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Abstract 

 

On the global scale, liver diseases are severe public health problems, with the 

incidences of end-stage liver disease (ESLD) rising annually. Isolated hepatocytes 

represent a good model of liver metabolism because they are able to perform the full range 

of functions. In recent years, biochemical and biotechnological engineering have been 

applied to the culture of human and animal hepatocyte cells, which requires the design, 

operation, and control of complex appropriate bioreactors. In this work, the predictable, 

stable and durable operation of two types of bioartificial reactors for cell cultures is 

investigated. The thesis is divided into the following two parts.  

 

Part I:  Fluidized bed bioreactor 

 

Fluidized-bed-based biomedical devices acting as bioartificial liver, in which cells 

are trapped and encapsulated into appropriated fluidized beads, have proved effective 

solutions to many respects. However, the bioreactor performance is significantly affected 

by the hydrodynamics and mass transfer, not well characterized yet for most aspects. In 

the present work, the intrinsic and fluidization properties of alginate beads as 

encapsulation medium for hepatic cells are carefully analyzed experimentally using two 

rigs at different scales. Appropriate alginate beads were prepared and characterized in 

terms of size distribution and density. Expansion properties were evaluated for free 

alginate beads (i.e. without hepatic cells) using saline (Ringer) solutions as fluidization 

medium. Bed expansion tests over a wide range of voidage values have been conducted 

in a 1-cm diameter column, used for perfusion during in vitro experiments, as well as in 

a 10-cm diameter column close to human size bioreactor, in the latter case at two 

temperatures: ambient (20°C) and human body (37°C) conditions. Full fluid-dynamic 

characterization of the alginate beads is conducted, including expansion data, terminal 

velocity measurements, and velocity-voidage plots and their elaboration in terms of 

Richardson-Zaki parameters. 

 

Part II: Hollow fiber membrane bioreactor 

 

Due to their structure affine to the physiological environment in vivo, hollow fibre 

membrane bioreactors in crossed configuration can provide favourable conditions for the 
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cell behaviour and metabolism. Specific devices have been proposed in recent years with 

very promising potential for applications. To be able to develop bioartificial systems that 

operate effectively and for the long term, in addition to handling the biological 

complexities, fluid dynamics and transport phenomena require an advance model, careful 

control, and appropriate automation strategies. Tight control of the culturing environment 

and strategies for dealing with some inherently unsteady changes of conditions in a 

membrane bioreactor is investigated by developing and implementing a new 

hydrodynamic dual control system for an existing bioreactor prototype. The experimental 

implementation of the sensors-controllers-actuators system is complemented by the 

development of a transient mathematical model of the instrumented bioreactor, in which 

the membrane unit is treated as a three-compartment model. A four-input/seven-state 

transient model of the bioreactor is obtained, able to describe the time evolution of the 

flowrates, the extra-capillary space liquid level and the oxygen concentration across the 

system. The selection of appropriate sensors and the manipulated control variables is 

discussed. Bioreactor dynamic simulation and control is carried out within the 

Matlab/Simulink environment and Matlab is also used as a platform for the experimental 

data digital acquisition and control logic implementation (e.g. controller tuning), allowing 

both for flexibility with testing of different control schemes and for direct comparison of 

simulated and experimental values. Different experiments with selected input changes 

were carried out under idealized conditions and using water as perfusing medium. The 

applied stimuli served to mimick causes of previously observed bioreactor malfunctions 

(e.g. high sensitivity to liquid level variations during prolonged cell culturing 

experiments) and check the control system efficacy and efficiency. Finally, the developed 

control system is utilized during a prolonged experiment of multi-cell culture within the 

membrane bioreactor, demonstrating the reliable, continuous and successful cultivation 

for nearly one month time. 

 

The set of results collected during the present work allows to achieve new insight 

into the operation and reliability of bioreactors for application as bioartificial devices, by 

improving the capacity to predict their behaviour and better design their structure as well 

as by enhancing the control over the cell culture environment conditions. 
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Sommario 

 

Su scala globale, le malattie del fegato costituiscono un problema di salute 

pubblica molto grave, con un’incidenza di malattie in stadi terminali in continua crescita. 

Gli epatociti isolati rappresentano un buon modello di metabolismo del fegato poiché 

sono in grado di espletare l'intera gamma di funzioni tipiche. Negli ultimi anni 

l'ingegneria biochimica e biotecnologica è stata applicata alla coltura di cellule epatiche 

umane ed animali per la progettazione, l’esercizio ed il controllo di complessi bioreattori. 

In questo lavoro viene studiato il funzionamento attendibile, stabile e affidabile di due 

tipi di reattori bioartificiali per le colture cellulari. La tesi è divisa nelle seguenti due parti. 

 

Parte I: Bioreattore a letto fluidizzato  

 

I dispositivi biomedici a letto fluidizzato agenti da fegato bioartificiale si sono 

dimostrati per molti aspetti soluzioni efficaci. In questi le cellule sono intrappolate e 

incapsulate in sferette fluidizzate di natura appropriata. Le prestazioni del bioreattore 

sono notevolmente influenzate dalla fluido-dinamica e dal trasferimento di massa, 

attualmente non ancora ben caratterizzato per diversi aspetti. Nel presente lavoro si sono 

analizzate sperimentalmente le proprietà intrinseche e di fluidizzazione delle sferette di 

alginato, adottate come mezzo di incapsulamento per le cellule epatiche, utilizzando due 

impianti in scala diversa. Si è provveduto a preparare e caratterizzare sferette di alginato 

in termini di distribuzione di densità e di dimensione. Si sono quindi valutate le proprietà 

di espansione per le sferette di alginato libere (cioè senza cellule epatiche) utilizzando 

soluzioni saline (Ringer) come mezzo di fluidizzazione. I test di espansione del letto sono 

stati condotti su un’ampia gamma di valori di grado di vuoto in una colonna di diametro 

da 1-cm, utilizzata per l’espansione durante gli esperimenti in vitro, nonché in una 

colonna di diametro da 10-cm, prossima ai bioreattori utilizzabili su scala umana, in 

quest'ultimo caso a due diverse temperature: ambiente (20°C) e a condizioni corporee 

(37°C). E’ stata condotta una completa caratterizzazione fluido-dinamica delle sferette di 

alginato, inclusi i dati di espansione, le misurazioni della velocità terminale ed i 

diagrammi velocità-grado di vuoto, con elaborazione in termini di parametri di 

Richardson-Zaki. 

 

Parte II: Bioreattore a membrana a fibre cave 

 

Grazie alla loro struttura affine all'ambiente fisiologico in vivo, i bioreattori a 

membrana a fibre cave in configurazione incrociata possono fornire condizioni favorevoli 

per il mantenimento ed il metabolismo di colture cellulari. Sono stati proposti dispositivi 
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specifici negli ultimi anni con un potenziale molto promettente per le applicazioni. Per 

essere in grado di sviluppare sistemi bioartificiali che operino in modo efficace ed a lungo 

termine, sono richiesti, al di là delle complessità biologiche, capacità di modellazione 

avanzata della fluidodinamica e dei fenomeni di trasporto ed un attento controllo 

attraverso strategie di automazione di processo efficaci. Oggetto di studio è stato un rigido 

controllo dell'ambiente colturale e le strategie per affrontare attraverso di esso modifiche 

di condizioni intrinsecamente instabili in un bioreattore a membrana, sviluppando ed 

implementando un nuovo sistema di controllo della fluidodinamica per un prototipo 

esistente di bioreattore. L'implementazione sperimentale del sistema di sensori-

regolatori-attuatori è stata integrata dallo sviluppo di un modello matematico transitorio 

del bioreattore, in cui l'unità a membrana viene trattata come un modello a tre 

compartimenti. Si è ottenuto un modello transitorio a quattro ingressi / sette stati del 

bioreattore, in grado di descrivere l'evoluzione temporale dei flussi, del livello di liquido 

dello spazio extra-capillare e della concentrazione di ossigeno in tutto il sistema. Viene 

discussa la selezione dei sensori appropriati e delle variabili manipolabili per il controllo. 

La simulazione ed il controllo dinamico del bioreattore sono state realizzate in ambiente 

Matlab/Simulink e Matlab è anche stato utilizzato come piattaforma per l'acquisizione 

digitale dei dati sperimentali e l'implementazione di una logica di controllo (ad esempio, 

per il tuning dei controllori). Ciò ha consentito sia una certa flessibilità nello studio di 

diversi schemi di controllo sia di poter confrontare direttamente i valori simulati con 

quelli sperimentali. Sono stati condotti diversi esperimenti con selezionati variazioni delle 

variabili di input, assumendo condizioni idealizzate e utilizzando acqua come mezzo di 

perfusione. Gli stimoli applicati sono serviti a simulare le cause tipiche dei 

malfunzionamenti del bioreattore osservati in precedenza (ad esempio alta sensibilità alle 

variazioni del livello di liquido durante esperimenti di coltura prolungata) e controllare 

l'efficacia e l'efficienza del sistema di controllo. Infine, il sistema di controllo sviluppato 

è stato utilizzato durante un esperimento prolungato di coltura multi-cellulare all'interno 

del bioreattore a membrana, dimostrando nuovi livelli di affidabilità, continuità e 

successo nella coltura continuativa (quasi un mese di operatività). 

 

L'insieme dei risultati raccolti durante il presente lavoro consente di ottenere una 

maggiore comprensione dell'esercizio e dell'affidabilità dei bioreattori per applicazioni 

come dispositivi bioartificiali, migliorando la capacità di prevedere il loro 

comportamento e di progettarne la struttura, nonché rafforzando le capacità di controllo 

delle condizioni dell’ambiente di coltura cellulare. 
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Chapter 1 

 

 

General introduction and background of study 

 

1. General introduction and background of study 

 

In this chapter after a general introduction to liver failure and liver support, the 

technological aspects of the previously developed bioreactor devices like membrane-

based devices, direct perfusion systems, and entrapment-based columns are reviewed. For 

each type, the technological requirements are theoretically addressed. At the end of the 

Chapter, the project motivations in relation to two important types of bioreactor such as 

fluidized bed bioreactor and hollow fiber membrane bioreactor are discussed. 
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1.1 Liver failure 

 

The liver performs many important metabolic functions and is the only internal 

organ that has the capacity to regenerate itself with new healthy tissues. Loss of liver cell 

functions may result in the disruption of many essential metabolic functions, which could 

lead to death. On the global scale, liver diseases are severe public health problems, with 

the incidences of end-stage liver disease (ESLD) rising annually. The impairment of liver 

functions has also serious implications and it is responsible for high rates of patient 

morbidity and mortality. Progresses made within the last decades in surgical techniques, 

intensive care, immunosuppressive regimen, and organ preservation methods have made 

liver transplantation a form of well-established and successful therapy [1]. The 5-year 

survival rate in the United States was 70.5% for deceased donor transplants performed in 

2007. However, the existing shortage in avail- able donor organs allows no significant 

expansion of transplantation programs, and the number of patients on the waiting list for 

transplantation largely exceeds the number of donor organs available for transplantation 

[2, 3]. 

Presently, liver transplantation remains the treatment of choice for ESLD patients 

but it is limited by both the high costs and a severe shortage of donor organs. Fig. 1 shows 

different steps of liver failure [4-7]. 
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Fig. 1. Different steps of liver failure [8]. 

 

Throughout the years, survival after transplantation has enhanced with advances 

in both patient administration and surgical methods, yet the strategy is not generally 

accessible in a convenient manner, stimulating new surgical methodologies, for example, 

split-liver transplantation, acquisition from living donors, and assistant liver 

transplantation. The issue of organ lack is exacerbated by the difficulty in anticipating the 

result of liver failure. The King's College prognostic criteria have been embraced by most 

focuses, in spite of the fact that they neglect to distinguish patients at generally safe of 

dying [9-11]. 

 

1.2 Liver support 

 

Since 20 years, the growing crevice between the number of patients on holding 

up rundown and the number of liver transplants has highlighted the necessity for a 

temporary liver support [4]. 

Other options to entire organ transplantation for liver dysfunction are under 

dynamic examination. Fig. 2 schematically delineates the 4 fundamental cell approaches 
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that are presently being explored: isolated cell transplantation, tissue engineering of 

implantable constructs, transgenic xenotransplantation, and extracorporeal bioartificial 

liver devices (BAL). Extracorporeal bolster for patients experiencing liver failure has 

endeavored for more than 40 years. Transitory frameworks have been produced to 

endeavor to assist recuperation from intense decompensation, encourage recovery, or 

serve as a scaffold to liver transplantation [12-21]. 

 

 

Fig. 2. Approaches to cellular therapies for the treatment of liver disease [9]. 

 

In the previous two decades, a few gadgets for liver support have been examined 

or created, which can be classified into two: purely artificial organs, in light of traditional 

strategies, for example, hemodialysis, plasmapheresis, specific or non-specific 

adsorption, and bioartificial organs (Fig. 3). As liver plays out numerous and complex 

functions (detoxification, transformation, synthesis), it has gotten to be apparent that 

mechanical or chemical forces cannot be adjusted to the treatment of intense liver 

diseases. In contrast, a bioartificial organ exploits a synthetic cartridge to host biological 

components such as liver cells (hepatocytes on account of a bioartificial liver). Such 

devices are presently being worked on and some have as of now achieved clinical trials 

Apart from the functionality and efficacy of liver support systems, safety issues have to 

be considered. In particular, systems used for supporting the liver function in diseased 

liver need to be stable over the treatment period and show reproducible functions to 
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ensure a standardized quality. In addition, investigation of the biocompatibility of 

materials used and preventing infection of patients are demanded to ensure the clinical 

safety of treatments [2, 4, 22]. 

 

 

Fig. 3. Classification of the different artificial and bioartificial organs for temporary 

liver support [4]. 

 

Different non-biological methodologies have met with restricted achievement, 

probably in light of the part of the synthetic and metabolic functions of the liver that are 

deficiently supplanted in these frameworks. Haemodialysis, hemoperfusion over charcoal 

or resins or immobilized enzymes, plasmapheresis, and plasma exchange have all been 

investigated. Alternately, absolutely biological methodologies have demonstrated 

empowering brings about a few cases, however, have been difficult to execute in the 

clinical setting. Notwithstanding orthotropic liver transplantation, these incorporate entire 

organ perfusion, perfusion of liver slices, and cross hemodialysis [21]. 

 

1.3 Bioartificial liver 

 

Bioartificial devices typically incorporate isolated cells into bioreactors to 

simultaneously promote cell survival and function as well as provide a level of transport 

seen in vivo [23]. In order to adequately compensate the metabolic and regulatory 
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performances of the failing organ in clinical application, bioartificial liver support 

systems have to: 

 Provide differentiated, human-specific hepatic functions 

 Procure sufficient cell quantities for efficient liver support in patients 

 Ensure the stable maintenance of metabolic activities 

 Enable a reproducible cell quality for standardized clinical applications 

 Ensure the clinical safety of the system, in particular, with respect to the cell 

source used 

 Allow the flow of blood and plasma with a mass exchange that can quantitatively 

address the required metabolism for the patient and the possible metabolism of 

the cells 

 Ensure that problems of blood cell damage and coagulation during blood per- 

fusion can be avoided 

 Avoid negative interactions with the patients’ coagulation system, while 

anticoagulation may be required [2]. 

 

An important challenge in engineering devices for culturing liver cells is the 

development of bioartificial systems that are able to favor the liver reconstruction and to 

modulate liver cell behaviour. Bioreactors allow the culture of cells under tissue specific 

mechanical forces (e.g. pressure, shear stress and interstitial flow), augmenting the gas 

and nutrient exchange under fluid dynamics control that ensures the long-term 

maintenance of cell viability and functions [6]. Table 1 gives an overview of bioartificial 

liver support systems that have been clinically used for extracorporeal liver support. Most 

of these systems represent two-compartment devices where the cells reside in the space 

between perfused hollow-fiber capillaries serving for plasma or blood perfusion [2]. 
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Table 1. Bioartificial liver support systems used in clinical trials [2]. 

 

Bioreactor Technology 

 

Cell type used 

 

Clinical outcome 

Hollow fiber–based bioartificial 

liver device perfused with 

plasma (ELAD)[24, 25] 

Human hepatoblastoma cell 

line(C3A) 

No significant difference in 

survival, improvement in 

galactose elimination and 

encephalopathy 

Hollow fiber–based bioartificial 

liver device perfused with 

whole blood(BLSS)[26, 27] 

Primary porcine hepatocytes No serious adverse events; 

treatment well tolerated by 

patients 

Hollow fiber–based bioartificial 

liver with hepatocytes attached 

to dextranmicro carriers 

(HepatAssist)[28] 

Cryopreserved porcine 

hepatocytes 

Tendency toward improved 

survival, yet not significant 

Amsterdam Medical Centre 

Bioartificial Liver Device 

(AMC-BAL)[29] 

Primary porcine hepatocytes No severe adverse events, 

successful bridging to liver 

transplantation shown 

Radial flow bioreactor perfused 

with plasma (RFB-BAL)[30] 

Primary porcine hepatocytes Improvement of encephalopathy 

level, decrease in ammonia and 

transaminases 

Hollow fiber–based bioartificial 

liver with integral oxygenation 

(MELS)[31, 32] 

Primary porcine or human 

liver cells 

No severe adverse events; in 

some patients, clinical and/or 

biochemical improvement 

 

 

1.3.1 Cellular component of bioartificial liver devices 

 

The full supplement of cellular functions required in BAL devices to impact 

positive clinical results has not been resolved. To address this issue, surrogate markers of 

every class of liver-specific functions commonly are described including synthetic, 

metabolic, detoxification (stage I and II pathways), and biliary discharge [33, 34]. The 

certain suspicion is that hepatocytes fit for a wide cluster of known functions will likewise 

express those unmeasured (or obscure) functions that are integral to their metabolic part. 

Each of these primary hepatocytes, cell lines, and stem cells ought to be assessed on the 
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premise of accessibility, potential unfriendly connections, and efficacy in giving liver-

specific function [9]. 

Primary porcine hepatocytes are most commonly used in devices undergoing 

preclinical and clinical evaluation. Primary hepatocytes, in particular, have a unique 

microenvironment in vivo and they notoriously lose their liver-specific functionality 

and/or viability in vitro. Additionally, the proliferation of mature human hepatocytes in 

vitro if present is very limited.  Isolated hepatocytes represent a good model of liver 

metabolism because they are able to perform the full range of known in vivo 

biotransformation, synthetic and detoxification functions [35-38].  

Although primary hepatocytes represent the most direct approach to replacing 

liver function in hepatic failure, they are anchorage-dependent cells and notoriously 

difficult to maintain in vitro. There is relatively limited information on the maintenance 

of liver-specific functions of hepatocytes. They rapidly lose their liver specific functions 

when maintained under the standard in vitro culture conditions. When enzymatically 

isolated from the liver and cultured in monolayer or suspension cultures, they rapidly lose 

adult liver morphology and differentiated functions. Many investigators have looked at 

the microstructure of the liver to provide inspiration for culture models that replace the 

lost cues from the hepatocyte microenvironment in vivo [9, 37, 38].  

 

1.3.2 Bioreactors as bioartificial devices 

 

This short-sighted approach comprises in considering such a device as a 

bioreactor in view of synthetic components ready to offer a satisfactory situation to the 

liver cells. This environment would thusly prompt to the support of efficient functions of 

the cells going for liver supply when putting in a bioreactor situated in an extracorporeal 

circuit [4]. 

The obligatory prerequisites for worthy cell viability and functions in a 

bioartificial liver (BAL) are likely recorded beneath, as indicated by a biotechnological 

perspective:  

 

1. Anchorage to a support or a matrix. 

2. Compelling exchanges with blood or plasma in order to  

- Receive satisfactory oxygen and supplements supply,  
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- Be in contact with the toxic substances and catabolites typically expelled from 

the blood by the liver (e.g. bilirubin),  

- Release synthesized metabolites (e.g. urea, albumin, coagulation factors) to the 

blood stream.  

3. Assurance from host immunological reaction.  

Likewise, the synthetic segments of the bioreactors should themselves be 

biocompatible. A few bioreactor designs have been proposed to fulfill the vast majority 

of the above conditions [4].  

  

1.4 A background of study on different type of bioreactors 

 

1.4.1 Membrane-based bioreactors 

 

Once the requirement for the incorporation of cellular compounds into an 

extracorporeal bioreactor got to be obvious, a few research groups exploited the 

membrane modules effectively produced for pure artificial organs. The flat sheet or 

hollow fiber hemodialysers, and additionally plasmafilters had effectively demonstrated 

their ability for solute and oxygen transport and their relative biocompatibility towards 

the patient's blood or plasma. Membranes were what's more ready to give an immune 

barrier between the hepatocytes and the perfusion fluid, and could likewise be utilized for 

cell anchorage [4].  

In the accompanying, we first introduced how membranes and membrane reactors 

may hypothetically address the prerequisites beforehand drawn for an efficient BAL. 

From this investigation, we along these lines introduced and talked about the BAL under 

development [4]. 

 

1.4.1.1 Cell anchorage 

 

There is an extensive variety of membrane materials utilized in extracorporeal 

circuits. They all demonstrated their relative biocompatibility with either blood or plasma, 
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yet before their application to bioartificial organs and particularly BAL, they had never 

been investigated in term of cell adhesion and development. Hence, a few parameters, for 

example, the type of polymer, the hydrophobicity or wettability, and the surface 

roughness were explored [39-45].  

A few conclusions may be drawn from the gathered information: would cell 

attachment on membrane surface be looked for, the material ought to be hydrophilic and 

electrically charged (either emphatically or adversely) [40-42, 44].   

The charge density appeared to essentially influence the cell adhesion, and thus 

the cellular integrity. From this point of view, polysulfone membranes appeared as the 

best material and gave the best yield as far as metabolic exercises. Cellulose-based 

membranes were substantially less appealing. The membrane roughness did not influence 

cell adhesion, and thus cell activities, for example, oxygen consumption or ammonium 

elimination kinetics [45]. In fact, the best cell adhesion, integrity, and prolonged viability 

were acquired after the membrane polymer coating with collagen or fibronectin [43]. 

These perceptions were in concurrence with information from Biagini et al. [46] 

demonstrating an improved fibroblasts adhesion and expansion on utilized dialysis 

membranes, i.e. materials on which a protein layer was stored. 

This sort of coating offered a more appropriate environment for hepatocytes and 

was generally utilized with even non-porous materials. In any case, the direct attachment 

of hepatocytes to one membrane side could avoid efficient trade between both membrane 

sides. Along these lines, cell attachment could ideally be accomplished on different sorts 

of the matrix, for example, Collagen [47-49], Agarose [50] or Matrigel [51], set either in 

the lumen or the extraluminal part of the membrane. In these cases, the membrane would 

just be utilized as an exchanger and immunological barrier. 

