval rate. By Lukitsch et al. [Journal Publication VIII] (CC BY 4.0). It can be concluded that the different material properties of water and blood result in differently pronounced mass transport characteristics. Therefore, experimental studies investigating the pCO2 boundary layer should not be carried out with water as a blood model. However, the opposing influences of the material properties on the CO2 removal rate compensate each other and therefore allow a reasonable agreement of the macro-scopic CO2 removal rate of water and blood. Consequently, for the determination of the macroscopic CO2 removal rate, water can be considered suitable [Journal Publication 
VIII]. The fact that both, the CO2 removal rate of water and that of blood, could be satisfac-torily reproduced with the developed CFD model indicates that the CFD model – which is characterized by the consideration of the membrane resistance and the use of the up-scal-ing method – is a sound basis for further numerical investigation of oxygenators and the pCO2 boundary layer located therein.  
4.2.6 Alternative Modeling Approaches – Computation of Sherwood Number Computation of the Sherwood number by considering the CO2 transport in blood as the transport of a passive scalar is an inexpensive numerical approach to predict the CO2 removal performance of oxygenators (CFD Objective VI). This work used this simplified CFD approach to assess different hollow fiber geometries (Table 4.2 - cross-section) in crossflow mode. 
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Table 4.2. Overview of the five microstructured fiber shapes investigated. [Journal Publication V]. 
Name Dimen-

sions Sinus 3 Sinus 6, 
50 µm Sinus 6, 

25 µm Sinus 9, 
50 µm Sinus 9, 

25 µm 
Cross-section -      Average Diameter µm 400 400 400 400 400 Nr. of Periods - 3 6 6 9 9 Amplitude µm 50 50 25 50 25 Specific Area m2/m3 3810 4976 3920 5962 4482  As shown in Table 4.3, the increase in CO2 flux is not proportional to the increase in the specific area. This behavior is caused by cavities formed by the microstructured fiber shape. They facilitate the occurrence of low-velocity zones. The latter leads to an in-creased formation of concentration polarization and an increased risk of thrombus for-mation. Based on the CFD model prediction, the best performing fiber shape (Sinus 6, 50 µm) allows for a potential CO2 flux improvement of 48 % [Journal Publication V]. Table 4.3. Comparison of the expected and actual component flux increase. [Journal Publication V]. 

Geometry Expected increase based on area [%] Actual increase based on Sh [%] Difference [%] Sinus 3 15 1 -14 Sinus 9, 50 µm 79 21 -58 Sinus 9, 25 µm 35 9 -26 
Sinus 6, 50 µm 50 48 -2 Sinus 6, 25 µm 18 12 -6  However, the simplified CFD model cannot consider that an inhomogeneous wall thickness must be assumed for both a cylindrically shaped lumen and a microstructured lumen. However, inhomogeneous wall thickness would lead to an inhomogeneous distri-bution of CO2 transfer along the fiber circumference. Therefore, it can be assumed that the increase in CO2 flux predicted by the simplified CFD model is undercut in practice [Jour-