 

1.4.1.2 Sieving properties 

 

Two types of membranes have been utilized as a part of present extracorporeal 

circuits. The first is an ultrafiltration membrane with a maximum molecular weight cut-

off (MWCO) of around 70 kDa (molecular weight of albumin). The basis for utilizing 
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this kind of membrane as a part of BAL was the related immune barrier: such a membrane 

prevented xenogenic hepatocytes from immune rejection and conversely the patient from 

the dangers of hypersensitivity reactions and xenozoonosis. Subsequently, the evacuation 

of albumin-bound toxins or the discharge into the perfusion fluid of the novo-synthesized 

proteins was frustrated or even counteracted [52, 53]. 

The second is a microporous membrane with a mean pore size of around 0.2 mm 

which permits the exchange of even high molecular weight proteins which could prompt 

to the immunological hazard said above. However, a later in vitro study from Mullon [54] 

showed that a 0.15 mm pore size polysulfone membrane decreased the danger of porcine 

endogenous retrovirus (PERV) transmission by an element of 100,000. 

 

1.4.1.3 Bioreactor geometry 

 

Because of compactness and efficiency imperatives, hollow fiber membranes 

appeared to be a great deal more sufficient than flat sheet membranes. The solute mass 

transfer from the blood or plasma compartment to the cell compartment and the other way 

around in a membrane-based bioreactor did rely on upon the membrane type, as well as 

on the bioreactor geometry and the area of both compartments. As portrayed in detail by 

Catapano [55], mass transport experienced constraints in three unique areas: perfusion 

fluid (blood or plasma), membrane structure and cell compartment. Contingent on the 

bioreactor design, the solute mass transfer inside these three zones could be significantly 

distinctive. Inside these compartments, phenomena in charge of mass transport could be 

diffusion, convection, or both. 

In the perfusion fluid side, mass transport was unequivocally influenced by the 

fluid velocity and viscosity. By relationship with hemodialysis, the flow of the perfusion 

fluid on the shell side (hepatocytes on the lumen side) could bring about zones where fluid 

was practically stagnant, and thus exceptionally poor diffusive transfer may happen. As 

highlighted by Catapano [55], the higher the velocity the better the mass transport. In term 

of viscosity, the utilization of plasma rather than blood, other than encouraging 

biocompatibility to the detriment of system complexity, resulted in a significant viscosity 

decrease for the perfusion fluid which on a basic level favored mass transport. In any case, 

Zydney et al. [56] depicted the impact of the presence of rotating red blood cells on solute 

effective diffusion in blood. These hypothetical contemplations contended for the 
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nearness of the hepatocytes on the shell side, yet don't take into consideration conclusion 

on the choice of fluid [4].  

 Membrane permeability for a solute decreases with the increase of its molecular 

size. It additionally relies on upon the solute shape and size. Other than the immunological 

measure, the membrane MWCO may speak to the key purpose of exchanges between 

perfusion fluid and hepatocyte [4]. 

In the cell compartment, mass transport unequivocally relied on compactness and 

density. The distinctive procedures utilized to give the cells with an adequate anchorage 

might here assume a critical part. In spite of a 3-D arrangement, the hepatocytes situated 

in the fiber lumen experienced a low contact region and additionally starvation for those 

situated a long way from the membrane. On the shell side, the cell viability emphatically 

depended on its accessibility. The collagen matrix offered an efficient anchorage but was 

in charge of low diffusion coefficients. The attachment to microcarrier could allow the 

presentation of every cell to the medium, additionally relied on upon the level of filling 

for the bioreactor [4]. 

Taking everything into account, hypothetical contemplations may be useful to 

maintain a strategic distance from a few mix-ups in the origination of a membrane-based 

BAL. In any case, they didn't prompt to the definition of the ideal design, since many 

inquiries were not completely replied [4]. 

 

1.4.1.4 Choice of membrane material 

 

In the vast majority of frameworks, a polysulfone-based membrane was favored 

in concurrence with its better connections with the hepatocytes, despite the fact that cells 

were not attached directly to it [49, 50, 57]. Gerlach [58] has built up a bioreactor with 

three separate capillary membrane systems, according to the functions dedicated to each 

membrane (nutrient/plasma input or output, gas exchange). 

 

1.4.1.5 Bioreactor design 

 

Bioreactor designs differed from classical (hemodialysers) to more entangled 

geometry. In traditional membrane modules, the fluid flowed either inside or outside the 

fiber lumen, the hepatocytes being situated on the opposite side (Fig. 4). Filling the 
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bioreactor with hepatocytes on the membrane shell side appeared to be favored for 

practical reasons. Gerlach et al. [51] proposed a more intricate geometry including a mat 

of three diverse fibers offering a 3D environment to the cells seeded at the external surface 

and among the capillaries. 

 

 

Fig. 4. Schematic representation of hollow fiber based bioartificial livers relying on 

commercial cartridges. The cells (hepatocytes) may be located either in the lumen [49, 

59] or in the extraluminal space [49, 50, 57]. Blood or plasma flows in the cell-free 

space. The membrane is employed as a barrier between the perfusion fluid and the 

hepatocytes. 

 

As shown in Fig. 5, each fiber type was perfused with various fluids (oxygen, 

nutrients during the culture period, plasma under powerful BAL function). Plasma or 

culture medium entered the bioreactor by means of a fiber bundle under dead end filtration 

conditions, and left by means of another bundle, resulting in adequate exchanges with the 

hepatocytes [58]. 
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Fig. 5. Schematic representation of the mat of fibers used in Berlin membrane-based 

bioartificial liver. □: open port; ■: closed port. (Adapted from [58]). 

 

Since no randomized tests have been defined yet, it appeared difficult to separate 

the distinctive bioreactors' efficiency. In any case, bioreactors using upgraded convective 

mass transfer seemed more efficient than those depending on pure diffusion. In the Circe 

bioreactor, the high perfusion flow rate (400 ml/min achieved by plasma recirculation) 

associated with a long plasmapheresis membrane (500 mm length) yielded high inside 

filtration flow rate took after by back filtration which enhanced transfers in both the 

directions [60]. Albeit other authors [40] recommended that pure diffusion techniques 

could be beneficial on account of the low concentration gradient produced on both sides 

of the membrane, no clinical information managed this approach. 

 

1.4.1.6 Summary 

 

The experience of the distinctive groups required in the origination of a 

membrane-based BAL demonstrated that some preparatory limitations could be kept 

away from with no malicious impact on the BAL functions. The efficient mass transfer 

of toxins and metabolites, furthermore most likely of oxygen, as opposed to the regard of 
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a tight immunological barrier, showed up as a key point for a reliable short-term BAL 

use. 

It is in certainty extremely difficult to dissect the genuine efficiency of every 

framework and still many inquiries are opened. Particularly, the optimal amount of 

hepatocytes to be utilized has not been defined yet. Would it be bigger than that typically 

utilized for the occasion, the membrane bioreactors, even exceptionally appealing, could 

suffer from scaling-up difficulties [55]: expanding the number of hepatocytes into a 

similar cartridge could bring about a significant loss of mass transport and hence viability. 

Likewise, the impact of membrane fouling under high filtration flow rate has not been 

explored as such and could be a restricting component in future utilizations of such BAL 

[61]. 

1.4.2 Direct perfusion bioreactors 

 

The direct perfusion of connected cells by plasma or blood into a bioreactor 

appears an encouraging and basic idea, which was taken up by a few research groups.  

Two principle methodologies were under scrutiny. The first one endeavored at 

making a 3D environment for the liver cells, looking like the native organ [61-63]. The 

cells could form small aggregates, or be specifically appended to a porous support. They 

were in this way independently perfused, under a low dispersion slope as in a typical liver 

[61]. The other approach depended on more conventional cell culture as monolayers 

between two collagen-coated plates [64-66]. The restricting sinusoidal surfaces of the 

hepatocytes were joined to the extracellular matrix, duplicating the in situ configuration 

of the intact liver. Non-parenchymal cells could be deliberately added to enhance the 

hepatocyte functions [64]. 
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Fig. 6. Schematic description of Flendrig et al. [37] direct perfusion bioreactor (D). The 

hepatocytes aggregates (C) are anchored in the 3D matrix located between the spirally 

wound polyester film (B). The hollow fibers (A) provide the cells with oxygen. 

 

A portion of the above bioreactors additionally utilized a few sections of 

membrane technology. Flendrig et al. [62] utilized hydrophobic polypropylene hollow 

fiber membranes for oxygen supply and Carbon Monoxide evacuation. The homogenous 

dispersion of the fibers went about as a spacer for the spirally twisted polyester film, 

reinforcing the 3D environment offered to the hepatocytes (Fig. 6). The idea of this type 

of bioreactor ought to encourage the scaling-up. Bader et al. [65] developed the 

hepatocytes on collagen-coated microporous membrane but, as Flendrig, did not use this 

membrane as a barrier between the cells and the perfusion fluid.  

For the occasion, none of the displayed frameworks have achieved the clinical 

trials. Despite the fact that the mass exchanges ought to be streamlined, the scaling up of 

a few frameworks (particularly the plates) appeared difficult to perform. Likewise, 

hepatocytes could be subjected to high shear in some configurations, prompting to cell 

harm or conceivable discharge to the circulation system. With respect to most layer based 

frameworks, just constant culture permitted the capacity of such BAL [4]. 
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1.4.3 Entrapment-based bioreactors 

 

Another option to the above configurations was the incorporation of hepatocytes 

inside a semi-permeable spherical structure more often than not called “bead” or 

“capsule” [67]. The polymer bead matrix offered anchorage facilities to hepatocytes and 

its porous structure could go about as an immunological barrier. 

The hepatocytes containing beads were first created by Tompkins et al. [68] and 

Dixit [19] for their direct implantation. Hepatocytes viability was observed to be kept up 

in such a tridimensional structure [69], even after cryopreservation [70]. The beads may 

even shield the cells from shear stress damage in an extracorporeal bioreactor. Since cell 

encapsulation is a broadly utilized instrument as a part of biotechnology, a few materials 

have been examined to fulfill the prerequisites of a bioartificial liver. A few groups tried 

the properties of Hydroxyethyl methacrylate-methyl methacrylate (HEMA-MMA) 

copolymer [71], chitosan-dextrose [72]. Calcium alginate was up to now the most famous 

material [8, 73] in view of its porosity, its mechanical properties, and its biocompatibility. 

The alginate bead external structure may be reinforced by the expansion of chelating 

segments (lysine for instance). The bead diameter ranged from 1 mm or less, taking into 

account sufficient mass transfer and oxygenation of all the hepatocytes. This size was 

appeared to be greatest by Sardonini et al. [74] whose findings demonstrated an ideal cell 

to a medium distance of 370 mm to keep up high cell viability. What's more, hepatocytes 

into alginate bead may be easily stored by cryopreservation [70]. 

A large portion of the bioreactors intended for beads perfusion relied on fixed bed 

configuration (Fig. 7), where the beads were densely packed into a column. Reactors 

intended for small animal trials worked appropriately [73]. Their significant restriction 

for scaling-up was the perfusion velocity profile into the column: the arrangement of 

preferential channels resulted in poor perfusion for a lot of beads and subsequently 

constrained mass transport outside the beads. 

 Furthermore, high shear stresses on the successfully perfused beads could prompt 

to conceivable harm on the beads structure, and as an impact to alginate and cells 

discharge to the blood stream. Nonetheless, the hepatocytes entrapment into alginate 

beads still seemed promising since the various criteria fixed for an operational BAL 

appeared to be fulfilled. Thus, it was proposed to make use of the possibility of 

hepatocytes entrapped in alginate beads in a more efficient bioreactor. In this novel 
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geometry, beads were subjected to a fluidized bed movement, prompting to the definition 

of a fluidized bed bioartificial liver (FBBAL) [75]. 

 

 

Fig. 7. Fixed bed and fluidized bed configurations of bioreactors exploiting hepatocytes 

entrapment into spherical beads [4]. 

 

The utilization of fluidized bed reactors was generally spread in chemical or 

biochemical engineering when a diphasic blend was available [76]. In the mix with cells 

entrapped into beads, it has likewise found a few biotechnological applications [77]. Thus 

we recommended to apply this innovation to a vast scale extracorporeal BAL, committed 

to in vivo applications on pigs [78] and as an extension of the past work of Fremond et 

al. [73] with a small-scale bioreactor. The in vivo application required the utilization of 

300–400 ml of alginate beads (diameter 1 mm) containing porcine hepatocytes. The 

perfusion plasma flow rate ought to run 20–30 ml/min and the dead volume minimized. 

The framework created was depicted in detail somewhere else [75] and first approved 

with saline solution at 20 °C rather than plasma at 37 °C (same viscosity) and empty beads 
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(supposed to be lighter than the cells containing ones) [79]. The fluidization was gotten 

from the fixed bed status by increasing the superficial velocity (Fig. 7). 

The bed expansion suggested utilizing a column with a smaller diameter (to work 

at the same flow rate) and a larger height than a fixed bed column. Under optimized 

hydrodynamic conditions, bed expansion was steady and brought about a homogenous 

mixing [4].  

The outcomes obtained with this kind of bioreactor and empty beads are extremely 

reassuring. In vivo animal trials were performed in Rennes, demonstrating an alternate 

conduct with hepatocytes containing beads. The following stride in the bioreactor 

advancement comprises of in vitro experimental trials with plasma and entrapped 

hepatocytes [4]. 

Table 2 summarizes the bioreactor designs that have been proposed and studied.  
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Table 2. Bioreactor designs and comparison [9] 

 

 

Hollow fiber 

 

 

Flat plate and 

monolayer 

 

 

Perfused 

beds/Scaffolds 

 

Encapsulation and 

suspension 

Pros: attachment 

surface, potential for 

immunization, well 

characterized, cells 

protected from shear 

Pros: uniform cell 

distribution and 

microenvironment 

Pros: ease of scale-up, 

promotes 3-dimensional 

architecture, minimal 

transport barrier 

Pros: ease of scale-up, 

uniform 

microenvironment 

Cons: non-uniform cell 

distribution, transport 

barrier with 

membranes or gels 

Cons: complex scale-up, 

potential large dead 

volume, cells exposed to 

shear, low surface area-

to-volume ratio 

Cons: non-uniform 

perfusion, clogging, 

cells exposed to shear 

forces 

Cons: poor cell stability 

in suspension, transport 

barrier due to 

encapsulation, 

degradation of 

microcapsules over 

time, cells exposed to 

shear forces 

 

 

1.5 Motivation and objectives 

 

The fluidized bed and hollow fiber bioreactors are the most promising 

technologies. In their operation, several issues arise because of the complex 

hydrodynamics and mass transport; so, there is a need to characterize the dynamics (in 

the sense of dynamical operation of the fluidized bed vs. packed/static configurations) 

and possibly apply instrumentation for automatic control. The details about problems and 

issues related to these two type of bioreactors and the most important objectives of present 

work are discussed in the two further sections.  
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1.5.1 Fluidized bed bioreactor 

 

Hepatic cells in the form of spheroids immobilized within alginate beads in 

fluidized bed devices have been recently subjected to tests and successfully validated in 

preclinical trials with respect to biological functions and metabolic activity [80]. The 

effect of alginate preparation and beads size on the mass transfer and metabolic activity 

has been investigated by Gautier et al. [81] and other groups [82]. Generally, it has been 

shown that the overall performance of the fluidized bed bioartificial liver strongly relies 

on the effective hydrodynamics and mass transfer in the bioreactor. Unfortunately, in real 

applications, the expansion of the beads is not clearly visible even in transparent 

bioreactors, as the fluidization medium may be opaque. As it is well known, measures of 

the pressure drop are also of little use to characterize expansion once the minimum 

fluidization velocity is overcome. Mass transport between the fluid and the cell 

encapsulating alginate beads is also connected to the expansion in a complicated way, as 

an increase in velocity tends to overcome transport limitations on the exterior of the cells 

but also increase the voidage, i.e. decreasing the contact surface area per unit volume. 

Therefore, the ability to accurately predict the expansion properties of the beads’ bed is 

very important to the efficient use of the bioreactor.  

The investigation related to fluidized bed bioreactor was carried out in a 

cooperation with the University of Compiegne. The main objective of the first part of this 

work is to provide data and analysis useful to the selection of the optimal hydrodynamic 

regime in the design and scale-up of bioartificial devices based on the fluidized bed of 

alginate beads. This is achieved first by preparing relatively monodisperse alginate beads, 

followed by a careful evaluation of their properties with specific respect to the 

characteristics influencing fluidization, including density (pure alginate and/or presence 

of hepatocytes), average size and size distribution, swelling characteristics in different 

culture media. It shall be emphasized that such properties of alginate are rather peculiar 

in comparison with more traditional particulate materials in fluidized beds (e.g. sand, fuel 

particles, and catalysts). For example, the density of alginate is very similar to that of 

water, also affected by possible swelling, making its correct determination crucial.  

Fluidization properties are then investigated using Ringer solution as fluidization 

medium. A comparative hydrodynamic analysis is carried out of the expansion rate of the 

prepared beads up to very high voidage values in a 1-cm vs. 10-cm internal diameter 
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columns. Terminal velocity conditions are also investigated to compare values with 

extrapolated expansion properties. Measurements of the expansion properties at human 

body temperature are also attempted. 

 

In summary the objectives of part I are: 

 Alginate beads for the fluidized bed bioartificial liver characterization 

 Size distribution, density, swelling, settling velocity and mass transfer 

properties evaluation 

 Expansion/fluidization properties measurement at two rig scales 

 Discussion and representation in terms of Richardson-Zaki parameters 

 Investigation on the effects of temperature in the fluidization 

 

1.5.2 Hollow fiber membrane bioreactor (HFMBR) 

 

Hollow fiber membrane bioreactors (HFMBR) are commonly used in tissue 

engineering applications for cell-based therapies and are among promising types of 

extracorporeal bioartificial liver (BAL) devices. Depending on the application and the 

cell type used, different configurations are considered to serve different functions.  

Generally speaking, the cells can be attached to the outer wall of the hollow fibers (HF) 

with the medium flowing in the lumen of the fibers in order to protect the cells from shear 

stress. Alternatively, if shear stress is required as an external mechanical stimulus, the 

cells may be seeded in the lumen of the HF [6, 37, 83]. 

The research in this section is conducted in collaboration with the Institute of 

Membrane Technology of the Italian National Research Council (ITM-CNR) where an 

HFMBR test-rig with different facilities are available. The mentioned bioreactor include 

an HF cross-membrane system used in the inflow and outflow medium. In order to 

constitute three different compartments, the fibers were potted at each end, yielding two 

intraluminal compartments within the polyethersulfone (PES) fibers and an extra 

capillary compartment or shell outside the fibers. The inflow and outflow compartments 

communicate through the pores in the fiber wall. The human hepatocytes were seeded in 

the extra capillary compartment of the bioreactor on the outer surface of and between the 

HF membranes. After the liver cells adhered, the bioreactor was perfused with the 

oxygenated medium. 



General introduction 

 

23 

 

However, the increasing complexity of fluid dynamics and transport phenomena 

in present and future bioreactors requires advanced steady-state models and control 

strategies for the transient operations, since a well-controlled environment with respect 

to transfer processes and metabolic kinetics is necessary for activation of specific cellular 

response and long-time viability. From a methodological point of view, it is necessary to 

develop a complete system model, containing all the relevant elementary processes at 

sufficient level of detail, in order to build an input-output reactor representation and 

advice suitable control actions to maintain the desired set points [84, 85].  

On the other hand, Several factors may limit the survival of hepatocyte cultures 

in an artificial environment including nutrient transport, oxygen diffusion as well as 

removal of catabolites. According to these factors, keeping the medium level constant in 

the bioreactor is vital. In hydrodynamics, the inlet and outlet regions were assumed of 

fixed volume, while the cell culturing environment is fixed pressure, in order to limit fluid 

stresses on the cells. 

In addition, such an arrangement can lead to operational problems in keeping the 

desired liquid volume in the compartment. In terms of reaction engineering, the problem 

can be formulated as liquid level dynamics, for which a simulation study for level control 

purpose is proposed. 

 

In summary, the objectives of part II are: 

 HFMBR set-up and the operational issues identification 

 Dynamic analysis and modeling of the bioreactor 

 Develop a computer-based control system for the most important variables 

such as medium level 

 The necessary instrumentation in order to synthesize control system 

 Test the controlled system on a model bioreactor with inert fluid (water) 

and finally test it under cell culturing condition



 

 

 

 

 

 

Part I 

 

 

Fluidized bed bioreactor 



 

 

 

 

 

 

Chapter 2 

 

 

The liquid-fluidized bed as bioartificial liver concept 

 

2. Biological/biomedical applications of liquid-fluidized beds 

 

In this Chapter, the concept of fluidized bed bioreactor as the bioartificial liver 

device is discussed and the biological/biomedical applications of liquid-fluidized beds are 

illustrated and summarized.  
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2.1 The fluidized bed bioartificial liver principle 

 

The homogeneous expansion behaviour of liquid-fluidized beds is exploited in 

various fields such as minerals engineering and biotechnology [86, 87]. Innovative 

fluidized bed bioreactor concepts have been also explored for applications as bioartificial 

organs, particularly the bioartificial liver [5]. Due to the high cost and shortage of organ 

donors, liver transplantation suffers from severe limitations. Liver tissue constructs 

consisting of functional cells and artificial materials are being greatly studied for their 

applications in the field for organ replacement and for in vitro studies on drug 

development and metabolic diseases [6]. The concept of a two-phase bioreactor with a 

fluidized bed of alginate beads containing immobilized hepatocytes was initially 

proposed by Doré and Legallais [75, 79] although similar devices could be found in earlier 

patents [88].  

The use of alginate beads in which hepatocytes are entrapped seems very 

promising because this spherical configuration offers, in addition to the hepatocyte 

anchorage, the largest surface area to volume ratio for optimal solute and oxygen transfer 

between the hepatocytes and the perfusion fluid (either blood or plasma) in both directions 

[81]. 

Application of the fluidized bed bioartificial liver requires a conceptually simple loop 

[81] (Fig. 8). The patient’s blood is withdrawn and separated into plasma and blood cells. 

Plasma treatment is carried out by perfusion through a fluidization column hosting the 

hepatocytes. Plasma and blood cells are eventually mixed again and returned to the 

patient. 
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plasmapheresis

Plasma

Red blood cells

Treated plasma

Prestaltic pump

Encapsulated hepatocyte 

sphere in alginate bead

Fluidized bed 

bioreactor

Patient with hepatic failure  

Fig. 8. The principle of the fluidized bed bioartificial liver. 

 

2.2 Improved conditions under fluidization conditions  

 

Several attempts have been made to develop fluidized bed bioartificial support for 

the treatment of patients with liver failure. In this part, the technological aspects of the 

previously developed fluidized bed bioreactor are reviewed. 

Doré et al. [75] introduced an idea of a bioartificial liver in view of the fluidized 

bed movement of hepatocytes entrapped in alginate beads. The bioreactor was intended 

to offer stable behaviour. The maximum fluid perfusion velocity was estimated based on 

the intention to avoid bead elutriation from the bioreactor. This design criterion appeared 

simple to handle and to scale up once the number of beads to guarantee a productive 

supply was fixed. The fluidized bed height was verified to depend only on the total bead 

volume and the perfusion velocity. Also, mass transfers between the perfusion fluid and 

the alginate beads improved in the fluidized bed arrangement in comparison with the 
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fixed bed (static) condition. The fluidized bed concept should enhance the mass transfer 

velocity between the plasma and the hepatocytes entrapped in the beads. The solute 

concentration decrease was thus followed in the tank when the beads were in fluidized 

bed motion Fig. 9. Fig. 10 shows the kinetics for VitB12 obtained under different 

perfusion flow rates in a fluidized condition in comparison with fixed bed condition 

respectively. Equilibrium was reached in as few as 10 min, compared to the 2 h observed 

under static condition. This result clearly shows the benefit of using an FBBAL and 

suggests the real efficiency of the process in term of mass transfer [75].   

 

 

Fig. 9. The time courses of VitB12 concentration in the tank under dynamic mass 

transfer conditions are shown for 4 different perfusion flow rates: (●): Q = 29.4 ml/min, 

(○): Q = 40 ml/min, (■): Q = 55 ml/min, and (□): Q = 70.9 ml/min [75]. 
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Fig. 10. Shown is the time course of VitB12 concentration in the supernatant under 

static mass transfer conditions [75]. 

 

Legallais et al. [79] focused on the design of a bioreactor for extracorporeal liver 

supply containing alginate beads in a fluidized bed regime. Their goal was to accomplish 

a satisfactory mixing into the bioreactor to improve the potential exchange and mass 

transfer. In the first place, they checked whether both present phases (solid: alginate 

beads; liquid: saline solution at 20°C) might allow for this fluidization. At that point the 

optimal design was characterized as a function of the required working conditions, bead 

volume, and perfusion flow rate; the column cross-section and initial height especially 

needed to be adjusted. The efficient fluidization, under enhanced conditions, was 

demonstrated through the measurement of the head losses created by the fluidized bed. 

Criteria for scaling up were likewise proposed.  

Legallais et al. [79] compared the evolution of the bioreactor expansion with the 

values predicted by the well-known expansion models available in the literature (Fig. 

11). They have gained, none of them could predict the observed trends sufficiently well. 

Only Ganguli's model results were close to the experimental data. As the porosity linearly 

changed with the superficial velocity, the following correlation was proposed: 
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𝜀 = 30 + 17.456 × 103 × 𝑢  ( 1 )  

 

With ε in % and u in ms-1 [79]. The tests proved that the expansion properties of alginate 

beads can be different from conventional particulate materials. 

 

 

Fig. 11. The graph shows the influence of the superficial velocity u (divided by the 

terminal velocity ut) on the fluidized bed porosity ε: (s) experimental data. The results 

are compared with different models: - - - Foscolo et al. [89], … Richardson and Zaki 

[90],   Hirata and Bulos [91],   Ganguli [92], and Legallais et al. [79] ― Equation 1. 

 

Kinasiewicz et al. examined the influence of C3A cell culture in alginate beads on 

the synthetic function in a fluidized bed, bioartificial liver. Cells in alginate beads were 

prepared to utilize an electrostatic droplet generator of their own design utilizing low-

viscosity alginate.  Beads were cultured for 24 hours, then 7 days in static conditions and 

after that 24 hours of fluidization in the bioreactor to assess albumin production. They 

observed significantly increased albumin production by C3A cells entrapped in alginate 
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beads during static culture. Fluidization increased albumin production compared with 

static culture. Fluidization performed following 7 days of static culture brought about a 

significant increase in albumin synthesis. Their tests demonstrated that hepatic cells 

proliferated with expanded metabolic function after some time. Table 3 reports a 

comparison of albumin production by human hepatoma C3A cells entrapped in alginate 

beads in static incubation with fluidized bed bioartificial liver experiment [93]. 

 

Table 3. Comparison of albumin production by human hepatoma C3A cells entrapped in 

alginate beads in static incubation compared with fluidized bed bioartificial liver 

experiment 

 Fluidized bioreactor 

(ng/h per initial 106 of cells) 

Static incubation 

(ng/h per initial 106 of cells) 

Albumin production after 

24 hours of cultivation 

72.9 ± 31.4 63.8 ± 9.6 

Albumin production after 

7 days of cultivation 

743.3 ± 181.5 250.8 ± 58.5 

 

 Eventually, as it was discussed, liquid fluidization offers the advantage of the 

homogeneous and controllable expansion of suspended particles with limited pressure 

drop and favorable heat and mass transfer conditions. Bioreactors can exploit such 

potential and fluidized-bed-based biomedical devices acting as bioartificial liver have 

proved an effective alternative to other solutions. In such a systems, bioreactor 

performance significantly was affected by the hydrodynamics and mass transfer. It seems 

necessary to investigate about hydrodynamics of fluidized bed bioreactor due to a very 

low pressure drop to measure and an opaque fluidized system to predict the system 

behaviour. In the present work, the intrinsic and fluidization properties of alginate beads 

are carefully analyzed using two rigs at different scales.



 

 

 

 

 

 

Chapter 3 

 

 

Materials and characterization methods 

 

3. Materials and characterization methods 

 

The planned tests required the laboratory preparation of alginate beads, use of the 

appropriate saline solution to store and fluidize the beads and an extensive set of 

characterization methods, as described in chapter 3.  
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3.1 Alginate beads characterization 

  

3.1.1 Alginate preparation 

 

The alginate beads are prepared by the process of alginate drops polymerization 

in calcium chloride, a careful procedure known to produce relatively monodisperse 

particles. To prepare the alginate solutions, alginate powder (MANUCOL® LKX 50DR, 

FMC BioPolyme) is dissolved in a sterile saline solution (154 mM NaCl solution buffered 

with 10 mM HEPES, pH 7.4). The mixture is then filtered using a 0.2 μm membrane. 

Alginate suspension solution is extruded as droplets through a gauge system. Droplets are 

size-controlled using co-axial air flow. The alginate droplets are collected in a calcium 

chloride gelation bath (154 mM NaCl, 10 mM Hepes, 115 mM CaCl2) wherein they are 

immersed and reticulated for 15 min. Afterward, the beads are rinsed twice with sterile 

saline solution. The inert beads are then stored in the Ringer solution before use, whereas 

the hepatocytes-containing beads are placed in a culture vessel containing William’s E 

medium (PAN Biotech). A picture and a schematic sketch are shown in Fig. 12.  
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Fig. 12. Alginate preparation setup actual (top) and schematic (bottom) 

 

3.1.2 Ringer solution 

 

Alginate beads, even not encapsulating cells, have been shown to exhibit 

structural instability unless stored in appropriate solutions. Expansion tests have therefore 
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been carried out using the simplest solution known to ensure stability to the material, i.e. 

the Ringer solution (6.5 g NaCl, 0.42 g KCl, 0.25 g CaCl2 and 0.29 g NaHCO3 per liter 

of water). For the 10-cm diameter set-up, 200 liters of solution based on purified water 

(Milli-Q Merck Millipore) have been prepared. 

 

3.1.3 Characterization techniques: size 

 

The particle size distribution of the alginate beads is measured by laser diffraction 

using the Malvern Mastersizer 2000, with Ringer solution as the dispersion medium. 

Sauter’s average (volume-to-surface, or 𝑑3,2) diameter is calculated according to the 

distribution. Distributions are measured for two samples, each one subjected to three 

evaluations, and the average values are reported.  

 

3.1.4 Characterization technique: density 

 

As shown below, the hydrodynamic characteristics of the fluidized bed bioreactor 

are very sensitive to density. Therefore, density measurements are separately carried out 

for inert beads and beads encapsulating hepatocyte spheroids. 

 

3.1.4.1 Inert beads 

 

The density of inert alginate beads is calculated by separate measures of the mass 

and volume of approx. 8 ml (bulk) of beads. The same sample is weighted by laboratory 

balance (± 0.01 mg accuracy); the net bead volume is then precisely evaluated by helium 
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pycnometry (Quantachrome Ultrapycnometer 1000). The volume measurements were 

repeated five times and the average value and standard deviation calculated.  

In addition, four samples of alginate beads are prepared for a simpler evaluation of 

inert bead density to compare with the beads filled with hepatocyte spheroids. To this 

purpose, the density is calculated by separate measures of mass and volume using 

laboratory balance and graded cylinder. In this case, a bulk volume of 3 ml of weighed 

alginate beads in 20 ml of solution (Ringer and William’s E medium) is used. 

 

3.1.4.2 Beads with cellular spheroids 

 

For density measurements of alginate beads with spheroids, a set of alginate beads 

is synthesized with encapsulated spheroids under sterile conditions. The number of 

alginates beads is divided into three parts (each containing about 2 million cells) for three 

different tests at day 0, day 5 and day 7. The density is measured by the same technique 

as for inert beads. 

 

3.1.5 Characterization technique: swelling  

 

Transient swelling characterization of inert alginate beads, important for its effect 

on density and the related hydrodynamic implications, is investigated after storage in 

Ringer solution and William’s E medium. Rather than statistical distributions of many 

particles, bead swelling requires observation of the same particles over time. Thus, the 

evolution of the beads size is analyzed under an inverted light microscope equipped with 

phase contrast (Leica DMI 6000B, Leica, Wetzlar, Germany). For each average datum, 

the diameter of 20 alginate beads is measured with the help of an image analysis and 

processing software (LAS AF software). Two batches, one per medium, are prepared. 

The size of beads in the batch is analyzed under the microscope every 2 hours for 6 hours 

and then every 24 hours until steady state conditions are achieved. 
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3.1.6 Characterization technique: settling velocity  

 

The settling velocity of single inert alginate beads is measured by video recording 

and post-processing of falling beads in a 5-cm internal diameter (ID) graduated cylinder 

(Fig. 13). Due to high transparency of the beads and the very little difference of refraction 

index with respect to water, off-line digital processing of images turned out to be more 

effective than live visual observation. The processed video allows obtaining the precise 

passage time of the beads between two defined points after the bead acceleration phase. 

The experiment is repeated 4 times. 

 

 

Fig. 13. Settling velocity measurement 

 

3.1.7 Mass transfer into the beads 

 

Mass transfer dynamics into the inert beads was studied using vitamin B12. The 

beads were exposed to 0.2 g/L vitamin B12 in Ringer solution in both batch (static) and 

Alginate bead 
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fluidized (dynamic) setups and the changes in the concentrations were monitored using 

spectrophotometry (at wavelength 550nm). This experiment can also be very valuable in 

validating the numerical analysis of the mathematical models as well as bead’s properties. 

 

3.1.7.1 Batch (static) 

 

Alginate beads were carefully placed at the bottom of a cuvette so that the optical 

beam is not obstructed. 2ml of vitamin B12 (0.2 g/L) solution was added to top and the 

cuvette was placed in the spectrophotometer. The decrease in absorbance due to diffusion 

of the molecules into the beads was recorded until it reached steady-state. 

 

3.1.7.2 Fluidized (dynamic) 

 

5.5 ml of Inert, fresh beads was seeded into the bioreactor and upon starting the 

pump, were exposed to vitamin B12 solution (25ml total volume, 0.2 g/L). 100µL 

samples were taken over time for absorbance measurement as before. The fluidized bed 

bioreactor used to study the transport of vitamin B12 into the beads (dynamic system) is 

shown in Fig. 14. 
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Fig. 14. Fluidized bed bioreactor used to study the transport of vitamin B12 into the 

beads (dynamic system) 

 

3.2 Expansion test and experimental rigs 

 

3.2.1 Smaller (1-cm diameter) fluidization set-up 

 

The bioreactor is composed of a glass column (internal diameter 1 cm, height 12 

cm) sealed with top and bottom water-tight perforated caps through which the inlet and 

outlet channels, respectively, penetrate. A fine mesh tissue blocked between two sealing 

rings within the bottom cap acts as a liquid distributor. The column size is designed for a 

perfusion solution flowrate from 1 to 4 ml/min and beads’ volumes not exceeding 5 ml. 

A peristaltic pump ensures the desired recirculation flowrate. A simple scheme of the 

bioreactor set-up is shown in Fig. 15.  
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Fig. 15. Experimental setup of the bioreactor with 1-cm diameter column. 

 

The alginate beads with a mass of 1 g are loaded into the bioreactor. Expansion 

tests are carried out by increasing the perfusion liquid flowrate step by step until the bed 

height reaches the whole length of the bioreactor. In each step, a ruler attached to the 

column walls precisely measures the height of the alginate beads interface. 

 

3.2.2 Bigger (10-cm diameter) fluidization set-up 

 

The larger set-up is based on a 10-cm diameter Poly(methyl methacrylate) 

(PMMA) column. The system is composed of a 175-cm high vertical tube with an internal 

diameter of 10 cm. A 25-cm long tube with internal diameter of 10 cm is positioned below 

the distributor, acting as a plenum. The distribution section includes three parts, namely: 

an upper flange, a perforated plate, and a lower flange. The perforated plate is a metal 

sheet disc with 400 µm diameter holes regularly arranged in a 1.5 mm pitch triangular 

mesh. In the plenum, a 10-cm-high packed bed of big glass beads (about 10 mm diameter) 
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is used to ensure uniform flow below the distributor. In Fig. 16, the fluidization column 

lab set-up is shown schematically.  

Circulator pump

Tank

Regulating 

valve

Filter

Rotameter

Drip tray

Fluidization 

column

Fluidized 

Alginate beads

Water 

heater

 

Fig. 16. Experimental setup of the bioreactor with 10-cm diameter column. 

 

The circulator pump, with the help of a regulation valve and a bypass (not shown 

in Fig. 16), provides the desired flowrate to the fluidization column. The accumulation 

tank stores the 200 l of Ringer solution. In order to analyze the effect of temperature, a 

device consisting of three electrical heater cartridges (each one 1.2 kW), acted upon by 

an on-off temperature controller, is used inside the accumulation tank. Two temperature 

sensors are located inside the column, at its base and its top, readings from the former 

being used as bed temperature. 

Sample preparation for the expansion test requires a weighed amount of the alginate 

beads (about 500 g) to be immersed in the solution and loaded into the column. Maximum 

care is paid to avoid the presence of air bubbles everywhere inside the column, as the 
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presence of gas-liquid interfaces entrapping particles would strongly affect the 

measurements.  

The test is performed in small steps by increasing the Ringer solution flow until 

the superficial velocity of the fluid exceeds the minimum fluidization, with a consequent 

progressive increase in the fluidized bed voidage. The experimental procedure is carried 

out both with increasing and decreasing flow rates and at each step measurements of the 

flowrate values and the bed height is taken. Flowrate measurements through the 

rotameters are cross-checked for accuracy with a measure of the liquid volume collected 

in a cylinder in a given time. Although somewhat more tedious, this method ensures the 

flowrate data are reliable and stable in time. The alginate beads appear highly transparent 

(more than glass beads for example) since their refractive index is very similar to that of 

water; hence to accurately measure the bed height by rulers externally attached to the 

column an appropriate illumination system is used.  

 

3.2.3 Characterization of bed expansion 

 

Homogeneous expansion in fluidized beds is traditionally investigated using the 

Richardson-Zaki expression relating the superficial liquid velocity to the bed voidage, an 

extended version of which [94] is: 

𝑈

𝑈0
= 𝑘 𝜀𝑛 ( 2 ) 

where 𝑘 is a correction factor and 
𝑈0

𝑘
 and 𝑛 are the intercept and the slope, respectively, 

of the linear relationship in a log-log plot of the velocity vs. voidage. The introduction of 

the 𝑘 factor is due to the fact that the theoretical value of the intercept should be the 

logarithm of the free-settling velocity 𝑈0, but it typically turns out to be a lower value, 

possibly due to wall effects [94]. Well-established empirical equations for the parameters 

are 

𝑘 = 1 − 1.15 (
𝑑

𝐷
)
0.6

 ( 3 ) 
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4.8−𝑛

𝑛−2.4
= 0.043 Ar0.57 ( 4 ) 

𝑈0 =
𝜇

𝜌𝑑
Ar

1

3 [(
18

Ar
2
3

)
0.824

+ (
0.321

Ar
1
3

)
0.412

]

−1.214

 ( 5 ) 

where 𝑑 is the particle size and 𝐷 is the column diameter, Archimede’s number is defined 

as Ar =
𝑑3𝜌(𝜌𝑝−𝜌)𝑔

𝜇2
 and free-settling Reynolds’ number is Re0 =

𝜌𝑑𝑈0

𝜇
, 𝜌 and 𝜇 are the 

fluid density and viscosity, respectively, and 𝜌𝑝 is the particle density. Eqs. (3,4) are due 

to Khan and Richardson [95] and Eq. (5) to Turton and Clark [96] and their validity in 

the present range of Archimede’s and free-settling Reynolds’ numbers has been verified.  

 

3.3 Effect of alginate beads on hepatocyte kinetic 

 

A kinetic comparison between hepatocyte spheroid and encapsulated hepatocyte 

spheroid is done by means of measuring albumin production. For this purpose, 2 million 

/condition rat hepatocyte cell from male Sprague-Dawley rats (Janvier Labs, France) is 

cultured in 7 ml/condition HCM (Hepatocyte Basal Media, HBMTM, Lonza) medium. 

The 12-hours spent medium was collected on days 3, 4, 7, 8 and 10 from all conditions, 

and separately stored at -20°C. Albumin synthesis was quantified by Enzyme-linked 

immunosorbent assay (ELISA) test (Bethyl Laboratories, Inc.). Tests were carried out 

according to manufacturer’s instructions. For each independent experiment (n=3), results 

were presented as the mean ± standard deviation (SD) [97].



 

 

 

 

 

 

Chapter 4 

 

 

Results and discussion 

 

4. Results and discussion 

 

In the present Chapter, the intrinsic and fluidization properties of alginate beads 

are carefully analyzed using two rigs at different scales. Bed expansion tests over a wide 

range of voidage values have been conducted in a 1-cm diameter column used for 

perfusion during in vitro experiments as well as in a 10-cm diameter column close to 

human size bioreactor at two temperatures: ambient (20°C) and human body (37°C) 

conditions. The full characterization of the individual beads and their collective expansion 

behavior at ambient and higher temperature constitutes a unique set of data for expanding 

the application opportunities of this promising technology.  
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4.1  Alginate bead size and density 

 

The average particle size distribution as obtained by the laser diffraction method 

is shown in Fig. 17. The alginate beads Sauter’s average size is 813 µm with a coefficient 

of variation 𝐶𝑂𝑉 =
𝑑90−𝑑10

𝑑50
= 86%. The size distribution essentially confirms the 

capacity of the method to produce relatively monodisperse beads within the desired size 

range (600-1000 µm). 

 

Fig. 17. Particle size distribution for the alginate beads (Malvern Mastersizer 2000) 

using the volume fraction density (blue solid line) and cumulative volume fraction (red 

dashed line) plots. 

 

Density measurements are carried out by separate measurements of mass and 

volume of given sample quantities. Data for inert beads, for which volume is precisely 

evaluated using helium pycnometry, is reported in  
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Table 4. The value of inert bead density 𝜌𝑝 is very similar to that of water 𝜌. 

Therefore, the need to use the relative density 𝜌𝑝 − 𝜌 in the calculations requires a very 

careful evaluation of the absolute value of the bead density. As mentioned before the 

expansion properties are highly sensitive to the density of particles. Because of the small 

density, fluidization occurs at very low value of the liquid velocity, which can be 

insufficient for the volumes to treat in the intended applications. However, as it will be 

shown below, the addition of cells increases the density of the beads. In the same 

direction, it has been proposed that encapsulation of small inert particles (e.g. glass) 

within the bead could help increase their absolute density [88]. The density of Ringer 

solution was measured to be 1005 kg/m3. 

 

Table 4. Density measurements of inert alginate bead 

Property Value 

Alginate beads mass 5.187 g 

Alginate beads average volume (5 runs) 5.087 ml 

Standard deviation on volume (5 runs) 0.0012 % 

Average density  1020 kg/m3 

 

A comparison of the density of inert beads and beads with encapsulated 

hepatocyte spheroids is shown in Fig. 18. The presence of the cell spheroids increases the 

density of the beads. Although it is a small percent increase over the absolute value, the 

change in the density relative to water is important, reaching increases as high as 140% 

of the original value. It is remarkable that the activity of the cells also affects the density 

in time, probably due to cell proliferation within the beads. This is expected to have 

implications in the bioreactor, where the expansion properties of the beads can vary from 

day to day of operation. 
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Fig. 18. Comparison between the densities of inert alginate beads and beads with 

hepatocyte spheroids during one week. Standard deviation σ = 3 

 

4.2 Bead swelling properties 

 

The presence of size change during operation could also affect the expansion 

properties of the bed. A typical microscope picture of inert alginate beads in the Ringer 

solution is shown in Fig. 19. The level of transparency is evident as it is the nearly perfect 

sphericity. Inert bead size evolution in time can be analyzed in terms of the data plotted 

in Fig. 20. Freshly immersed beads in the solution show an increase in size in both Ringer 

solution and William’s E medium. The increase was proved statistically by measuring a 

reasonable number of beads. The increase in size is small but appreciable, with values of 

about 8% and 4% in the Ringer solution and William’s E medium, respectively, on the 

first day. Size is found not to change appreciably later on. So, for a smooth operation, it 

can be recommended that beads are stored in the actual medium for one day before use. 
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Fig. 19. Sample microscope picture of inert alginate beads with the ruler scale (in mm 

units). 

 

 

Fig. 20. Size change (swelling) properties of alginate bead. Standard deviation in 

William’s E medium σ =0.04 mm and in Ringer solution σ =0.02 mm 

 

4.3 Terminal settling velocity 
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 Terminal settling conditions are significant as they can be thought of as the 

expansion properties of the particles under extreme dilution. The settling velocity of the 

several individual alginate beads is measured. The average value of four tests as obtained 

in a cylinder with 5 cm diameter is 1.69 mm/s. Table 5 shows individual measurements 

as well as the mean value and its standard deviation. Considering the finite size of the 

column, also in analogy with the subsequent elaborations on expansion data, a reference 

settling velocity under infinite conditions can be calculated by dividing the experimental 

value by the correction factor k as calculated from Eq. 3, obtaining U0 = 2.03 mm/s.  

 

Table 5. Settling velocity of single alginate bead 

Experiment No. Settling velocity (mm/s) 

Test 1 1.54 

Test 2 1.87 

Test 3 1.61 

Test 4 1.73 

Average 1.69 ± 0.13 

 

4.4 Mass transfer into the alginate beads 

 

All mass transfer experiments were carried out with empty beads in vitamin B12 

solution. In order to evaluate the effect of fluidization on mass transfer, two 

configurations were examined: batch experiments under pure diffusion and dynamic 

experiments under fluidization condition. Vitamin B12 was used as a middle molecular 

weight marker (1.335 Da) to assess mass transfer phenomena within alginate beads. 

Absorption trend in batch (static) and fluidized (dynamic) condition are shown in Fig. 21 

and Fig. 22 respectively. As it is clear from the figures, the steady-state concentration 

was reached in fluidized condition as few as 15 min, compared to the 160 min observed 
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under batch condition. This results clearly show the benefit of fluidization rather than 

fixed bed system.  