nal Publication V]. To conclude, the simplified model has advantages due to the lower complexity than the proposed multi-region CFD model (Section 2.2.5) and the independence of empirical parameters required by Sherwood correlations (Section 2.3.1). However, it only allows for a qualitative assessment of transmembrane flux since the membrane resistance is ne-glected and a total CO2 removal is assumed at the membrane wall (cCO2 of zero at the mem-brane wall – Section 2.3.2).   
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5 Conclusion and Outlook Within the scope of this work, standard experimental and numerical methods for op-timizing oxygenators were evaluated. Based on the results obtained, recommendations can be made to increase the reliability, accuracy, and efficiency of the reviewed methods. The suggested improvements apply in particular to the early phase of oxygenator devel-opment.  Our studies show that water-glycerol is a suitable rheological model for blood, pro-vided that increased shear rates (> 200 1/s) can be assumed. In both blood pumps [Jour-
nal Publication VII] and membrane packings [104], this threshold is exceeded in wide ranges (Section 4.1.1). Xanthan gum could be added to the water-glycerol mixture [94] to model the shear rate dependence of blood viscosity. Then, similar to studies in [Journal 
Publication V], the effect of the shear rate-dependent blood viscosity on the velocity dis-tribution could be investigated experimentally, using a 2D micro PIV. For further valida-tion of CFD results, experimental preparations with an extended 3D micro PIV are planned. Water can be recommended as a simple blood model to determine the CO2 removal rate of an oxygenator. While water is commonly used in in vitro tests, there is no system-atic quantification of the associated error in the literature. Furthermore, no application limits for in vitro water tests have been determined to date. In this work, the deviation between the macroscopic CO2 removal rate in in vitro water tests and in vivo porcine blood tests was systematically determined. It is on average 10 % (Section 4.1.2). With the help of CFD simulations, application limits for in vitro water tests were determined. They show that the use of water to investigate the concentration polarization in the boundary layer experimentally is not suitable (Section 4.2.5). Nevertheless, due to the similarity of the macroscopic removal rate, water allows a reliable and efficient prototype develop-ment with a significant reduction of the required workload. Furthermore, viscosity models for blood have been developed based on data from hu-man volunteers, pigs, horses, and sheep. They allow considering the dependence of vis-cosity on hematocrit, temperature, and shear rate (Section 4.1.3). While numerous viscos-ity models for human blood can be found in the literature, viscosity models for the blood of animal models are scarce [Journal Publication VII]. However, an accurate represen-tation of viscosity is essential for reliable CFD models and when selecting a suitable ani-mal model in experimental studies. Since cows are a common animal model, a viscosity model comparable to [Journal Publication VII] should also be developed for bovine blood. Furthermore, due to its inherent properties as a suspension, the measured viscos-ity of blood depends on the measurement method used. Thus, a dependency of the meas-ured blood viscosity on the surface condition of the measurement equipment can be as-sumed. This behavior is currently being investigated in a follow-up study. While in literature, the CO2 removal rate is determined in equal measures on the blood side and the gas side, a clear recommendation for the gas side determination can be made based on the findings of this work. An evaluation of our measurement data of the in vitro and in vivo studies shows that the measurement error of the gas-side CO2 removal rate determination (3 % of reading) is significantly smaller than that of the blood-side determination (16 % of reading – Section 4.1.5). Regarding the influence of the test animal 
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species on the CO2 removal rate, there are relatively small differences in the results ob-tained. A difference of 14 % between the CO2 removal rates of bovine and porcine blood can be observed (Section 4.1.4). However, we have to point out that the test procedures differed between species. While bovine blood tests were performed in vitro, porcine blood tests were performed in vivo. Consequently, porcine blood tests were subject to stronger physiological variations and experimental interventions.  Furthermore, a CO2 solubility model suitable for bovine and porcine blood could be determined (Section 4.2.1). Accurate CO2 solubility models are of great importance for developing accurate CFD models and a reliable blood-side determination of the CO2 re-moval rate (Section 2.1.6). Nevertheless, an evaluation of CO2 solubility models is not found in the current literature, except for the review done in this work. In addition, follow-up work is currently evaluating the suitability of CO2 solubility models for human blood in clinical studies. The commercial oxygenators used for this pur-pose have a larger membrane area than the prototype oxygenator investigated. Due to the associated higher CO2 removal rate, a lower scatter of the CO2 removal rate measured on the blood side can be assumed. Consequently, a more reliable evaluation of the CO2 solu-bility models and the blood-side CO2 removal rate measurement can be conducted. Based on our measurement data, it can be deduced that through contact with blood, a drop in the CO2 permeance of commercial hollow fiber membranes to 22 % of their orig-inal CO2 permeance is possible (Section 4.1.6). Further CFD studies showed that the CO2 removal rate is approximately linearly dependent on the CO2 permeance (Section 4.2.3). Therefore, in contrast to current scientific practice, the consideration of membrane re-sistance could be essential for a reliable prediction of the CO2 removal performance of an oxygenator. The studies conducted here are currently limited to CO2 permeance measurements of commercial hollow fiber membranes installed in an oxygenator prototype. In this respect, follow-up studies should quantify if commercial hollow fiber membranes in commercial oxygenators show a comparable drop in permeance. In this context, attention should be paid to whether and how quickly a drop in permeance occurs.  In the course of this work, a CFD solver for mass transport in membrane oxygenators was developed – membraneFOAM. Similar to comparable codes in literature, the solver resolves the blood region within the membrane packing. In addition, the membrane wall and the sweep gas region in the fiber lumen can be resolved, providing a high level of detail of the gas transport phenomena. However, the future development of oxygenators via CFD simulations is limited due to the high numerical effort, especially for mass transfer simulations. Consequently, a gap between the geometric scale of CO2 transport simulations (single fibers) and hydrody-namic simulations (representative packing segments) can be observed in the current lit-erature [Journal Publication II]. The upscaling method developed in this work (Section 2.2.6) bridges this gap and thus allows us to predict the macroscopic CO2 removal rate of an oxygenator using CFD simulations. The deviation in experimentally and numerically determined CO2 removal is 3 % for in vitro water tests and 6 % for in vivo porcine blood tests (Section 4.2.4).    



60  5 Conclusion and Outlook 

 

Based on the available literature review, experimental data, and simulation results, we make the following recommendation for future oxygenator prototypes: i. New devices should integrate the blood pump into the oxygenator. An inte-grated pump could reduce the total circuit priming volume and concentration polarization at the membrane and improves the handling of the equipment. ii. When selecting hollow fiber membranes, special consideration should be given to the resistance against pore wetting, which can cause a significant drop in gas exchange performance. iii. CFD simulations should be used to identify stagnation zones in the blood flow. Stagnation zones must be prevented to minimize the risk of thrombosis. With the help of the reviewed and developed experimental and numerical methods, commercial extracorporeal oxygenators can be investigated and improved, and future in-tracorporal oxygenators efficiently developed.  
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