 

 

Fig. 21. Alginate beads absorption trend in batch (static) condition 

 

 

Fig. 22. Alginate beads absorption trend in fluidized (dynamic) condition 
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4.5 Expansion in the 1-cm and 10-cm columns 

 

Expansion properties are evaluated for inert alginate beads using Ringer solutions 

as fluidization medium. Bed expansions have been conducted in a 1-cm diameter column 

used for perfusion during in vitro experiments as well as in a 10-cm diameter column 

similar to human size bioreactors. The expansion is clearly visible using appropriate 

illumination (Fig. 23). It is worth remarking that the height of the 10-cm diameter column 

(175 cm) proved particularly useful to explore high expansion degrees: bed height 

increased up to nearly nine times the packed bed value and voidage values of the order of 

𝜀 > 0.92 could be attained. 

 

Fig. 23. Evaluation of the bed height in the 10-cm column with increasing Ringer 

solution flowrate. 

 

Expansion measurements at ambient conditions (𝑇 = 20°C) are plotted in Fig 24 

as steady-state particle bed height ratio h/h0 (actual to packed bed value, h0 = 119 mm) as 

a function of the fluidization velocity. In the smaller diameter set-up height ratio up to 

about 4 could be reached, whereas in the bigger column height ratios up to about 9 have 
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been obtained. The data obtained in the 10-cm column shows a steeper increase in the 

height ratio for the same superficial velocity. The flow regime during expansion belongs 

mostly to the viscous-dominated range, with values of 𝑅𝑒 = 0.04 to 1. This is due 

essentially to the very low density of the particle, which require a low velocity for 

suspension. Due to the difference in the particle to column size ratio, wall effects in the 

1-cm set-up are more important. The higher influence of flow inhomogeneity near the 

walls could explain the smaller expansion rate. 

Data are also converted and plotted as velocity vs. voidage log-log plot (Fig. 25) 

in order to observe the typical linear behaviour of homogeneously expanding fluidized 

beds. It can be observed that the data show a reasonable linear dependence, although some 

scatter is evident, probably due to the imperfect evaluation of bed height at the largest 

expansion degrees. At the highest velocities, both decreased bead visibility due to dilution 

and the variability of the interface levels (e.g. oscillations) yielded readings affected by a 

larger uncertainty. The two trends appear distinct, showing that the column size has an 

appreciable effect on the expansion. This confirms that the fluidization behaviour cannot 

be predicted by the simple adoption of the Richardson-Zaki equation without any 

correction term. On the other hand, from Fig. 25 a similar expansion rate can be observed 

for most of the investigated velocities, as the two lines resulting from the fit appear quite 

parallel. 

Richardson-Zaki (R-Z) parameters 𝑛 and 𝑈0, as they appear in Eq. (2), have been 

extracted by data fitting for the datasets shown in Fig. 25. The curve fitting toolbox in 

MATLAB is used as an advance tool for fitting procedure. The parameters 𝑛 and 𝑈0 are 

calculated with 95 % confidence bounds and the determination coefficient R2 for fitted 

line is 0.99. Note that the correction factor k which is dependent to alginate bead and 

column diameter, has been calculated using Eq. (3) and used in the R-Z model before the 

parameter estimation procedure; the U0 so obtained should be corresponding to the value 

in an infinite fluid, i.e. independent of the column size. So, its value should be comparable 

for the big and small scale setups.  
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Fig 24. Relative height h/h0 vs. superficial velocity: comparison between 1 cm diameter 

and 10 cm diameter columns. T = 20 °C. 

 

Fig. 25. Voidage vs. velocity: comparison between 1 cm diameter and 10 cm diameter 

columns (test No. 1 in Table 6). Fitted parameters for the Richardson-Zaki equation (R-

Z) are reported in Table 6. Ambient temperature (T = 20 °C). 
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To improve reliability and examine the level of variability of data collected under 

different runs, in the 10-cm setup, four separate tests have been carried out and analyzed. 

Individual and collective results are reported in Table 6, together with the corresponding 

predictions using Eq. (4) and (5).  

 

Table 6. Inert beads hydrodynamic data and Richardson-Zaki parameters 

 Ar (-) Re0 (-) k (-) 

Eq. (2) 

n (-) 

Eq. (3) 

U0 

(mm/s) 

Eq. (4) 

n (-) 

fitting ± 

95% 

confidence  

U0 (mm/s) 

fitting ± 

95% 

confidence  

1-cm column  79 3.1 0.74 3.98 3.75 5.75 ± 0.20 3.35 ± 0.14 

10-cm column (1) 79 3.1 0.94 3.98 3.75 5.62 ± 0.96 2.03 ± 0.24 

10-cm column (2) 79 3.1 0.94 3.98 3.75 5.16 ± 0.48 1.93 ± 0.19 

10-cm column (3) 79 3.1 0.94 3.98 3.75 6.18 ± 1.54 2.61 ± 0.54 

10-cm column (4) 79 3.1 0.94 3.98 3.75 5.97 ± 2.06 2.13 ± 0.57 

Overall Fit      5.72 ± 0.67 2.18 ± 0.20 

10-cm column  

37 °C (1) 

167 5.8 0.94 3.74 4.88 6.34 ± 0.61 5.50 ± 0.70 

10-cm column  

37 °C (2) 

167 5.8 0.94 3.74 4.88 3.58 ± 1.33 1.26 ± 0.29 

10-cm column  

37 °C (3) 

167 5.8 0.94 3.74 4.88 1.53± 0.67 1.08 ± 0.24 

10-cm column  

37 °C (4) 

167 5.8 0.94 3.74 4.88 2.46 ± 0.68 2.05 ± 0.56 

Overall Fit      2.60 ± 1.15 1.85 ± 0.56 
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The R-Z exponent and settling velocity for the smaller column set-up are 5.75 and 

3.35 mm/s, respectively, with a relatively narrow uncertainty range (see Table 6). 

Individual tests in the 10-cm column show some appreciable variation in the slope n with 

ranges of variation that can be relatively high, particularly when the data are collected at 

decreasing velocity. Overall, the average values (from the global fit) for the 10-cm 

column are 5.72 and 2.18 mm/s for n and U0, respectively, with a relatively narrow 

uncertainty range, although larger than that of the 1-cm column.  

Moving from the 1-cm column to the 10-cm column, it can be noticed that there 

is practically no change in the expansion rate, as represented by the exponent n, which is 

a significant result. On the other hand, the terminal velocity appears noticeably different, 

with smaller values in the larger column. The two velocities can be confronted with the 

direct measurement of the terminal velocity in the graduated cylinder. The measured 

infinite medium velocity (2.03 mm/s) seems to support the validity of the data obtained 

in the bigger column, being very well within the range of variability of the extrapolated 

velocity of each of the four tests listed in Table 6. 

A comparison of the fitted parameters and empirical predictions reveals that there 

is discrepancy between both the predicted values for 𝑈0 and n and the ones extracted by 

the fitted lines. Concerning U0, it should be considered that predictions for the terminal 

velocity are extremely sensitive to the values of the apparent density and size of the beads, 

the former being peculiarly small for alginate beads. As an example, if we consider an 

absolute bead density of 1013 kg/m3 instead of 1020 kg/m3 the terminal velocity changes 

from 3.8 to around 2 mm/s. With a particle density of 1025 kg/m3 the terminal-settling 

velocity would be 4.8 mm/s. Clearly, predictions of U0 are affected by any small change 

(in absolute terms) in density, with factors such as particle-to-particle density variations 

that may play a non-negligible role. This should be carefully taken into account in the 

real application with alginate particles encapsulating cells or cellular spheroids, 

particularly in consideration of both the absolute variation in density and its time 

evolution (Fig. 18). 
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In comparison with the predictions using Eq. (4), the fitted slope obtained from 

all experimental datasets turns out to be significantly higher. This is also due to the fact 

that the predicted values are limited to the value n = 4.8 under viscous-dominated flows. 

The Richardson-Zaki model with the fitted parameters indicates a dependence of voidage 

on velocity that is weaker (the higher slope is in the 𝑢 vs. 𝜀, i.e. inverted, plot) than 

predictable using empirical equations like Eq. (4). This unusually high value, however, 

comes as no particular surprise, as similar observations on alginate beads strongly 

deviating from conventional empirical equations have already been reported in the 

literature [79]. Also with other materials, values of the slope as high as 6.3 have been 

obtained from experimental data (see e.g. [98]).  

Data of the slope values 𝑛 in Table 6 confirm that the expansion rate of alginate 

beads in the two columns is similar. If the model accounted correctly for all the effects of 

scaling up from 1 to 10 cm also the fitted free-settling velocity values would be the same. 

Hence, the difference in the values of 𝑈0 in Table 6 is a measure of residual influence that 

the correction factor is not able to represent. By taking into account the ratio of the particle 

to column size ratio (Eq. (3)), the corrective term 𝑘 is supposed to take the effect of the 

use of different scale of the fluidized bed. It can be argued that part of the responsibility 

might be attributed to the different distributor section (tissue in the smaller scale vs. a 

perforated plate in the bigger set-up). In order to perform a check on the distribution 

system, two ways have been conceived: visual observation of the fluidized bed surface 

flatness and comparison of the pressure drop with the apparent weight of the particles 

divided by the column cross section. The first one, especially just above minimum 

fluidization conditions and together with a check of full bed mobilization, is a qualitative 

indication of uniform inflow of liquid through the distributor. Under all but the highest 

velocities (at which the surface appeared randomly irregular) the surface of the fluidized 

bed in the larger column was horizontal and very flat (see e.g. Fig. 23). Unfortunately, 

the definitive quantitative confirmation from pressure drop measurement could not have 

been achieved, due to practical difficulties related to the extremely low dissipative fluid 

pressure drop. A simple calculation for the big column tests yields a total weight per unit 

cross section as low as 10.8 Pa. Similar measured pressure drop values would indicate 
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full bed suspension, i.e. uniform inflow. Pressure transducers, however, would measure 

absolute values of differential pressures, which are of the order of 10 kPa (the column is 

1.75 m tall). To achieve that, a sensor with unrealistic accuracy would be necessary (i.e. 

error  0.1 Pa out of 10000 Pa of measured value).  

 

4.6 Effect of temperature 

 

As a final remark on the experimental characteristics of fluidized alginate beads, 

the experience with tests executed using the slightly heated fluidizing medium (e.g. 

37°C), in order to mimic treatment of human body blood/plasma fluids is mentioned. 

Measurement of the bead size distribution and bead density at 37°C revealed no 

appreciable effects of temperature on these two properties. Fluidization medium density 

was checked to be insensitive to a temperature in the range considered. The dependence 

of viscosity on temperature for pure water has been used for the solution. 

Due to the slow expansion dynamics (characteristic times of 10-15 minutes) and 

the need to keep a uniform non-ambient temperature along a column where the heated 

fluid flowed at velocities below 1 mm/s eventually led to the impossibility to guarantee 

repeatable measurements. It is extremely complicated to keep the temperature uniform 

along the column and constant in time. Different tests under comparable conditions 

yielded discrepant results (variable U0 and large SD for n), making them insufficiently 

reliable (Table 6). 

Fig. 26 shows a comparison of the measurements carried out at the two 

temperatures. There is an evident effect of the increased temperature on the expansion 

properties of inert alginate beads. Quantification of the difference is best carried out in 

terms of the fitted Richardson-Zaki parameters, as reported in (Table 6).  
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Fig. 26. Comparison of alginate expansion in two different temperature (Two set of 

results are compared in case of 37 ° C) 

 

4.7 Albumin production (Effect of alginate bead encapsulation on kinetic of 

hepatocyte cell) 

 

Albumin productions are highly differentiated and well-characterized functions of 

the hepatocyte. It was thus considered here to be indications of kinetic of hepatocyte cells 

and identifying the impact of encapsulation of hepatocyte spheroid. The evaluation was 

carried out at defined time-points (days 3, 4, 7, 8 and 9) and the corresponding results are 

shown below in Fig. 27. The effect of alginate beads encapsulation in kinetic is clear 

especially after day 7. The albumin production of the spheroid is higher than encapsulated 

one in the days 3 and 4, but as it was mentioned in the days 7, 8 and 9 the trend is reversed. 

As it can be seen from the Fig. 27 the decrease of albumin production of hepatocyte 

spheroid in a comparison between days 4 and 7 at the same hours (P14 and P20) is highly 
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significant and around 380 % in the event that for the encapsulated spheroid the decrease 

is just around 10%. 

 

Fig. 27. Albumin kinetic comparison between hepatocyte spheroid and encapsulated 

hepatocyte spheroid in alginate bead. 

 

4.8 Conclusions 

 

The use of innovative bioartificial devices based on the fluidized bed bioreactor 

requires the capability to accurately characterize hydrodynamics and mass transfer, as 

they must act in perfect efficiency and synergy with the cell biology and metabolism to 

ensure effective applicability in medical treatments. The suspended bed is composed of 

alginate beads with encapsulated hepatocytes. The present work reports useful data on 

the characterization of suitably prepared inert alginate beads in terms of size distribution 

and density when stored in appropriate solutions. Density, which exhibits sensitivity to 

the degree of accuracy, has been evaluated also for beads containing the hepatocytes. Data 

on the swelling properties of alginate in two different media are also presented. Expansion 

test results using Ringer solution as fluidization medium are reported in the comparison 

between a smaller scale (1-cm diameter) and a bigger (10-cm diameter) column. The 
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bigger column allows quantifying the wall effects observed in the smaller scale set-up. 

The analysis is conducted by evaluating the Richardson-Zaki (R-Z) parameters resulting 

by fitting the various datasets. Overall, in consideration that applications as bioreactors 

and bioartificial/biomedical devices require operations with opaque fluids, the collected 

data provide a substantial basis regarding alginate beads expansion properties that will 

help to design fluidized-bed-based bioreactors.
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Hollow fiber (HF) membrane bioreactor 

 

5. Hollow fiber membrane bioreactor 

 

Application of hollow fiber membrane bioreactor for hepatocyte cultures will be 

cited in this chapter. The interest towards biotechnological and biomedical devices for 

the life sciences is very high and intense research efforts are being devoted to the 

development of new process/technologies or improvement of existing ones such as 

hollow fiber membrane bioreactor. In addition, the typical set-up protocol and operational 

limitation of hollow fiber membrane bioreactor for cell culturing are mentioned here 

highlighting operational difficulties that have hindered the possibility to cultivate cells 

within tightly controlled conditions.  
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5.1 Membrane bioreactor for liver cell culturing 

 

Semipermeable membranes provide selectivity for the size of biological 

molecules that will be exchanged between the patient and the device. They are inherent 

in hollow fiber devices but have been used also in flat-plate and perfusion systems. In 

many hollow fiber devices, the membrane must simultaneously function as a perm-

selective barrier and as a scaffold for cell attachment. As noted earlier, the interaction of 

the hepatocyte with its microenvironment dramatically affects stability and function. 

Therefore, this design may not allow for optimization of both function and transport. 

Conversely, hollow fiber designs provide a larger surface area to volume ratio than flat 

plate designs, thus improving metabolite transport and minimizing dead volume [9]. 

The membrane in a BAL device is typically characterized by its molecular weight 

cut-off, which is selected both to prevent the exposure of bioreactor cells to components 

of the immune system and to block the transport of larger xenogeneic substances into the 

circulation. Membranes also prevent the migration of cells into the patient’s circulation, 

although case reports of cellular translocation exist. While transport in BAL devices is a 

combination of convective and diffusional phenomena, mass transfer limitations of key 

nutrients to and from the cellular compartment often arise because of diffusion resistances 

[9]. 

Among the bioreactors, hollow fiber membrane bioreactors meet the main 

requirements for cell culture: a wide area for cell adhesion, oxygen and nutrient transfer, 

removal of catabolites and protection from shear stress. Furthermore, hollow fiber 

membranes may serve as scaffolding material guiding the spatial organization and 

microarchitecture of the liver tissue. Critical issues in the hollow fiber membrane 

bioreactors are the configuration of the bioreactor, the fluid dynamics and the membrane 

properties which depend on the cell adhesion and mass transport [6]. 

De Bartolo et al. [6] evaluated the cytocompatibility of polyetheretherketone 

(PEEK-WC) membranes by culturing hepatocytes isolated from rat liver. Morelli et al. 
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[99] reported on the performance of galactosylated polyethersulphone (PES) membrane 

bioreactor that enables the long-term maintenance of liver-specific functions of human 

hepatocytes under continuous perfusion. Cell adhesion and metabolic behaviour in terms 

of ammonia elimination, urea synthesis, and protein synthesis were evaluated during the 

first days of culture.  

Curcio et al. [100] carried out experiments and calculations aimed at discerning 

the simultaneous influence of both diffusive and convective mechanisms to the transport 

of metabolites. 

Mass transfer across the membrane occurs by diffusion and/or convection in 

response to existing trans- membrane concentration or pressure gradients. Both 

mechanisms of transport should be taken into account in the design of HF membrane 

bioreactors. In the case of hepatocytes, which are anchorage-dependent cells, the 

membrane properties are critical not only for the transport but also for their interaction 

with cells. 

De Bartolo et al. [6] developed a crossed hollow fiber membrane bioreactor to 

support the long-term maintenance and differentiation of human hepatocytes. The 

bioreactor consisted of two types of hollow fiber (HF) membranes with different 

molecular weight cut-off (MWCO) and physicochemical properties cross-assembled in 

an alternating manner: modified polyetheretherketone (PEEK-WC) and polyethersulfone 

(PES), used for the medium inflow and outflow, respectively. The combination of these 

two fiber sets produces an extra capillary network for the adhesion of cells and a high 

mass exchange through the cross-flow of culture medium (Fig. 28). 
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Fig. 28. Crossed hollow fiber membrane bioreactor 

 

In their study, they describe the morphological and functional maintenance of 

human hepatocytes in a crossed HF bioreactor whose configuration and fluid dynamics 

were optimized in order to ensure an adequate mass transfer of nutrients and drug to the 

cell compartment and a removal of specific products and catabolites from the cell 

compartment. The two-fiber system with different morphological and physico-chemical 

properties has a constant distance of 250 mm inside the bioreactor. This geometry allows 

achieving a homogeneous and small size cell aggregates, which facilitate mass transfer 

and therefore the perfusion of cells cultured inside the network of the fibers and the 

necessary turnover of the medium in the cell compartment. Both for nutrient supply and 

waste elimination, mass transfer to and from cells is a critical issue in any bioreactor 

design especially when cells are cultured in three-dimensional multicellular aggregates 

where mass transfer limitation of oxygen and metabolism may occur in the core of 

aggregates. In the case of the design of bioartificial liver besides the catabolites (e.g., 

lactate, ammonium, carbon dioxide) removal, the accumulation of toxins and toxic 

metabolites produced by drug biotransformation must be avoided in order to maintain 
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viable and functional cells inside the bioreactor environment. Furthermore, the delivery 

of plasma proteins, as well as large molecular weight (MW) proteins (e.g., clotting 

factors) and drug metabolites, must be ensured in both clinical and in vitro devices. 

The efficient mass transfer of nutrients, metabolites, and toxins appear to be a key 

point in all bioreactor designs varied from classical (hemodialyzers) to more complicated 

geometry. Here the transport phenomena related to diffusion and reaction of liver 

metabolites such as albumin and urea and of diazepam are mathematically described and 

experimentally verified. 

The rate of albumin and urea synthesis of human hepatocytes cultured in the 

crossed HF membrane bioreactor in 18 days is shown in Fig. 29. In particular, the good 

performance of the reactor in terms of detoxification functions is confirmed by the high 

urea synthesis rate that reaches the maximum value of 28.7 mg/h 106 cells at day 15, 

remarkably higher with respect to the values reported in the literature.  

 

 

Fig. 29. The rate of albumin and urea synthesis of human hepatocytes cultured in the 

crossed HF membrane bioreactor. The values are expressed as µg/h 106 cells ± s.e.m. 

and are the mean of 6 experiments [6]. 
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Also, the biotransformation functions were performed by cells in the bioreactor 

for all culture time. Diazepam is metabolized by cytochrome P450 activities. In the 

bioreactor, about 87% of the administered diazepam was metabolized during the first days 

of culture. 

According to Fig. 30a the agreement between the theoretical concentration of diazepam 

at day 2 (1.80 µg/ml) and the experimentally observed one (1.56 ± 0.33 mg/ml) is 

satisfactory. Moreover, the model results can be extended over the first 5 days of culture 

with reasonable accuracy, thus representing a powerful predictive tool for evaluating the 

performance of the crossed fibers membrane bioreactor. The metabolic pathway of 

diazepam includes the metabolites temazepam, oxazepam and N-desmethyl-diazepam; 

all these metabolites were generated in the bioreactor, as shown in Fig. 30b. 
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Fig. 30. a) Diazepam concentration in the inlet medium (◊) and in outlet medium from 

bioreactor loaded with cells (○) in presence of 10 µM diazepam added to the culture 

medium. b) Formation of diazepam metabolites: (full bar) oxazepam, (gray bar) 

temazepam and (white bar) N-desmethyl-diazepam. The values are expressed as ng/h 

106 cells ± s.e.m. and are the mean of 6 experiments [6]. 

 

The results are shown in Fig. 30 demonstrate that the diazepam is completely 

metabolized as occur in humans where each of metabolites is finally converted to 

oxazepam. In the bioreactor, the human hepatocytes expressed at high levels the 

individual CYP isoforms involved in the diazepam biotransformation. These enzymes are 
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among the most sensitive and fragile found in hepatocytes, responding quickly to loss of 

activities to unfavorable culture conditions.  

The high cell specific activity found in their study demonstrates the good 

performance of the bioreactor to maintain the viable and functional integrity of human 

hepatocytes. The crossed HF membrane bioreactor can potentially be used to address the 

mass transfer limitations currently seen in liver tissue engineered constructs. 

 

5.2 Typical set-up protocol and operational limitation 

 

Cryopreserved primary human hepatocytes (Life Technologies, California, US), 

isolated from human tissue were thawed in a 37° C water bath with gentle shaking. Cell 

suspension was slowly transferred into pre-heated 25 ml of Williams’ medium E 

supplemented with dexamethasone 1 µM, HEPES 15 mM, recombinant human insulin 4 

µg/ml, GlutaMAX™ 2 mM and penicillin/streptomycin (10,000 U/mL/10,000 μg/mL) 

and 10% fetal bovine serum, and centrifuged at 50g at room temperature for 5 min. The 

viability of the hepatocytes (assessed by Trypan blue exclusion) ranged between 80 and 

90%. The human hepatocytes were then seeded at a density of 105 cells/cm2 on the outer 

surface of HF membranes previously sterilized and conditioned with medium containing 

5% fetal calf serum. After 24 hours, the medium was removed and replaced with serum-

free medium. Cells were incubated at 37° C in 5% CO2 with 95% relative humidity for 

the duration of the experiments. During the experiment, the medium was changed every 

3-4 days with a fresh one.  

In the whole experiment, the level and flowrate were adjusted to desired value 

appropriate for cell culturing, manually with valves. The manual way of the level and 

flowrate adjustment has a significant risk of overflow (bad transport) or dry-up of the cell 

culturing environment (cell death). In addition, the continuous need for sterilization to 

avoid any type of contamination, make additional problems related to all manual 

interventions on the plant. 



 

 

 

 

 

 

Chapter 6 

 

 

Experimental setup 

 

6. Experimental setup 

 

The point of departure of the present chapter is an existing crossed hollow fiber 

membrane bioreactor developed originally by the Institute on Membrane Technology 

(ITM-CNR) to support the long-term maintenance and differentiation of human 

hepatocytes. In this Chapter, the simple scheme of operation of the bioreactor is extended 

to include additional instrumentation, a control box with a digital acquisition board and a 

flexible and extensible PC-based control system within the MATLAB/Simulink interface. 
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6.1 Bioreactor configuration 

 

6.1.1 Geometry 

 

The perfusion system in the prototype bioreactor under investigation consists of 

one types of hollow fiber membranes (HFs) arranged in a crossed configuration, 

mimicking the blood capillary network. This type of HF is employed to serve a 

distinguished function: polyethersulfone (PES) for supplying the cells with nutrients and 

metabolites and PEEK – WC for removing the catabolites [5, 6].   

Depending on the cell type and the intended structure in the cellular compartment of the 

bioreactor, other materials could also be employed as hollow fiber membranes to promote 

or inhibit desired characteristics such as cellular adhesion, biodegradability, etc. 

In the ongoing research in ITM-CNR, PEEK-WC – PES bioreactor is used when 

cells are seeded in suspension, while PES – PES bioreactor is employed for hepatocyte 

spheroids. In the latter case, the spheroids are believed not to disintegrate due to limited 

interaction with PES HF, which in turn promotes fusion of the spheroids instead [6]. 

 

 

Fig 31. Schematic vertical section of the crossed hollow fiber membrane bioreactor [6]. 
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The internal structure of the bioreactor is schematically depicted in Fig 31. The 

system is investigated in each of its distinguished compartments: two intraluminal 

compartments which are feed bundle (FB) and effluent bundle (EB), the membrane walls 

and the extra-capillary space (ECS) in which the cells will be seeded. The oxygenated 

medium from the reservoir enters the membrane bioreactor with a flow rate (Qf) of 1 

ml/min. The flowrate is optimized and limited between 0 to 2 ml/min in order to decrease 

shear stress to cells. Fresh medium was perfused in single-pass and the stream leaving the 

bioreactor Qout was collected as waste until approaching the steady state. When the system 

reached the steady state, the stream leaving the bioreactor was recycled (Qr) in order to 

obtain the accumulation of products. 

 

Table 7. Dimensional properties of the bioreactor 

PES diameter    300±40µm ID, 100±25µm thickness 

HF active length   ~4cm 

Number of HFs   >100 /bundle 

Bioreactor Volume Housing (total): 42ml 

ECS (assembled bioreactor): 25ml   

 

Note that the peculiar configuration is based on two dead-ends (i.e. fixed volume, 

variable pressure) crossed fiber bundles (FB and EB). 

Extra capillary space volume is open to atmospheric pressure (i.e. fixed pressure, 

variable volume). The mild pressure condition in the ECS allows maintaining the shear 

stress to a very low level but it is subjected to liquid level variations. With this 

configuration, over 100 fibers can be used in each bundle. Table 7 lists the dimensional 

properties of the bioreactor. 
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6.1.2 Fabrication 

 

The bioreactor is assembled in-house using commercial PES fibers (Membrana, 

Germany). The glass housing of the bioreactor is designed in ITM-CNR and 

manufactured by Microglass, Italy. Stagnant regions at the connections were eliminated 

by minimizing connection length and having additional potting compound during 

bioreactor assembly so that in the end the active section of the hollow fibers is confined 

in a spherical frame. Polyurethane potting compound (BASF, Germany) was used as a 

non-toxic sealing material to tightly hold the HF bundles (Fig 32). 

 

 

Fig 32. Bioreactor housing (left-a) and bioreactor assembled in-house, with 100 HFs 

(10x10 arrangement) in each bundle (right-b). 

  

6.2 Instrumentation 

 

This part includes a description of the instrumentation required in order to set-up 

and implements the level control system on the ITM-CNR membrane bioreactor and the 

detailed specifications available for each element. Schematic sketches of ITM-CNR 

membrane bioreactor set up before and after instrumentation are shown in Fig 33 and Fig. 

34. As it is clear from figures below, it is necessary to change the current ITM-CNR set-

up in order to system variables online monitoring and a digital controlling. 
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Instrumentation has been acquired including level and flow sensors and a National 

instrument (NI) data acquisition board (DAQ) board for real-time digital acquisition of 

sensor signals as well as manipulation of the pump rotational speed. Another peristaltic 

pump was added in order to measure and manipulate inlet and outlet flowrate separately. 

An auxiliary small tank (capillary-tank), required for non-intrusive level measurement, 

was manufactured. In order to connect the DAQ board to the sensors and the pump, a 

Command Box has been manufactured. Obviously, the previous set-up doesn’t have the 

capability of installing control system without instrumentation. 

 

Pump

Oxygenation
(Silicone Tube)

Medium Tank

Membrane BioReactor

(MBR)

Manual valve

Manual valve

 

Fig 33. ITM-CNR membrane bioreactor set up before instrumentation. 
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Fig. 34. ITM-CNR membrane bioreactor set up with the multi input-multi output 

(MIMO) (2×2) control of hydrodynamics by two feedback loops on flowrate and liquid 

level. 

 

Below is a short description of each required instruments: 

 

6.2.1 Capillary level tank 

 

 A capillary-tank (Microglass, Italy) that has a same liquid level as membrane 

bioreactor (MBR) was designed and installed in the experimental set-up. The level 

measurement of bioreactor must be contact-less because of the contamination problem. 

As the bioreactor system, especially during the cell culturing procedure, is super sensitive 

to contamination, using a sensor inside the bioreactor is impossible. In the other hand the 

level sensor could not be attached to the complex-shape of MBR bioreactor, so a 

capillary-tank was designed in order to connect to the bioreactor. As it was mentioned 

before it works on the same level with a bioreactor and the level sensor could easily attach 
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on the surface of the tank. Same as another part of bioreactor the capillary-tank is 

autoclavable and it can make a contact-less level measurement without contamination.  

As the medium used in cell culturing system is expensive, in the design procedure, an 

optimum volume has been selected, also considering the capillary effect of the liquid in 

the thin tube. The height h of a liquid column is given by: 

ℎ =  
2𝛾 cos(𝜃)

𝜌𝑔𝑟
  ( 6 ) 

where γ is the liquid-air surface tension (force/unit length), θ is the contact angle, ρ is the 

density of the liquid (mass/volume), g is local acceleration due to gravity (length/square 

of time), and r is the radius of the tube (length). Thus the thinner the space in which the 

water can move, the further up it goes for a given pressure conditions. For a water-filled 

glass tube in air at standard laboratory conditions, the parameters are γ = 0.0728 N/m at 

20 °C, θ = 0° (cos (0) = 1), ρ = 1000 kg/m3, and g = 9.81 m/s2. For these values, the height 

of the water column is: 

ℎ ≈  
1.48×10−5

𝑟
  m [101] ( 7 ) 

 Thus for a 8 mm diameter glass tube in lab conditions given above (radius 4 mm), 

the water would rise around 3 mm. Fig 35, Fig 36 and Fig 37 show a draft sketch and 

actual capillary level tank respectively. A design is provided below in order to guide the 

manufacturing. 
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Note:

1. The top connector diameter cannot exceed column diameter

2. Tubing is Cole-Parmer Masterflex pharMed BPT tubing. L/S #14,25'.

http://www.coleparmer.com/Product/Masterflex_PharMed_BPT_Tubing_L_S_14_25/EW-06508-14

3. Connectors must be done in Teflon

4. no special requirements on the side connection

88 mm

D=12 mm

Side View

2 mm

Glass thickness

To1.6 mm ID
Cole Parmer tube

Teflon fitting 

(conecction)

Section A

80 mm

6 mm

70 mm

Base BaseBase

2, 3 & 4
D=?

To1.6 mm ID
Cole Parmer tube

Teflon fitting 

(conecction)

 

Fig 35. Sketch of the capillary level tank (Side view). 

 

As it can be seen from the Fig 35, the tank was designed with a glass thickness of 

2 mm in order to increase level sensor accuracy. Two Teflon caps were designed for the 

top (connect to air with the filter in atmospheric pressure) and bottom (for connecting to 
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the bioreactor). The connection part in the caps was designed based on Cole-Parmer tube 

size.  

Fig 36 shows a sketch of the front and top view of capillary-tank. A base was 

designed in the same quality (glass) in order to keep the tank stable. The base and the tank 

was manufactured in as a uniform instrument that was called capillary-tank. In a 

preliminary step, the tank was designed as a cube with rectangular base in order to mount 

easily the sensor on the surface of capillary-tank but at the end, it was changed to 

cylindrical shape because of limitation in manufacturing.   
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Fig 36. Sketch of the capillary level tank (front and top view). 
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Fig 37. Capillary level tank. 

Fig 37 shows the actual capillary-tank manufactured by Microglass in Naples, Italy. 

 

6.2.2 Level sensor (contactless capacitive CLC) 

 

 Electrical capacitance level sensors allow a contact-free measurement of liquid 

level and can be easily mounted on the outside of a container or vessel. Fig 38a shows 

the Sensortechnics® CLC level sensor as it appears in operation monitoring the height of 

a liquid interface. The sensor supply voltage is 5.5 to 15 DC volt and its output voltage 

range is 0-5 V. It has the capability of being used in a different range of temperature (-20 

to 85 °C). The measuring range of the sensor is 0 to 100 mm with a resolution of 6 bit. 

CLC sensor has a 5 pin connector that is VS, Analog out, 1-wire digital out, Teach-in and 
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ground (GND) respectively. The spec sheet of the sensor is attached in Appendix C at the 

end of the thesis but sensor calibration is explained below: 

 The Teach-In (TI) mode allows for a permanent storage of both low and high-

level values of the measurement range. This range is determined by the sensor pad. The 

TILOW mode stores the value for the empty or low level container and adapts to the 

corresponding application conditions. The TIHIGH mode stores the value of the container 

filled to the desired max level. By factory default, the sensor is ‘formatted’ and needs to 

be taught to provide an output signal. The sensor must first be taught Low to adapt to the 

ambient conditions, then high. For TILOW mode voltage between 0 and 0.5 V for at least 

500 ms at the Teach-In pin is applied. After 1 sec. the value is stored and for TIHIGH mode 

voltage between 4.5 and 5 V for at least 500 ms at the Teach-In, the pin is applied. After 

1 sec. the value is stored. Under normal conditions, the TI-Pin delivers 2.5 V. For all of 

this procedure electronic switches are prepared that would be discussed later in DAQ box 

section. 

 Due to the sensor working mechanism, a number of parameters such as container 

wall thickness, air gap, and GND connection could influence on measuring resolution. A 

significant noise was observed in initial tests with water, mostly due to the low amount 

of liquid in the tank. As the sensor is capacitive, the amount of liquid has a significant 

effect on the measurement. By a communication with the company that produced the 

level sensor, the sensor‘s GND has been connected to a copper foil placed on the opposite 

side of the container. This results in the electric field going straight through the liquid, 

disregarding to a large extend the surrounding environment. By creating a fixed reference, 

the performance is enhanced and the dependence on surrounding conditions greatly 

reduced.  As it can be seen from the Fig 38b, a copper foil was designed and installed in 

front of the level sensor in order to reduce noises in the acquisition of level data.  
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Fig 38. CLC level sensor (a), CLC level sensor with a copper foil (b). 

 

 In the Fig. 39 a comparison between CLC sensor measurement in capillary-tank 

with and without copper foil is shown. The level was increased 1 cm by 1 cm from 1 to 

10 cm ( the whole length of capillary-tank). As it is clear from figure there is a significant 

improvement both in measurement accuracy and oscillation reduction. The result related 

to tank with copper foil which is plotted by blue color shows a precise measurement. In 

the other hand, the oscillation is much lower than without copper foil improvement.  

 



Part II Hollow fiber membrane bioreactor 

 

88 

 

 

 

 

 

Fig. 39. A comparison of CLC level sensor accuracy measurement with and without 

copper foil 

 

6.2.3 Liquid flow meter 

 

 A liquid flow meter is necessary in order to measure the actual liquid flowrate in 

the tubings. Monitoring the actual flowrate will also serve to ensure that actuation on the 

pumps by changing the rotational shaft speed will actually change the inlet (or outlet) 

flow to (from) the bioreactor. The SENSIRION SLI 2000 Liquid Flow Meter enables fast, 

non-invasive measurements of very low liquid flow in the ml-range. Excellent chemical 

resistance and bio-compatibility are ensured. 

 SLI Liquid Flow Meter is used as a sensor to observe actual inlet or outlet flowrate 

and improve the accuracy of liquid level control of the extra-capillary space in the MBR. 

A picture of the SLI flow meter sensor is shown in Fig 40. SLI sensor has both Digital 

(RS485-bus and USB cable) and Analog (Voltage output and additional operational 
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mode). The output Analog voltage is 0 to 10 V and it can measure up to 5.5 ml/min. 40 

ms flow detection is its response time. The flowmeter accuracy is reasonable and for H2O 

at 23 °C is 5% of measured value. The SLI Liquid Flow Meter hold calibrations for two 

liquids, one for water (H2O) and one for isopropyl alcohol (IPA).  Each calibration is 

stored in a separate calibration field. The fully detailed specification sheet of the sensor 

was attached at the end of the thesis in Appendix D.  

 

 

Fig 40. SENSIRION SLI 2000 flow meter. 

 

6.2.4 Peristaltic pumps 

 

 As it was shown in Fig 33 in the previous set-up in the ITM-CNR only one pump 

(ISMATEC, Germany) was used in order to medium circulation and the flowrate was 

controlled by manual valve on the other hand, in new experimental set-up with full 

automatic control system two pumps were used for inlet and outlet flowrate controlling 

and manipulating, respectively. The ISMATEC pump with 8 rollers is shown below in 

Fig. 41. The rotational speed of this pump is from 2 to 100 rpm and the flowrate is 0.003 

to 35 ml/min. The operational voltage of the pump is 115 to 230 V with a max. 20 W 

power. 
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Fig. 41. ISMATEC Peristaltic pump 

 

 In order to manage the pumps with the control system, the pumps were connected 

to the computer and their rotational speed was automatically monitored and controlled by 

a computer with using an Analog interface existing at the behind of the pump. The details 

related to the Analog interface of the pump is mentioned in Fig. 42. As it can be seen with 

pins number 1, 2 and 3 the pump will change from manual to automatic condition (Digital 

value). Pin number 5 which set the rotational speed by sending a signal (0-5 VDC / 0-10 

VDC) is very important (Analog value). More details were mentioned at the end of the 

thesis in Appendix E. 
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Fig. 42. ISMATEC pump Analog interface details. 

 

6.2.5 Data acquisition board 

 

 The data acquisition board (DAQ) is used as a connection to handle 

communication between the computer with control software and the sensors and 

actuators. The NI USB-6001 provides basic DAQ functionality for applications such as 

simple data logging, portable measurements, and academic lab experiments. Fig 43 shows 

DAQ 6001. The DAQ provides eight Analog input channels with 14 bits of resolution 

and a 20 kS/s sampling rate, 13 digital I/O lines, one basic counter for edge counting, and 

two Analog output channels. It features a lightweight mechanical enclosure and is USB 
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bus-powered for portability. The NI USB-6001 is fully compatible with the MATLAB 

Data Acquisition Toolbox. The specification data sheet was attached in Appendix F. 

 

 

Fig 43. DAQ NI 6001. 

 

6.2.6 DAQ Box 

 

 A box was designed and manufactured in order to manage all the connections and 

switches between sensors, actuators, Computer and DAQ. A sketch of the electrical 

circuit of DAQ box is shown in Fig 44. The figure shows the whole wiring related to 

power supply, flowmeter, level sensor, pumps and the computer. The wires were 

connected with appropriate cable with minimum noise to/from DAQ to the instruments. 

They were connected to the related Analog and Digital input/output by a screw to the 

DAQ. 
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Fig 44. DAQ box electrical circuit scheme. 

 

The picture of DAQ box is shown in Fig 45. As it can be seen from the figure the 

DAQ was situated in the center of the box and the 12 V adaptor was fixed at the left side 

of the box. In the down left side of the box, a port was prepared for 220 V power supply 

and also pumps and sensors cables. At the right side of the box, three switches that are a 

three-phase switch and two on/off switches in order to turn sensors on or off and also 

level sensor calibration were situated. The box protects the DAQ and the wiring during 

the experiments. A sketch of manual and wiring of DAQ box was attached in Appendix 

B. 
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Fig 45. Actual connections of the DAQ box. 

 

6.3 Software (MATLAB) 

 

A MATLAB program was developed in order to monitor the hydrodynamics and 

implement the control system by means of data acquisition from measuring elements 

(level and flowrate sensors), computation of the control signal variables and manipulation 

of the actuators (pumps). The procedure is explained in next sections step by step and an 

algorithm was drawn below in Fig. 46.   
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Fig. 46. MATLAB software algorithm 

 

6.3.1 Create DAQ session 

 

Data Acquisition Toolbox supports the use of two interfaces. The legacy interface 

and the session-based interface. The session-based interface is chosen in order to 

communicate with DAQ because it is more appropriate for our application. After this an 

m-file was developed to use DAQ based on steps below: 
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1- The supported devices was discovered by daq.getDevices. 

2- The session was created by daq.createSession. 

3- The analog (input/output) and digital (I/O) channels were added by 

addAnalogInput/OutputChannel and addDigitalChannel respectively. The analog 

channels used as input channels to acquire data from level and flowmeter sensor. As the 

same way, two analog output channels and two digital I/O channels were added for 

manipulating and control the pumps functions.  

4- Run the session by timer object. 

 

6.3.1.1 Convert raw data 

 

In the previous sections, the method to collect/send raw data from/to sensors and 

pumps was explained. The raw data acquired from level sensor and flowmeter and the 

signal sent to pumps are in voltage unit. So they are converted to level (mm) and flowrate 

(ml/min) unit based on the conversion formula: 

𝑢 =  
𝑅−𝑉𝑚𝑖𝑛

𝑉𝑚𝑎𝑥−𝑉𝑚𝑖𝑛
× (𝐷𝑚𝑎𝑥 − 𝐷𝑚𝑖𝑛) + 𝐷𝑚𝑖𝑛   ( 8 ) 

where u is the converted data such as level (mm) and flowrate (ml/min), R is raw data, 

Vmin and Vmax are the minimum and the maximum of the instrument voltage range, Dmin 

and Dmax are the minimum and the maximum of the instrument measurement limit.  

Table 8 lists all these variables used in the m-file.  

 

Table 8. Instrument and DAQ variables in order to convert voltage to actual units 

Variables Level sensor Flowmeter Pump 

Vmin 0.5 (v) 0 (v) 0 (v) 

Vmax 4.5 (v) 10 (v) 0.7 (v) 

Dmin 30 (mm) -5.5 (ml/min) 0 (ml/min) 

Dmax 90 (mm) 5.5 (ml/min) 3.1 (ml/min) 
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6.3.1.2 Average of raw data 

 

In the present application, the raw data exhibit significant noise because of the 

characteristic properties of the level sensor and flowrate while a slowly changing signal 

is necessary in order to have a stable and optimal control system. For this purpose, the 

raw data is filtered by moving average (MA) which is a signal processing technique 

applied in the time domain, intended to increase the strength of a signal relative to noise 

that is obscuring it. An example of a simple moving average for an n-second sample of 

level data is the mean of the previous n seconds' level data. If those data are LM, LM-1,..., 

LM-(n-1) then the formula is: 

𝑀𝐴 =
𝐿𝑀+𝐿𝑀−1+⋯+𝐿𝑀−(𝑛−1)

𝑛
= 

1

𝑛
∑ 𝐿𝑀−𝑖
𝑛−1
𝑖=0   ( 9 ) 

When calculating successive values, a new value comes into the sum and an old value 

drops out, meaning a full summation each time is unnecessary for this simple case: 

𝑀𝐴𝑐𝑢𝑟𝑟𝑒𝑛𝑡 = 𝑀𝐴𝑝𝑟𝑒𝑣 +
𝐿𝑀

𝑛
−
𝐿𝑀−𝑛

𝑛
   ( 10 ) 

The Fig 47 shows a comparison between raw data and filtered one. For the level signal, 

a time averaging of 6 seconds was used. 

 

 

Fig 47. Raw data vs. filtered data (Level). 
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The same data processing was done in flowrate measurement. The flowrate data 

has a significant noise because of oscillated flow produced by the peristaltic pump. In 

Fig. 48 a comparison between raw data and averaged data in 6 seconds averaging time is 

shown. 

 

 

Fig. 48. Raw data vs. filtered data (Flowrate). 

 

6.3.1.3 Digital control 

 

In order to control the level of the bioreactor, a proportional–integral–derivative 

(PID) control system that is explained in details in the further section is used. The input–

output relation of the digital PID controller which is used in the software in velocity form 

is expressed as: 

𝛥𝑢(𝑘) = 𝐾𝑐[(1 +
𝛥𝑡

𝜏𝐼
+
𝜏𝐷

𝛥𝑡
) 𝜀(𝑘) − (

2𝜏𝐷

𝛥𝑡
+ 1) 𝜀(𝑘 − 1) +

𝜏𝐷

𝛥𝑡
𝜀(𝑘 − 2)]  ( 11 ) 



Part II Hollow fiber membrane bioreactor 

 

99 

 

 

 

 

where 𝑢 is the control signal, 𝜀 = 𝑦𝑠𝑝 − 𝑦𝑚 is the error signal (ysp and ym are set-point 

and measured variable), and 𝐾𝑐, 𝜏𝐼and 𝜏𝐷  denote the proportional gain, the integral time 

and derivative time, respectively [102]. 

 

6.3.2 MATLAB interface 

 

An interface for real-time acquiring, monitoring and plotting level sensor and 

flowmeter signals was developed in MATLAB. Fig 49 show an example of this interface.  

 

 

 

Fig 49. MATLAB interface. 

 

6.3.3 Signal sending to the pumps 

 

As it was discussed the pumps work as actuators to control medium level and 

flowrate in the bioreactor. An automatic adjustment of pumps rotational speed is 

necessary to automatically control level and flow rate, so the control system was run with 

sending a signal to pumps trough the DAQ box. The connection between the DAQ box 
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and the pumps by Analog interface was investigated in the section 6.2.4 related to pumps 

properties. The digital values for GND, remote, start, direction and internal speed were 

sent to the related pins as well as the analog value that was sent to the pump for rotational 

speed adjustment (Fig. 42). 

 

6.4 Hydrodynamic and control experiment setup 

 

The bioreactor was installed in an experimental setup with water in order to carry 

out the fluid dynamics characterization under operating conditions. The bioreactor was 

connected to the perfusion system consisting of a glass medium reservoir, tubing, two 

micro-peristaltic pumps, capillary-tank and flow and a level sensor that were connected 

to data acquisition board and computer for monitoring and acquiring data. The level 

sensor was calibrated carefully before filling the bioreactor. 

In order to fill the bioreactor, the water enters from the reservoir into the 

membrane bioreactor by pump 1 with a fully controlled flowrate that was set on the 

desired set-point. Water was perfused in single-pass and the stream leaving the bioreactor 

by pump 2, recycled in the medium reservoir. The flowmeter was installed in order to 

measure and control the liquid flowrate in the inlet stream. The manual option of the 

pumps was deactivated and automatic mode was activated by sending signals trough 

DAQ box in order to control pumps rotational speed. Fig 50 shows a scheme of the 

experimental setup.  
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Fig 50. Experimental setup scheme.



 

 

 

 

 

 

Chapter 7 

 

 

Modeling and control system development 

 

7. Modeling and control system development 

 

In this Chapter, a three-compartment model of the HFMBR bioreactor is presented 

in an original non-linear form as well as a linearized version. Both will be validated 

against simple filling experiments in the real bioreactor, as discussed in the next Chapter. 

Numerical solution of the models is carried out through Simulink block models so that 

the subsequent synthesis of the multiple feedback loops is facilitated. Control laws are 

devised for the loops of interest and the controller tuning procedure is described. 
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7.1 Three-compartment dynamic modeling of bioreactor hydrodynamics 

 

In modelling the membrane bioreactor for control purposes the essential aspects 

of the process have to be taken into account, rather than microscopic (i.e. finite element) 

description. Therefore, with respect to the actual bioreactor configuration, various 

simplifying assumptions were considered to keep the mathematical derivation and real 

time solution simple. The physical system is composed of two hollow fiber membrane 

bundles in crossed configuration contained in a spherical glass enclosure that serves as 

the extra-capillary space (see Fig. 32 in Chap. 6). As discussed earlier, one fiber bundle 

is used for feeding the inlet stream containing oxygen and nutrients and the other one for 

extracting the effluent stream, both being in dead end configuration, i.e. with no retentate 

stream. To a first approximation, the flow paths inside the bioreactor can be considered 

to be represented as uniformly distributed from the inside of the feed bundle to the extra 

capillary space and then again uniformly out through the effluent membrane bundle. So, 

a lumped parameter compartment model appears appropriate to describe the 

hydrodynamics and species transport through the bioreactor. It was assumed based on De 

Bartolo et al. [6] study about residence time distribution (RTD). RTD was investigated 

through the introduction of tracer (step input) at the entrance of fibers and recording it in 

time at the exit of the fibers. The tracer, consisting in a solution of Williams’ medium E, 

was sent to the bioreactor with flow rate of 1.5 ml/min and continuously monitored by 

online spectrophotometer (UV Cord Pharmacia, Uppsala, Sweden). After this fluid 

dynamics characterization, the bioreactor can be considered well mixed in the central part 

of its body, where hepatocytes are cultured in the extra-lumen side of crossing fibers. 
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In particular, the bioreactor system is modeled as composed of three distinct zones 

(see Fig. 1), assumed to interact as lumped parameter compartments separated by the 

hollow fiber surfaces, as follows: 

1. A feed zone composed of a dead-end hollow-fiber membrane bundle (FB) (e.g. made 

by polyethersulphone, PES) providing oxygenated medium/serum feeds; 

2. An intermediate space occupying the reactor inside shell surrounding the two 

membrane bundles, similar to the extra-capillary space (named ECS), which contains 

the cell culture; 

3. The second bundle of dead-end hollow-fiber membranes in crossed configuration for 

the effluent stream (EB) (also made by PES in the present application). 

A schematic representation of the hollow-fiber membrane bioreactor is shown in 

Fig 51a. The corresponding three-compartment model is shown in Fig 51b, where each 

compartment will be assumed as perfectly mixed. It should be noted that, as the 

configuration suggests, the dead-end membrane bundles are represented as closed 

volumes whilst the ECS is a variable liquid volume, as in operation the upper opening of 

the bioreactor enclosure is connected to an overflow line to avoid pressure build-up in 

case of reactor overfilling.   
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a)                                                                            b) 

ECS
PES

PES

Cells

Inlet

Outlet  

Fig 51. Hollow-fibre membrane bioreactor scheme (a) showing the feed bundle (FB) 

zone through polyethersulphone, PES, membranes in red, the cell culture environment 

(extra capillary space, ECS) in yellow and the effluent bundle (EB) zone through the 

second, crossed set of membranes (also PES) in blue; the corresponding simplified 

three-compartment model of the bioreactor is also represented (b), also showing the 

model variable names for flowrates (F), volumes (V) and concentrations of species like 

oxygen (CA) and urea (CB). 

 

7.1.1 Mass balances 

 

In the three-compartment representation of the membrane bioreactor, model 

hypotheses also include (i) uniform and constant density (the transport occurs into a large 

amount of medium), (ii) uniform and constant temperature, as guaranteed by operation 

within a fully controlled incubator, (iii) simplified biochemical kinetics with constant 

number of cells, as established for progenitor hepatic cell cultures, and (iv) geometrical 

relationship between the liquid volume and level height for the ECS (see below). Input 

variables are inlet concentrations CA0, CB0 (concentration of oxygen required for the cell 
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metabolism (A) and urea as representative metabolism product (B)), and ECS inlet and 

outlet volumetric flowrates (F1, F2). Due to the closed volume (and constant density) of 

the feed and effluent bundle conditions, all total flowrates upstream the ECS are equal; 

similarly, they are also equal downstream the ECS. As introduced in Chapter 6 and 

discussed below, F1 and F2 will be used as manipulated variables in the control system. 

State variables are all other (6) concentrations and the variable liquid volume in the ECS 

V2. The considerations which led to the design of the capillary tank (small liquid volume 

and filtered connection with the bioreactor) ensure that its presence does not affect the 

ECS liquid volume and concentrations if not marginally, so it is neglected in the model. 

Constraints are the mass balances across the compartments, both overall and for 

individual species, including biochemical conversion of An (as a reactant) and B (as a 

product). 

The set of non-linear model equations is: 

 
𝑑𝐶𝐴1

𝑑𝑡
=

𝐹1

𝑉1
(𝐶𝐴0 − 𝐶𝐴1) ( 12 ) 

 
𝑑𝐶𝐵1

𝑑𝑡
=

𝐹1

𝑉1
(𝐶𝐵0 − 𝐶𝐵1) ( 13 ) 

 
𝑑𝐶𝐴2

𝑑𝑡
=

𝐹1

𝑉2
(𝐶𝐴1 − 𝐶𝐴2) −

𝑉1𝑚𝑎𝑥𝐶𝐴2

𝐾1𝑚+𝐶𝐴2
 ( 14 ) 

 
𝑑𝐶𝐵2

𝑑𝑡
=

𝐹1

𝑉2
(𝐶𝐵1 − 𝐶𝐵2) +

𝑉2𝑚𝑎𝑥𝐶𝐴2

𝐾2𝑚+𝐶𝐴2
 ( 15 ) 

 
𝑑𝐶𝐴3

𝑑𝑡
=

𝐹3

𝑉3
(𝐶𝐴2 − 𝐶𝐴3) ( 16 ) 

 
𝑑𝐶𝐵3

𝑑𝑡
=

𝐹3

𝑉3
(𝐶𝐵2 − 𝐶𝐵3) ( 17 ) 

 
𝑑𝑉2

𝑑𝑡
= 𝐹1 − 𝐹2 ( 18 ) 
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where Eq. (12-17) are the component balances across the three compartments regarding 

conservation of oxygen (A) and urea (B) and Eq? (18) is the overall mass balance in the 

ECS. The latter was used in the previous ones to make the ODE be expressed explicitly 

in terms of concentration change with time. As shown in Eq. (14) and (15), Michaelis-

Menten biochemical kinetics is assumed to be valid as overall kinetic rate term for both 

oxygen and urea [103]. V1max and V2max represent the maximum rate achieved by the 

system at maximum concentrations and K1max and K2max are the species concentration at 

which the reaction rate is half of V1max and V2max repectivley. 

A four-input/seven-state model of the bioreactor arises, with inlet concentrations, 

CA0 and CB0, and inlet and outlet flowrates, F1 and F2, as 4 input variables and the six 

concentrations and liquid volume in the ECS, V2, as 7 states. To solve the model and 

investigate control strategies for the bioreactor key variables, it is implemented within the 

MATLAB/Simulink® environment as a block diagram scheme (Fig 57). Dynamic 

simulations of the uncontrolled and controlled bioreactor will be discussed in Chapter 8. 
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Fig 52. A Simulink block diagram of the three-compartment non-linear model. 

 

The dynamic model is still incomplete, as the volume dynamics has to be 

converted into a liquid level to allow for its control. Since the geometry of the bioreactor 

enclosure is complex such relationship requires some simplifying assumption, as 

discussed in the following paragraph. 
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7.1.2 Geometrical description of the volume/height relationship 

 

As shown in Fig 32, the shape of the cell culturing environment, i.e. the zone of 

the bioreactor hosting the (variable-level) ECS liquid, is geometrically complex. This 

affects the cross-sectional area at different heights, leading to a different sensitivity of the 

height (controlled variable) to changes in the volumentric flowrates (manipulated 

variables). According to the design, it is based on an external, approximately spherical 

shell with six relatively large connection ports, one for each side. Four of these (the lateral 

ones) are used for the membrane bundles. The top and bottom ones serve for overflow 

and sampling, respectively, and are considered inactive during regular operation. In 

addition, it shall be considered that deformation from the external spherical shape due to 

the lateral connections is very limited after membrane bundle assembling (Fig 32b) as the 

volume around the bundles is filled with glue. 

The dependence of the liquid volume on height can be obtained by fitting 

expressions (e.g. polynomial) to experimental measurements during bioreactor filling. 

However, it is proposed to describe the required dependence by means of geometrical 

considerations, as this allows the model to be adapted to changes in the relative size of 

the bioreactor shape elements (sphere, connections, etc.). Therefore, a reasonable 

representation of the volume/height relationship in the cell culturing environment is by a 

spherical enclosure (with a central part of the volume occupied by the membrane bundles) 

plus two cylinders at the top and bottom (see Fig 53). 

Formulation of the geometrical relation between the liquid volume and height is 

considered in five zones, which correspond to: the lower cylinder (Eq. 19), the spherical 
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cap below the fibre bundles (Eq. 20), the central region of the bioreactor through the 

bundles (Eq. 21), the upper spherical cap above the bundles (Eq. 22) and the upper 

cylinder (Eq. 23). As a reasonable approximation, the volume occupied by the fibres is 

subtracted linearly from the spherical volume as the liquid height increases, thus 

neglecting the cylindrical shape of the fibres and any liquid capillary rise. In general, the 

measured height ℎ̅ can be compared with the modelled value ℎ by subtracting the height 

of the bioreactor base ℎ0, i.e. by comparing ℎ and ℎ̅ − ℎ0. 

 

rc

hc

 rs

h0

h (variable)

Crossed hollow 

fibre

Level sensorBioreactor

 

Fig 53. Assumed geometrical shape of the cell culturing environment with a variable 

liquid level within the bioreactor and level sensor range on the side. 

 

The set of equations defined over the corresponding height intervals are reported 

below (see Table 9 for the variable definitions):  
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𝑉 =  𝜋𝑟𝑐
2ℎ    

for    0 ≤ ℎ ≤ ℎ𝑐 

( 19 ) 

𝑉 = (𝜋𝑟𝑐
2ℎ𝑐 − 𝑉𝑐𝑎𝑝 +

1

3
𝜋(ℎ − ℎ𝑐)

2(3𝑟𝑠 + ℎ𝑐 − ℎ))   

for   ℎ𝑐 < ℎ ≤ ℎ𝑐 + (𝑟𝑠 −
𝐻𝑣𝑙𝑡

2
) 

( 20 ) 

𝑉 = 𝜋𝑟𝑐
2ℎ𝑐 − 𝑉𝑐𝑎𝑝 +

1

3
𝜋(ℎ − ℎ𝑐)

2(3𝑟𝑠 + ℎ𝑐 − ℎ) − 𝑁𝑟𝑜𝑤𝑉𝑓𝑖𝑏
𝑁𝑣𝑙𝑡

𝐻𝑣𝑙𝑡
(ℎ − ℎ𝑐 − (𝑟𝑠 −

𝐻𝑣𝑙𝑡

2
))   

for  ℎ𝑐 + (𝑟𝑠 −
𝐻𝑣𝑙𝑡

2
) < ℎ ≤ ℎ𝑐 + (𝑟𝑠 +

𝐻𝑣𝑙𝑡

2
) 

( 21 ) 

𝑉 = 𝜋𝑟𝑐
2ℎ𝑐 − 𝑉𝑐𝑎𝑝 +

1

3
𝜋(ℎ − ℎ𝑐)

2(3𝑟𝑠 + ℎ𝑐 − ℎ) − 𝑉𝑓𝑖𝑏𝑡    

for   ℎ𝑐 + (𝑟𝑠 +
𝐻𝑣𝑙𝑡

2
) < ℎ ≤ ℎ𝑐 + 2𝑟𝑠 − ℎ𝑐𝑎𝑝 

( 22 ) 

𝑉 = 𝑉𝑠 − 2𝑉𝑐𝑎𝑝 + 𝜋𝑟𝑐
2ℎ𝑐 + 𝜋𝑟𝑐

2(ℎ − ℎ𝑐 − 2𝑟𝑠) − 𝑉𝑓𝑖𝑏𝑡    

for   ℎ𝑐 + 2𝑟𝑠 − ℎ𝑐𝑎𝑝 < ℎ ≤ 2ℎ𝑐 + 2𝑟𝑠 

( 23 ) 

  

Table 9. Parameter definitions for the geometrical description of the height change with 

liquid volume 

Parameter Definition 

𝒓𝒔 Radius of the sphere 

𝒉𝒄 Height of the cylinder 

𝒉𝟎 Height of the bioreactor base (as measured by the level sensor) 

𝒓𝒄 Radius of the cylinder 

𝑽𝒔 Volume of the sphere 

𝑵𝒓𝒐𝒘 Number of fiber rows 

𝑳𝒇𝒊𝒃 Length of a fiber 

𝒓𝒇𝒊𝒃 Radius of a fiber 

𝑽𝒇𝒊𝒃 Volume of a fiber 

𝑯𝒗𝒍𝒕 Height of vertical layer total 

𝑵𝒗𝒍𝒕 Number of vertical layer total 

𝑽𝒇𝒊𝒃𝒕 Total volume of fiber 

𝒉𝒄𝒂𝒑 Height of the small cap at the sphere/cylinder interface 

𝑽𝒄𝒂𝒑 Volume of the small cap at the sphere/cylinder interface 
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Comparison of the analytical and experimental dependence of the liquid level on 

the volume for an actual filling operation of the bioreactor used is described in Chapter 

8.  

 

 

Fig. 54. Volume to height conversion in Simulink 

 

As mentioned before the volume dynamics has to be converted into a liquid level 

to allow for its control and Fig. 54 shows the implementation of the height/volume 

relationship in Simulink. The volume was converted by the help of a MATLAB function 

with the name of evaluateVandDVDh that was pointed in Appendix A. 

7.1.3 Linearization 

 

The set of ODEs composed by Eq. (12-18) is non-linear in the model variables. 

The volume/height geometrical relationship adds some more non-linear terms. To make 

use of advanced control strategies like adaptive control or feedforward schemes, it is 

useful to derive an analytical linearized version of the three-compartment model, which 

could be later utilized to build a gain scheduling table (e.g. evaluating optimal gains for 
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models linearized around different operating points) for adaptive control or to estimate 

lead-lag units for a feed-forward complement to traditional feedback loop. 

The linearized model is obtained by using the first-order Taylor series truncation of the 

non-linear terms expanded around the steady-state values of the variables. The procedure 

is conceptually simple but mathematically long and tedious. The full set of linearized 

equations corresponded to Eq. (12-18) is reported in the Appendix G. A representative 

linearized equation is shown below, e.g. for Eq. (12): 

 
𝑑𝐶𝐴1

𝑑𝑡
=

𝐹1𝑠𝑠

𝑉1
𝐶𝐴0 + (−

𝐹1𝑠𝑠

𝑉1
)𝐶𝐴1 +

𝐶𝐴0𝑠𝑠−𝐶𝐴1𝑠𝑠

𝑉1
𝐹1 ( 24 ) 

where the subscript ss denotes variable values at the steady-state. 

According to the standard procedure, the linearized model allows building the A, 

B, C and D matrices of coefficients that can be used to derive the process transfer function 

matrix. Starting from the canonical form of the linear model in the state-space: 

{
𝑑𝒙

𝑑𝑡
= 𝑨 ∙ 𝒙 + 𝑩 ∙ 𝒖

𝒚 = 𝑪 ∙ 𝒙 + 𝑫 ∙ 𝒖
 ( 25 ) 

where 

 𝒙 =

[
 
 
 
 
 
 
𝐶𝐴1
𝐶𝐵1
ℎ
𝐶𝐴2
𝐶𝐵2
𝐶𝐴3
𝐶𝐵3]

 
 
 
 
 
 

;     𝒖 = [

𝐶𝐴0
𝐶𝐵0
𝐹1
𝐹2

] ;       𝒚 = 𝒙  ( 26 ) 

which leads to a transfer function matrix of the form 
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𝒚 = 𝑮𝒑 ∙ 𝒖   with   𝑮𝒑 = [
𝑮𝟏𝟏 ⋯ 𝑮𝟏𝟒
⋮ ⋱ ⋮
𝑮𝟕𝟏 ⋯ 𝑮𝟕𝟒

] ( 27 ) 

The numerical elements (e.g. numerators and denominators) of the transfer 

function matrix can be easily derived based on the above-defined A, B, C and D matrices 

in the state-space domain. 

A Simulink block diagram of the linear model is shown in Fig 55. In the block 

diagram scheme, each transfer function is analytically linked to the linearized form of 

the original equations and the steady-state conditions assumed at the beginning. 

Therefore, by changing the initial values of the variables the linearized block diagram 

version in Simulink is automatically updated.  

   

 

Fig 55. A Simulink block diagram of the linear model. 
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7.1 Control system development 

 

7.1.1 Scheme for controlled variables 

 

The availability of a process model allows developing and testing control systems 

for the cell culturing hydrodynamics and transport in the bioreactor. For the purpose of 

this work, liquid level height in the ECS and oxygen concentration (consumption) are the 

most important variable to control as measured output. Also, the possibility to set 

accurately the flowrates through the bioreactor would turn out convenient, as the 

volumetric pumps utilized to provide a quickly alternating flowrate whose average is 

difficult to keep at the desired value. A multi-SISO strategy for control of the above 

variables will be tested, as this may prove sufficient for the intended purposes. According 

to the experience and characteristic times of the system, flowrate can be set or varied 

through the rotational speed of the pump practically immediately, at a rate much higher 

than the other variables so pump speed/flowrate dynamics will be assumed ideal. Liquid 

level can be controlled by acting on the flowrate difference between inlet and outlet. The 

height dynamics can be slow or fast depending on the maximum flowrate difference (there 

is a maximum shear-rate that the cell can tolerate) and the current cross-section area. 

Species (e.g. oxygen or urea) transport at the typical bioreactor conditions requires a 

significant time to exhibit variations. So, overall, the system appears clearly decoupled 

thanks to the different time scale of the processes involved in the control system. 

Therefore, a set of conventional industrial regulators will be tested using mostly feedback 
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loops; in the case of level control, a feedforward addition can, in principle, improve the 

control speed of response and overall effectiveness. 

 

7.1.2 Feedback multi-loop strategy with PID controllers 

 

Process automation based on proportional-integral-derivative (PID) controllers is 

widely adopted in industrial operations. A PID control law is based on an error function 

ε(t) intended as the difference between the desired set-point of the controlled variable and 

its currently measured value. It then determines a corrective action on the manipulated 

variable based on proportional, integral and derivative terms. The controller operates in 

the direction to minimize the error over time by adjustment of the manipulated variable 

u(t), such as the position of a control valve, a damper, or the power supplied to a heating 

element to a new value determined by a weighted sum: 

𝑢(𝑡) = 𝐾𝑐𝜀(𝑡) +
𝐾𝑐

𝜏𝐼
∫ 𝜀 (𝜏)𝑑𝜏
𝑡

0
+ 𝐾𝑐𝜏𝐷

𝑑𝜀(𝑡)

𝑑𝑡
 ( 28 ) 

The controller gain Kc acts as modulation parameter of the intensity of all actions, 

with the integral and derivative times, I and D, as parameters for the corresponding 

controller actions. By tuning the three parameters of the model, a PID controller can deal 

with specific process requirements. As compared to more advanced controllers (i.e. 

model-based), the use of feedback PID controllers does not guarantee optimal control of 

the system or even its stability [102]. However, it is robustness to model uncertainty and 

resilience to any possible disturbance. 

Due to the appreciable amount of noise on the level signal (see Fig. 39) observed 

experimentally, the derivative action is not used to avoid continuous changes on the 

control signal to the pumps. So, multiple feedback loops, as generically represented in  

Fig 56 in terms of block diagram [104] will be utilized. In the model, sensors will be 
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assumed ideal dynamical elements. In analogy with the experiments, the actuators, in the 

present case variable speed pumps, will also be neglected in the simulations. Indeed, in 

the actual control experiments, it was possible to calculate the control action directly in 

terms of flowrate and then convert to electric signal via pump calibration curve before 

signal sending. 

 

Fig 56. Block diagram of PID control system. 

 

7.1.3 Input-output variable pairing and controller tuning 

 

Input variables for control are the two flowrates (F1 and F2) and the inlet 

concentration of oxygen (CA0). They will be used to control the nominal flowrate across 

the bioreactor (it could be either F1 or F2), the liquid level in the ECS (h) and the oxygen 

concentration in the ECS (CA2) or output (CA3). Note that in the experimental section 

concentration control was not considered due to the lack of availability of reliable, on-

line measurements of the oxygen concentration in the ECS or output in the bioreactor. 

That is typically carried out off-line. However, since the inlet oxygen concentration could 

be available as manipulation variable owing to an oxygenation system dependent on the 

oxygen concentration in the incubator (that can be regulated), such an important addition 

is still kept in the simulation part of this work. 

The availability of a process model enables the possibility to carry out systematic 

analysis of steady-state interaction between the loops, with the aim to select the best input-
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output variable pairing (e.g. Relative Gain Array, RGA analysis). However, in the present 

case (intuition and) simple examination of the model equations show that the inlet 

concentration cannot affect the liquid level or flowrates, so it will be necessarily paired 

with the output oxygen concentration. Model equations and RGA would also show that 

either flowrate can be equivalently used for the level and flowrate control. So, the final 

choice was eventually dictated by experimental evidence that showed slightly smaller 

level oscillation when the manipulated variable was the outlet flowrate as compared to 

the inlet one.  

The Simulink model with feedback loops is shown in Fig 57. As anticipated, the 

measurement elements’ and actuators’ dynamics were not considered. The process sub-

model can be the non-linear or the linearized versions interchangeably. 

 

 

Fig 57. A Simulink simulation block diagram of the controlled MBR.  
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Finally, individual tuning has been carried out separately for each loop. As 

mentioned earlier, this is likely to be the final tuning (i.e. no detuning will be required) 

thanks to the time-scale decoupling typical of the present system. 

A preliminary controller tuning was performed using the Simulink PID tuning 

system. The PID gains were tuned by Simulink PID tuner to achieve a good balance 

between performance and robustness. By default, the algorithm chooses a crossover 

frequency (loop bandwidth) based on the plant dynamics and designs for a target phase 

margin of 60°. When you interactively change the response time, bandwidth, transient 

response, or phase margin using the PID Tuner interface, the algorithm computes new 

PID gains. [104]. Subsequent comparison with experiments allowed a check in actual 

bioreactor conditions, as discussed in Chapter 8.



 

 

 

 

 

 

Chapter 8 

 

 

Results and discussion 

 

8. Results and discussion 

 

In this chapter, the results of experimental tests and applications of the three-

compartment model in the non-linear and linearized versions are illustrated and discussed. 

Using water as perfusion medium (without cells) verification of the geometrical 

relationship is proposed first. Typical simulated step responses in the relevant variables 

are presented, showing the difference between the non-linear and linear models. 

Application of control to the level and flowrate are then discussed, with some detail on 

tuning and discussion of the impact of signal noise. Experimental observations of the 

bioreactor level change and flowrate change under feedback control (i.e. set-point 

changes) are presented in order to examine the capabilities of the controller to monitor 

and keep the cell culturing conditions under control. In some case, one-way loop 

interaction is observed in the responses, but the overall behaviour remains well under 

control. Results of the dynamic simulations are also shown in the plots for comparison. 

Finally the results for level control in a fully operating membrane bioreactor in which 

hepatic cells where cultivated shows the improvements achievable thanks (also) to the 

PC-controlled operations.  
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8.1 Geometrical volume model validation 

 

The variable cross-section of the bioreactor at different heights has a marked 

influence on the level dependence on volumetric flowrate changes. Therefore, the 

geometric description of the space inside the bioreactor enclosure (i.e. the cell cultivation 

environment as extracapillary space, ECS) needs an appropriate account. Design data 

were used to estimate the volumes involved around the membrane bundles, see Table 10 

for all parameter values. 

 

Table 10. Geometrical Model validation parameter values 

Experiment data 

F0s Inlet flowrate (ss*) 1.5 ml/min 

F2s  Outlet flowrate (ss)  0 ml/min 

V1 Volume of FB 0.003 ml 

V3 Volume of EB 0.003 ml 

𝒓𝒔 Radius of the sphere 19 mm 

𝒉𝒄 Height of the cylinder 15 mm 

𝒉𝟎 Height of the bioreactor base (as measured by 

the level sensor) 

10 mm 

𝒓𝒄 Radius of the cylinder 7 mm 

𝑽𝒔 Volume of the sphere 28.52 ml 

𝑵𝒓𝒐𝒘 Number of fiber rows 10 

𝑳𝒇𝒊𝒃 Length of a fiber 40 mm 

𝒓𝒇𝒊𝒃 Radius of a fiber 0.25 mm 

𝑽𝒇𝒊𝒃 Volume of a fiber 7.85 mm3 

𝑯𝒗𝒍𝒕 Height of vertical layer total 10 mm 

𝑵𝒗𝒍𝒕 Number of vertical layer total 20 

𝑽𝒇𝒊𝒃𝒕 Total volume of fiber 1.57 ml 

𝒉𝒄𝒂𝒑 Height of the small cap at the sphere/cylinder 

interface 

1.33 mm 

𝑽𝒄𝒂𝒑 Volume of the small cap at the sphere/cylinder 

interface 

104.11 mm3 

*ss = steady-state 
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A comparison between the geometrical model of the bioreactor volume (height 

vs. time) and the corresponding experimental values is presented below for a constant 

flowrate bioreactor filling procedure (Fig 58). As it is shown in the figure, the model 

predictions and experimental observations at the top and bottom of the bioreactor are very 

close together. The reason lays in the volume vs. height linear relationship in the 

cylindrical parts of the bioreactor. In the central part of the bioreactor, some difference 

can be observed, mostly due to the presence of the hollow fibers, which cause some local 

fluctuations due to the complex shape of the free volume of the fibers and the likely 

occurrence of capillarity. Overall, the accuracy of the representation of the liquid volume 

vs. height can be judged adequate for the requirements of the control, particularly because 

it is expected that the liquid level will be kept above the fibers under regular operation. 

 

 

Fig 58. Comparison between the measured height and the model predictions during 

bioreactor filling at constant flowrate. 
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8.2 Level dynamics – comparison of the linear and non-linear model results 

with experiments 

 

Using water as ideal medium experiments have been conducted to study the level 

dynamics in the bioreactor as occurring during actual operation. Starting from an initial 

level height of about 42 mm and a steady state (both inlet and outlet) flowrate of 1.03 

ml/min, a decrease in the outlet flowrate to 0.73 ml/min has been set and height evolution 

registered. The about 30% flowrate decrease was obtained by manually changing 

suddenly the rotational speed of the pump. Fig 59 shows the corresponding signal as 

measured by the flowrate sensor, mounted on the outflow line for this test. The straight 

line represents the corresponding ideal change used in the simulation. The noise in the 

flowrate signal is due to the particular oscillating flow produced by the peristaltic pump, 

which the high-speed acquisition sensor can detect rather accurately. The corresponding 

level evolution is shown in Fig 60, where the experimental value is compared with the 

predictions of the non-linear and linearized models. It can be seen that the non-linear 

model follows the experimental evolution closely for all the height range, as already 

shown in Section 8.1. The linearized model exhibits a very similar initial increase, which 

makes the predicted response highly accurate. At longer times, or at larger deviations, 

however, the evolution of the height obtained with the linearized model continues 

indefinitely as a linear increase (the system is a linear integrator), deviating from the 

actual observation. As with any linearization, the goodness of the approximation is 

somewhat proportional to the closeness of the current values to the initial value (i.e. the 

linearization point). The both inlet and outlet flowrate were adjusted and changed 

manually with manual interface existing on top of the pumps. 

The comparison in Fig 60 shows that the ECS level changed from 42 mm to 65 

mm after about 42 min. A few minutes later, the bioreactor volume is completely filled, 

which is the condition when liquid overflow from the bioreactor start to happen. This time 

compared with the time needed to perform cell culture experiments (1 month) is very low 

and this reflects the importance of the control system to the bioreactor.  
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Finally, although it is more complex than the linearized one, the non-linear model 

turns out to be a very good choice for model-based control. Results of the control design 

and tuning are discussed in the next Section. 

  

 

Fig 59. Step change from 1.03 to 0.73 ml/min in the outlet flowrate. 

 

 

Fig 60. The response in the level height of the linear, Linear, and experimental data to a 

step change in outlet flowrate. 
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8.3 System response to step change in input variables – non-linear and 

linearized models 

 

Implementation of the three-compartment model within the MATLAB 

environment (control system toolbox) and the Simulink environment allows 

straightforward computing of output responses to the (e.g step) changes of the input 

variables. The dynamic analysis of the model can be carried out both in terms of the non-

linear and linearized versions, as described in Chapter 7. Output responses to selected 

input step changes are reported in Fig. 61, Fig. 62 and Fig. 63. To maintain realistically 

finite stimuli, step amplitudes of the input variables are selected to be the 50% of the 

corresponding initial value.  

Similar to the non-linear model results, not all changes in the inputs alter the 

values of all the outputs. Typically, the level does not exhibit dependence on e.g. inlet 

concentrations. On the other hand, changes in the flowrates produce significant 

modifications of the amount of material in the reactor (V2) as well as modification of the 

concentration of feed/product compounds. The latter effect results at least from a 

“dilution” (or concentration) effect as well as interaction with the conversion by means 

of the residence time in the reaction zone. The integrating effect of the system as a result 

of a change in only one flowrate (either inflow or outflow) is also quite evident from Fig. 

61, Fig. 62 and Fig. 63. The effect on the accumulated volume V2 is evident, but also the 

concentrations of A and B eventually show a theoretically indefinite increase or decrease. 

 



Part II Hollow fiber membrane bioreactor 

 

126 

 

 

 

 

 

Fig. 61. Response of 4 variables: a) Level, b) Oxygen concentration in the inlet, c) 

Oxygen concentration in the outlet and d) Oxygen concentration in the outlet for an 

input step change (increasing 50% of Oxygen concentration in inlet) 
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Fig. 62. Response of 4 variables: a) Level, b) Oxygen concentration in the inlet, c) 

Oxygen concentration in the outlet and d) Oxygen concentration in the outlet for an 

input step change (decreasing 50% of Oxygen concentration in inlet and increasing 50% 

of inlet flowrate) 

 

 

Fig. 63. Response of 4 variables: a) Level, b) Oxygen concentration in the inlet, c) 

Oxygen concentration in the outlet and d) Oxygen concentration in the outlet for an 

input step change (increasing 50% of Oxygen concentration in inlet and inlet flowrate)  
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8.4 Control system and controller tuning 

 

In this part of the thesis, the benefits of the control system are discussed. As 

described in the previous section, the control system has many advantages, especially in 

the bioreactor performance. To improve the understanding of issues in actual operation 

and explore strategies to mitigate their effect on the controlled variables, changes are 

applied to the inputs one-by-one. 

As can be seen in Fig 64, by increasing the outlet flowrate, the bioreactor reacts 

quickly and the height of the liquid begins to decrease very fast. In the case of no 

adjustment, this goes on until the bioreactor is completely empty, and this would happen 

in less than 25 minutes. It is clear that even a small difference between the inlet and outlet 

flowrates in manual operation can cause bioreactor flooding (bioreactor fill-up) or empty. 

Such issues are particularly annoying when they occur during cell culture, during 

overtime of the working days or across the weekend, as typically the cells die and the 

experiment has to be completely repeated. 

On the other hand, by creating and installing a control system (possibly based on 

an appropriate model, as discussed in the previous sections), the performance and the 

efficiency of the bioreactor system can greatly improve. After a typical increase of the 

10% increase of the outlet flowrate, the ECS level has a sharp decrease in the system 

without a controller. On the other hand, in the system with PI controller the level will 

return to the level set point in few minutes by the controller. A comparison between the 

response of the system to change in the outlet flowrate (disturbance) with and without 

controller are shown in Fig 64. 
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Fig 64. A comparison of the simulated MBR model response with and without 

controller (response of ECS level to 10% increase of outlet flowrate). 

 

Level controller tuning was performed by using the PID Tuner tool of the 

Simulink PID Controller. It provides a fast and widely applicable single-loop PID tuning 

method for the blocks. With this method, the PID controller parameters were tuned to 

achieve a robust design with the desired response time. A typical design workflow with 

the PID Tuner involves the following tasks: 

- Launch the PID Tuner. When launching, the software automatically computes a 

linear plant model from the Simulink model and designs an initial controller. 

- Tune the controller in the PID Tuner by manually adjusting design criteria in two 

design modes. The tuner computes PID parameters that robustly stabilize the 

system. 

- Export the parameters of the designed controller back to the PID Controller block 

and verify controller performance in Simulink. Table 11 shows a comparison 

between without tuning and tuned controller. 
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Table 11. Without tuning and tuned controller parameters 

Controller parameters 

 Initial setup With tuning 

Kc -0.1 -1 

τI -0.1 -3 

τD 0 0 

Rise time 2.97 s 0.531 s 

Settling time 90.6 s 6.73 s 

Overshoot 71.7 % 44.6 % 

 

As it is shown in Fig 65, a comparison in step response of each loop in order to 

compare the system with and without tuning was done independently. As expected, the 

tuned controller works much faster with significantly fewer oscillations both in control 

variable which is bioreactor level (Fig 65a) and manipulated a variable that is outlet 

flowrate (Fig 65b).  

In this part, the importunacy and effect of controller tuning were mentioned by 

comparing the system in two different conditions (with and without tuning) and it is 

obvious that the default parameters of the Simulink controller are generally not correct 

for a specific case.  
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Fig 65. Comparison of the system with and without tuning. a) Liquid level, b) Outlet 

flowrate (manipulated variable) 
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8.5 Level control 

 

8.5.1 Level setpoint step-change 

 

 Initial tests on the hydrodynamics were carried out using water as recirculating 

medium. The level control system is tested first under servo-mode and when subjected to 

potential disturbances.  Starting from a steady-state condition, level set-point changes are 

applied to check the speed and quality of the response and control performance. Table 12 

lists the parameter values for this set of experiments. 

 

Table 12. Level control parameter values 

Experiment data 

F0s Inlet flowrate (ss*) 1.1 ml/min 

F2s  Outlet flowrate (ss)  1.1 ml/min 

acqrate Acquisition rate 10 frames/s 

acqtime Acquisition time 1/10 s 

avgtime Averaging time 6 s 

Kc Controller gain -1 ml/min/mm 

tI  Integral time 20 s 

tD Derivative time 0 s 

Qmin Minimum flowrate for anti-reset windup  0 ml/min 

Qmax Maximum flowrate for anti-reset windup 2 ml/min 

*ss = steady-state 

 

 The control system behaviour and the comparison with experimental data are 

discussed below. The plot in Fig 67 shows the level control system in action. The 

experiments are carried out with a 10 by 10 mm step-change in the level setpoint from 80 

to 50 mm. The Fig 66 and Fig 67 illustrate a comparison between the dynamic model and 

experimental data in terms of flowrate and level change. It can clearly be seen that there 

is a large increase in the (manipulated) outlet flowrate at the time instants of decreasing 

the level set-point in order to adjust the level. The plots for the experimental data and the 
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model show a similar trend. The typical characteristic time of the response to increases 

in the flow rate is different from test to test. This is due to the non-linearity induced by 

the geometrical shape of the bioreactor, which is evident for the level changes between 

60 and 50 mm.  

 As it can be seen, at times where setpoint changes occur the control system takes 

corrective actions by increasing the outlet flowrate to the maximum allowed, in an attempt 

to adjust the liquid level towards the desired value. Indeed, Fig 66 also shows saturation 

conditions for the flowrate (0 as minimum and 2 ml/min as maximum) as set by stress 

sensitivity constraints, occasionally hit by the actual flowrate during manipulation. The 

cut off is imposed in the implemented control algorithm through a limitation of the signal 

sent to the pump. Care has been paid to ensure anti-reset wind-up through a velocity 

formulation of the digital control law (see Chapter 7). 

  

  

Fig 66. Measured flowrate variation (manipulated variable in the level control loop) as a 

result of step-changes in the level set-point in 10-by-10 mm steps from 80 to 50 mm. 
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Fig 67. Measured level evolution (controlled variable) as a result of step-changes in the 

level set-point in 10-by-10 mm steps from 80 to 50 mm. 

 It can be noticed that whenever the height reached the steady-state desired values, 

the manipulated flowrate corresponded to the inlet (constant) flowrate. As compared to 

the simulations, obviously, irregular oscillations in the real system are clearly visible. The 

reasons for this phenomenon are not constant flowrate produced by the pumps, level 

sensor sensitivity and other possible sources of noise. 

 Similar experiments were carried out in the reverse direction, increasing the level 

setpoint from 50 to 80 mm, in 10-by-10 mm steps. As shown in Fig 68, the flowrate 

decreases suddenly when setpoint increases are imposed (Fig 69). In this case, the lower 

saturation conditions are hit, i.e. zero flowrate due to zero pump speed. In this case, the 

accuracy of the model at the largest cross-sectional area conditions (50 to 60 mm set-

point change) appears somewhat smaller. 
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Fig 68. Measured flowrate variation (manipulated variable in the level control loop) as a 

result of step-changes in the level set-point in 10-by-10 mm steps from 50 to 80 mm. 

 

 

Fig 69. Measured level evolution (controlled variable) as a result of step-changes in the 

level set-point in 10-by-10 mm steps from 50 to 80 mm. 



Part II Hollow fiber membrane bioreactor 

 

136 

 

 

 

 

8.5.2 Inlet flowrate step-change 

 

 In the real system for cell culture, there are several possible causes of 

external disturbances and a well-designed control system against these disturbances is 

very important to the success of prolonged, continuous operation of the bioreactor. As 

already mentioned, the flowrate and consequently the medium level can change as a result 

of phenomena like membrane fouling and resistance build-up in the hollow fiber 

membrane, which cause pressure increase upstream. So it is vital to investigate also the 

capability of the level control system to deal with inlet flowrate (i.e. disturbance) changes, 

under the hypothesis that the inlet flowrate will not (yet) be controlled. 

  Fig 70 shows the instantaneous values of the outlet flowrate (manipulated 

variable) as measured by the flowrate sensor and calculated by simulation using the non-

linear model when the level is to be kept at a set-point of 60 mm. The input change was 

in the inlet flowrate from 1.48 to 0.73 ml/min at minute 12.3 and the reverse at minute 

20, respectively. As shown in Fig 70, the outlet flowrate was adjusted by the controller 

based on new inlet flowrate in order to keep the level constant. It experienced a sharp 

drop at minute 12.3 and a corresponding jump at minute 20.  

 As the Fig 71 illustrates, the level dropped and peaked, respectively, as soon as 

the disturbance were applied to the system. However, the control system was able to 

change the level back to the set-point in 1 minute or so. Model results are also plotted 

together with the experimental records. Despite the experimental trends show significant 

irregular variations, the model results agree reasonably with them. 
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Fig 70. Measured outlet flowrate variation (manipulated variable in the level control 

loop) as a result of two (visible) step-changes in the inlet flowrate from 1.48 to 0.73 

ml/min. 

 

Fig 71. Measured level evolution (controlled variable) as a result of two (visible) step-

changes in the inlet flowrate from 1.48 to 0.73 ml/min. 
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It is clear from Fig 71 that the level control system, despite an appreciable level 

of noise and a variable flowrate, the performance of the control system is well suited for 

the control requirements of the bioreactor. The maximum deviations are within 0.8 mm 

of maximum discrepancy, which is negligible for the intended applications. In addition, 

the action of the controller appears quite rapid, with characteristic times appropriate for 

the slow dynamics of the culturing environment. 

 

8.6 Flowrate control (full hydrodynamics control) 

 

As it is well understood, the level control introduced until now does not ensure 

any particular value of the operating flowrate across the bioreactor. It only acts to keep 

inlet and outlet flowrates to be equal, no matter to what value. Indeed, if by accident the 

disturbance flowrate becomes zero, the level control system will shut the system down 

by setting to zero also the manipulated flowrate. The level set-point condition would be 

satisfied and no indication of error would be given to the operator. To control the full 

bioreactor hydrodynamics, a flowrate loop is also necessary, by making use of the other 

flowrate available for manipulation (through the second pump). By multiple simultaneous 

connections to the pumps through the Daq control box, such a system was synthesized 

via PC-control and put in action in parallel to the level control system.  

 In this section, experimental tests similar to the level control tests were carried 

out in order to check the ability of the flowrate control system to act promptly and to 

investigate possible interactions with the level loop. Full hydrodynamics control 

parameters and variables are listed in Table 13.  
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Table 13. Full hydrodynamics control parameters and variables 

Experiment data 

F0s Inlet flowrate (ss*) 1.1 ml/min 

F2s  Outlet flowrate (ss)  1.1 ml/min 

acqrate Acquisition rate 10 frames/s 

acqtime Acquisition time 1/10 s 

avgtime Averaging time 6 s 

Kc Controller gain (level controller) -1 ml/min/mm 

tI  Integral time (level controller) 20 s 

tD Derivative time (level controller) 0 s 

Qmin Minimum flowrate for anti-reset windup 

(level controller) 

0 ml/min 

Qmax Maximum flowrate for anti-reset windup 

(level controller) 

2 ml/min 

Kcfr Controller gain (flowrate controller) 2  ml/min/mm 

tIfr Integral time (flowrate controller) 0.01 s 

tDfr Derivative time (flowrate controller) 0 s 

Qmin Minimum flowrate for anti-reset windup 

(flowrate controller) 

0 ml/min 

Qmax Maximum flowrate for anti-reset windup 

(flowrate controller) 

2 and 3 

ml/min 

*ss = steady-state 

 

 

8.6.1 Inlet flowrate step-change 

 

In the first set of experimental tests, inlet flowrate set-point changes were 

investigated. The desired inlet flowrate was increased from 0.5 to 1,5 ml/min in steps of 

amplitude 0.25 ml/min. Fig. 72 shows the result related to the first experiment. The figure 

is divided into 4 plots: inlet flowrate evolution (a), voltage signal sent to the pump 1 

(flowrate controller) (b), bioreactor liquid level (c) and voltage sent to the pump 2 (level 

controller) (d).  
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Fig. 72. Inlet flowrate set-point change (0.5 to 1.5 ml/min- by 0.25 ml/min step 

changes) - inlet flowrate (a), voltage sent to the pump 1 (flowrate controller) (b), 

bioreactor liquid level (c) and voltage sent to the pump 2 (level controller) (d). 

 

In the plot, a the experimental data (step changes of the flowrate set-point) and 

the actual setpoint are shown by blue and green colors, respectively. The maximum 

allowed flowrate which was defined in the control system software is shown by dash red 

color in plots b (3 ml/min) and d (2 ml/min). As it can be seen from Fig. 72 in part b the 

voltage proportionate of the flowrate was sent to pump 1 in order to adjust and control 

the flowrate in its set-point. The change can be seen clearly, especially in step time (6, 

14, 20 and 27 min).  

In this experiment, the level setpoint was set to 60 mm as it is shown in plot c by 

the green line. The oscillation around the set-point, produced by control system can be 

seen from the Fig. 72 in plot c, but the effect of flowrate control system is not significant 

to identify. In the other hand, the loop interaction and the effect of flow control system 
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on the level and consequently on the voltage sent to pump 2 by the level control system 

is clear especially in the step time point (6, 14, 20 and 27 min) and part d shows it.  

Fig. 73 presents an experiment similar to the previous one, with an inlet flowrate 

set-point change, changed in reverse mode by increasing the flowrate step by step. The 

figure confirms the results discussed before. The plots b and d show an expected 

decreasing trend in voltage both in pumps 1 and 2. The data show a reasonable fixed 

medium level by the level controller in plot c.  

 

 

Fig. 73. Inlet flowrate set-point change (1.5 to 0.5 ml/min- by 0.25 ml/min step 

changes) - inlet flowrate (a), voltage sent to the pump 1 (flowrate controller) (b), 

bioreactor liquid level (c) and voltage sent to the pump 2 (level controller) (d). 

 

In this part, an inlet flowrate set-point change was imposed on the controls system. 

The inlet flowrate was increased and decreased from 0.5 to 1.5 ml/min suddenly at 

minutes 7.5 and 14. 5 respectively. Fig. 74 shows the result similar to the first experiment. 
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The differences of this test with first one, are the prompt changes of the inlet flowrate and 

a comparison of the experimental data with the model. As it can be seen from the figure 

the model, highlighted by dashed red color in plots a and b are in a good agreement with 

the experimental data in both level and flowrate control system. In addition, the effects 

of flowrate change and the interaction of the flowrate loop with the level control loop is 

shown in plots c and d at the moment of inlet flowrate change (minutes 7.5 and 14.5) 

 

 

Fig. 74. Inlet flowrate set-point change (0.5 to 1.5 and 1.5 to 0.5 ml/min) - inlet flowrate 

(a), voltage sent to the pump 1 (flowrate controller) (b), bioreactor liquid level (c) and 

voltage sent to the pump 2 (level controller) (d) 

 

8.6.2 Automatic to manual switch (flowrate control disturbance) 

 

Inlet flowrate as manipulated and control variable is fully under automatic control 

as it was discussed before. It was changed from automatic mode to manual mode to carry 

out an investigation about the effect of disturbance on flowrate control system. Fig. 75 
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illustrates the effect of disturbance on controls system. As the figure (plot a) shows at 

minutes around 8 and 13 the flowrate was changed to manual from automatic control and 

vice versa respectively. In this period (between 8 to 13 min), the voltage was not sent to 

the pump 1 due to flow control system disconnection (plot b) and the inlet flowrate was 

a change from 0.5 to around 1.5 ml/min (the exact value is not available due to manual 

mode).  

 

 

Fig. 75. Automatic control to manual as a flowrate control disturbance (0.5 to around 

1.5 ml/min) - (a), voltage sent to the pump 1 (flowrate controller) (b), bioreactor liquid 

level (c) and voltage sent to the pump 2 (level controller) (d) 

 

The only significant change in bioreactor level results from the increase of inlet 

flowrate in the mentioned period of manual mode. It can be seen from plot b that the level 

was increased exactly at the time of automatic to manual mode switch and started to 

decrease at the time of switching back to automatic mode (decrease inlet flowrate). It can 
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be concluded from Fig. 75 that the disturbance has no significant effect on the flowrate 

and level controller from the control system point of view. 

Below is Fig. 76 which shows another experiment results regarding the effect of 

flowrate disturbance on the bioreactor control system. In this part, a set of experiment 

was carried out in reverse mode with respect to the previous one. In this case, the flowrate 

was changed from 1.5 to around 0.5 by changing the automatic mode to manual. In all of 

4 plots, the effect of decreasing the flowrate is clearly visible especially at minutes from 

5 to 10.  

 

 

Fig. 76. Automatic control to manual as a flowrate control disturbance (1.5 to around 

0.5 ml/min) - (a), voltage sent to the pump 1 (flowrate controller) (b), bioreactor liquid 

level (c) and voltage sent to the pump 2 (level controller) (d) 
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8.6.3 Level setpoint step-change 

 

A level set-point change from 50 to 80 and 80 to 50 was tested here and the 

difference is that this time flowrate control was investigated too. The results regarding 

level control were discussed before in Fig 69 and Fig 67. It can be seen from Fig. 77 and 

Fig. 78 there is no interaction between level set-point change and inlet flowrate. The inlet 

flowrate was set to 1 ml/min at the beginning of the experiment and it was not changed 

until the end. Successfully, it was kept constant by the flowrate controller during the 

whole experiment time. Overall, the hydrodynamic features of the bioreactors, i.e. its 

liquid level at constant pressure and the feed flowrate, turned out smoothly controllable 

with sufficient confidence. Some doubts remain on the quality of the signals arriving at 

the controller, in particular concerning the liquid level. 

 

 

Fig. 77. Level set-point change from 50 to 80 mm (10 by 10 mm) - - (a), voltage sent to 

the pump 1 (flowrate controller) (b), bioreactor liquid level (c) and voltage sent to the 

pump 2 (level controller) (d). 
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Fig. 78. Level set-point change from 80 to 50 mm (10 by 10 mm) - inlet flowrate (a), 

voltage sent to pump 1 by flowrate controller (b), bioreactor medium level (c) and 

voltage sent to pump 2 by a level controller (d). 

 

8.7 Level control of bioreactor in actual cell culturing 

 

Application of the control system for bioreactor hydrodynamics was tested under 

three-cell system co-culture conditions as described in Section “Cell culturing”. Human 

primary hepatocytes were over-seeded at a density of 105 cells/cm2 into the co-culture 

membrane bioreactor system in a medium composed of a mixture of human sinusoidal 

endothelial cells (Sciencell, California, United States) and human stellate liver cells 

(Sciencell, California, US). Controlled temperature and atmosphere, including sterile 

conditions, were maintained constant by an incubator containing the whole bioreactor set-

up (37°C in 5% CO2; 20% O2 atmosphere (v/v) with 95% relative humidity for the first 

7 days and then O2 was increased to 25% until day 9 then further increased to 30% for 
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the rest of the experiment). The nominal flowrates (set-point for the inlet) were set to 1 

ml/min. The pump regulating the outlet flow was used as an actuator and its rotational 

speed manipulated by the level controller. 

During typical batch experiments without control, operations were often affected 

by even the smallest difference between the inlet and outlet flowrates. Many factors 

affected such operating parameters, like membrane permeability variations over time (e.g. 

fouling), tube differences in the multi-tube pump or slow pressure buildups. Indeed, even 

the slightest detail could generate appreciable differences between inflow and outflow 

over long period of time (e.g. hours) and in various cases costly experiments have been 

found to fail due to bioreactor dry-up or flooding. By using the hydrodynamics control 

system developed, a much smoother operation was achieved, including fully automatic 

handling overnight and during the weekends, as recorded by log files. As exemplary 

results over time, Fig 79 shows the bioreactor level during 24 hours of tests together with 

the oxygen consumption rate of the three-cell system at day 18 of the culturing operation. 

As reported in Fig 79, the level set-point was set to 41 mm, in this set-up also 

corresponding to above the fiber bundles (the 0-mm quote depends on the height of the 

capillary tank relative to the bioreactor). As a functional parameter of the cells the oxygen 

consumption rate was assessed with the aim to evaluate the efficiency of the control 

system connected to the membrane bioreactor. Cell viability and functionality was 

demonstrated for a duration of 27 days by the evaluation of metabolic rates. Fig 79 shows 

a steady level except for two initial sharp drops due to testing of the height measuring 

system, which was performed at each start of the day. The oxygen consumption rate was 

relatively scattered but always within the range proving full viability and functionality of 

the cell culture. 
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b)  

Fig 79. 24-hour bioreactor level control results during cell culturing at day 18 (a) and 

evaluation of oxygen consumption rate of cells cultured into the bioreactor at day 27 

(b). 

 

In this section, the benefits of the control systems have been investigated. There 

was always a lot of changes in the bioreactor medium level, because the output and input 
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flowrate were not fully equal, even if the flowrate was provided by just one pump. The 

reasons for this phenomenon could be a different application of the fibers in the inlet and 

outlet, as well as the insignificant difference in the type of the tubes and also the 

oxygenation system at the input flow. 

As the bioreactor system must work continuously and for long-term (e.g. during 

day and night time) even the smallest differences in the input and output flowrate, 

inappreciable in a few minutes, can cause significant changes in the liquid height when 

left for few hours. If not properly addressed, this may easily lead to cell death. In previous 

open loop experiments (without the control system), it happened several times that the 

experiment was lost. 

While both level and flowrate appear to be stably controlled under appropriate 

conditions, we should also emphasize that the capacitance sensor applied to the capillary 

tank exhibits a still significant level of noise, which could affect the operation in other 

applications should the requirements on performances be stricter. In those cases, probably 

feedforward prediction could be added to the level control system to increase the speed 

of response. The flexible PC-based control proposed could be readily adapted to this 

situation. The derivative action in the controller logic could also increase the robustness 

provided a cleaner measured signal is obtained, e.g. by increasing the amount of liquid in 

the auxiliary tank (to increase its absolute electrical capacity) or by selecting a sensor 

based on a different principle (e.g. ultrasound). As a final further optimization, the pump 

rotation reversal feature could be utilized to increase the range of flowrate difference (e.g. 

including negative flowrates) if required. 

Based on the experimental results achieved, after the appropriate equipment 

installation, as well as using a full control system, all variables such as the liquid level 

and input flowrate, are adjustable and controllable. The bioreactor level is quite stable at 

desired set-point during the working time as well as the inlet flowrate. The control system 

devices, such as capillary-tank and level sensor introduced some limitation during the 

experiments, especially inside the incubator that should be resolved by selecting different 

instruments in the future. 
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After a detailed review of all the presented results, it can be concluded that the 

controlled bioreactor system works well. All issues related to operation both at overnight 

and in the weekends, as well as maintenance, medium substitution and break down of the 

plant, are quickly and accurately dealt with by the control system. In the case of flowrate 

and level, the control system is fully autonomous. All these tests had been carried out to 

assess the capability of the control system to exhibit the right behaviour during the 

operations and this also has been experienced in practice during tests which then lead to 

the final result.  

On the other hand, there are still some problems such as viability and also noise 

in the level sensor that should be improved. As it was mentioned in the previous chapter 

the level measurement must be contactless because of contamination problem and despite 

many practical solutions used, a final amount of noise remained, eventually causing some 

residual pump rotation even at zero flowrates. There is still some oscillation especially at 

higher flowrates in comparison with lower flowrates that eventually do not affect too 

much the quality of the control system, but still are something that should be improved. 

Overall, thanks to controlled operations, bioreactor operations for providing all 

ingredients to a successful culture, i.e. anchorage, effective and reliable nutrient and 

oxygen feed, low level of pressure/shear stress and appropriate temperature, have 

benefitted from an environment maintained constant, which eventually allowed reaching 

almost one month of successful cell culturing. The implications of such result appear 

particularly attractive for a more wide-spread, stable and reliable use of such 

biotechnological device as bioartificial liver system. 

 

8.8 Conclusion and outlook 

 

The research in this part was focussed on improving an HFMBR as bioartificial 

liver by means of modeling, online monitoring, synthesis and manufacturing of a control 

system. For this purpose, a detailed transient model was prepared and a model-based 
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control strategy was studied and conceptually tested. In order to carry out this goal, a 

four-input/seven-state model of the bioreactor has been developed. From the original non-

linear model, a linearized version has been derived. Responses produced by the linearized 

model and the non-linear model were compared for a step change in selected inputs. As 

can be seen from the results, with a comparison of non-linear model and experimental 

results, it is understood that this model is very close to reality and this model can be used 

to control the system.  Selecting appropriate sensors for on-line monitoring of relevant 

properties as well as the manipulated variables for control was carried out. Different 

control schemes were tested by making use of specific control system software packages 

(MATLAB/Simulink).  

For practical validation of the control schemes, instruments were connected to the 

MBR in actual cell culturing operation. Based on the results, apart from very low changes 

in the bioreactor level, it has remained stable throughout all testing and finally, for about 

one month which is pretty considerable, the cell culture was successfully done. 

Ultimately, the present work allows improving the understanding of the behaviour 

of HFMBR for biomedical application under transient conditions, as well as gaining the 

ability to proactively increase the performances (both during operations and in terms of 

cell culture durability) by means of specific automation and control techniques. 

For future work plan, efforts will be devoted to set-up an expanded dynamic 

model of the process able to contemplate all the key aspects determining a successful cell 

culturing process (transport of nutrients, catabolites, control of oxygen flow, temperature 

and pH levels etc.) and a professional control system.
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Appendix A - MATLAB Scripts 

 

Membrane bioreactor model 

 

Evaluate V from H (evaluateVfromh)  

 

function [V2,dV2_dh]=evaluateVfromh(hm)  

 

% Command for generate the relation of V2 vs. H (after this 

launchglobal_MBR.m and MBRmodel_v3.m) 

% h=0+h_0:0.2:h_sphf+h_c+h_0;for i=1:length(h), 

[V2(i),dV2_dh(i)]=evaluateVfromh(h(i)); if 

i>=2,intdV2(i)=trapz(h(1:i),dV2_dh(1:i));end,  

end,figure(2),plot(h,V2,h,intdV2),xlabel('h_m, [mm]'),ylabel(' V2, 

[ml]') 

  

global H_s  r_s  h_c  h_0  r_c  h_vlt  N_row  N_vlt  r_fib  L_fib 

h_cap  V_cap  V_sph  V_cyl  V_fib  V_fibt  h_sph0  h_fib0  h_fibf 

h_sphf 

  

% hm  height measured from the sensor zero (i.e. not from the reactor 

zero) 

% h_0 height of the bioreactor zero with respect to the sensor zero 

% V2  liquid volume in the reactor (measured from the reactor zero). 

  

% h   height from the reactor zero 

h = hm - h_0; 

  

if h < 0  

    error(' Invalid height: lower than minimum.'); 

elseif 0 <= h && h < h_sph0 

    V2     = pi*r_c^2*h;        % mm^3 
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    dV2_dh = pi*r_c^2;          % mm^3/mm (to convert to ml/mm by 

dividing by 1000) 

  

elseif h < h_sphf 

    h_cs   = h+h_cap-h_c; 

    V2     = V_cyl-V_cap+1/3*pi*h_cs^2*(3*r_s-h_cs)-

N_row*V_fib*N_vlt/h_vlt*(h-h_fib0)*(h>=h_fib0)*(h<h_fibf)-

V_fibt*(h>=h_fibf); 

    dV2_dh = 1/3*pi*2*h_cs*(3*r_s-h_cs)-1/3*pi*h_cs^2-

N_row*V_fib*N_vlt/h_vlt*(h>h_fib0)*(h<h_fibf); 

  

else   %if h <= h_sphf+h_c 

    V2     = V_cyl+V_sph-V_fibt+pi*r_c^2*(h-h_sphf); 

    dV2_dh = pi*r_c^2; 

  

% else 

%     error(' Invalid height: higher than maximum.'); 

end 

  

V2=V2/1000;          % mm^3 to ml 

dV2_dh=dV2_dh/1000;  % mm^3/mm to ml/mm 

  

end 

 

 

Launch global MBR (launchglobal_MBR.m) 

 

global F0_s  V1  CA0_s  CB0_s  CA1_s  CB1_s  CA2_s  CB2_s  CA3_s CB3_s 

V2_s  F2_s  DF2  V3  k Vm  Km  Gp  Gd  H_s  r_s  h_c  h_0  r_c  h_vlt  

N_row  N_vlt  r_fib  L_fib  h_cap  V_cap  V_sph  V_cyl  V_fib  V_fibt 

h_sph0  h_fib0  h_fibf  h_sphf  LC   
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Membrane bioreactor model (MBRmodel_v3.m) 

 

function MBRmodel_v3() 

  

launchglobal_MBR; 

%Parameters 

F0_s=1.48;   % ml/min 

F2_s=0;      % ml/min 

DF2 =-0.305*F2_s; % ml/min 

V1=0.003;    % ml 

% V2_s evaluated below from h_s;     % V2_s=13.3158;     % ml 

H_s=60;      %10.1      % mm (steady-state measured height) 

V3=0.003;    % ml 

% k=3e-1;    % 1/s   (*** 1/min?? ***) 

Vm=6e-6;     % mol/ml.min 

Km=7e2;      % mol/ml 

  

%Geometrical data of the bioreactor 

r_s=19;      % mm radius of sphere 

h_c=15;      % mm height of cylinder 

h_0=10;      % mm bioreactor zero measured with respect to the sensor 

zero 

r_c=7;       % mm radius of cylinder 

L_fib=40;    % mm length of fiber 

r_fib=0.25;  % mm radius of fiber 

N_row=10;    % number of fibers in a horizontal row 

N_vlt=20;    % number of vertical layer total 

h_vlt=10;    % mm height of vertical layer total 

  

V_fib  = pi*r_fib^2*L_fib;              % mm^3 volume of one fiber 

V_fibt = V_fib*N_row*N_vlt;             % mm^3 total volume of the 

fibers 

h_cap  = r_s-sqrt(r_s^2-r_c^2);         % mm height of the small cap 

at sphere/cylinder interface 
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V_cap  = 1/3*pi*h_cap^2*(3*r_s-h_cap);  % mm volume of the small cap 

at sphere/cylinder interface 

V_sph  = 4/3*pi*r_s^3-2*V_cap;          % mm^3 volume of sphere minus 

two small caps 

V_cyl  = pi*r_c^2*h_c;                  % mm^3 volume of one reactor 

volume cylinder 

  

h_sph0 = h_c;                           % height of the beginning of 

the sphere 

h_fib0 = h_c+r_s-h_cap-h_vlt/2;         % height of the beginning of 

the fibers 

h_fibf = h_c+r_s-h_cap+h_vlt/2;         % height of the end of the 

fibers 

h_sphf = h_c+2*(r_s-h_cap);             % height of the end of the 

sphere 

  

% V2_s based on related equation of H_s 

  

[V2_s,dV2_dh_s] = evaluateVfromh(H_s) 

  

  

CA0_s=0.4    %mol/ml 

CB0_s=0.2    %mol/ml 

CA1_s=CA0_s  %mol/ml 

CB1_s=CB0_s  %mol/ml 

aa=F0_s/V2_s; bb=-((F0_s*CA1_s-F0_s*Km)/V2_s-Vm); 

cc=-(F0_s*CA1_s*Km/V2_s); 

DD=bb^2-4*aa*cc; 

CA2_s=(-bb+sqrt(DD))/(2*aa)  %mol/ml                            

0 = F0_s/V2_s*(CA1_s-CA2_s)-(Vm*CA2_s)/(Km+CA2_s) 

CB2_s=CB1_s+(V2_s*(Vm*CA2_s)/(F0_s*(Km+CA2_s)))  %mol/ml        

0 = F0_s/V2_s*(CB1_s-CB2_s)+(Vm*CA2_s)/(Km+CA2_s) 

CA3_s=CA2_s  %mol/ml 

CB3_s=CB2_s  %mol/ml 

  

%LC=Level coefficent for linearization 
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if H_s<h_sph0 
    LC=1000/(pi*r_c^2);       
elseif H_s<h_fib0 
    LC=1000/((1/3)*pi*(H_s-h_c)*(6*r_s+3*h_c-3*H_s)); 
elseif H_s<h_fibf 
    LC=1000/((1/3)*pi*(H_s-h_c)*(6*r_s+3*h_c-3*H_s)-

(N_row*V_fib*N_vlt/h_vlt)); 
elseif H_s<h_sphf 
    LC=1000/((1/3)*pi*(H_s-h_c)*(6*r_s+3*h_c-3*H_s)); 
else   
    LC=1000/(pi*r_c^2); 
end 
  

% A, Bu, Bd, C, Du, Dd matrix coefficients for the linearized model 

A=[-F0_s/V1   0   0   0   0   0                            0; 

    0  -F0_s/V1   0   0   0   0                            0; 

    0         0   0   0   0   0                            0; 

F0_s/V2_s     0   ((F0_s*CA2_s)-(F0_s*CA1_s))/(V2_s^2)    

(-F0_s/V2_s)-(Vm*Km/((Km+CA2_s)^2))    0   0               0; 

    0    F0_s/V2_s   ((F0_s*CB2_s)-(F0_s*CB1_s))/(V2_s^2)    

Vm*Km/(Km+CA2_s)^2        -F0_s/V2_s   0                   0; 

    0         0   0   F2_s/V3   0   -F2_s/V3               0; 

    0         0           0     0    F2_s/V3   0   -F2_s/V3]; 

 

  

Bu=[F0_s/V1 0       (CA0_s-CA1_s)/V1                   0; 

    0       F0_s/V1 (CB0_s-CB1_s)/V1                   0; 

    0       0       1                                 -1; 

    0       0       (CA1_s-CA2_s)/V2_s                 0; 

    0       0       (CB1_s-CB2_s)/V2_s                 0; 

    0       0       0                   (CA2_s-CA3_s)/V3; 

    0       0       0                  (CB2_s-CB3_s)/V3]; 

  

 

Bd=[0; 

    0; 

    0; 

    0; 

    0; 
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    0; 

    0]; 

  

C=[1     0     0                                   0     0     0    0; 

   0     1     0                                   0     0     0    0; 

   0     0     LC                                  0     0     0    0; 

   0     0     0                                   1     0     0    0; 

   0     0     0                                   0     1     0    0; 

   0     0     0                                   0     0     1    0; 

   0     0     0                                   0     0     0   1]; 

 

Du=0; 

Dd=0; 

  

%Gp and Gd transfer function matrices 

sysP=ss(A,Bu,C,Du); 

Gp=tf(sysP); 

sysD=ss(A,Bd,C,Dd); 

Gd=tf(sysD); 

  

Gp.InputName={'C_','C_{B0}','F_0','F_2'}; 

Gp.OutputName={'C_{A1}','C_{B1}','h','C_{A2}','C_{B2}','C_{A3}', 

'C_{B3}'}; 

  

%Plot all input unit step responses in all outputs 

figure(1),step(Gp,5) 

  

%Open-loop stability 

eigenvalues=eig(A) 

  

%Controllability analysis 

condition_number=cond(A)  
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Control system 

 

Main-timer 

 

global s time0 time_rec dt insfr_rec avgfr_rec inslv_rec avglv_rec 

acqframes avgtimelv avgtimefr ... 

       avgframeslv avgframesfr haif haaf hail get_flow get_level 

set_pump Qold outprint ... 

       fid_lv fid_fr use_flow_in_lvcontrol QoutVlv outputData fSP 

use_flow_in_frcontrol Qoldfr QoutVfr dt_fr 

  

  

% Flags 

get_flow  = 1;              % acquire flow measurements from SLI flow 

sensor (Analog Input "ai1") (required if set_pump=1) 

get_level = 1;              % acquire level measurements from CLC 

sensor (Analog Input "ai0") 

set_pump  = 1;              % adjust Ismatec Reglo pump speed 

use_flow_in_lvcontrol = 0;  % use measurement of flow as Qold for 

level control 

use_flow_in_frcontrol = 1;  % use measurement of flow as Qoldfr for 

flow control 

Qold      = 1;              % previous value for pump speed (needed 

for velocity form of PID controller) 

outprint  = 1; 

  

% Parameters 

acqrate   = 10;             % frames/seconds 

acqtime   = 1/acqrate;      % seconds 

disptime  = 50;             % seconds 

avgtimelv = 6;              % seconds 

avgtimefr = 6;              % seconds 

  

acqframes   = acqtime*acqrate; 
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ndispacqs   = disptime*acqrate+1; 

avgframeslv = avgtimelv*acqrate+1; 

avgframesfr = avgtimefr*acqrate+1; 

dt          = 1/acqrate; 

dt_fr       = 1/acqrate; 

% Vector initialization 

time_rec  = zeros(1,ndispacqs*acqframes); 

insfr_rec = zeros(1,ndispacqs*acqframes); 

avgfr_rec = zeros(1,ndispacqs*acqframes); 

inslv_rec = zeros(1,ndispacqs*acqframes); 

avglv_rec = zeros(1,ndispacqs*acqframes); 

  

time0=now;          % base time for counting seconds (see 

postprocessdata) 

  

% Create DAQ session and open appropriate I/O channels 

daq.getDevices; 

s = daq.createSession('ni'); 

if get_level 

    s.addAnalogInputChannel('Dev1','ai0','Voltage'); 

end 

if get_flow 

    s.addAnalogInputChannel('Dev1','ai1','Voltage'); 

end 

if set_pump 

    chDigP1=addDigitalChannel(     

s,'Dev1','Port0/Line1:5','OutputOnly'); % Pump 1 

    chAnlP1=addAnalogOutputChannel(s,'Dev1','ao0','Voltage');              

% Pump 1 

    chDigP2=addDigitalChannel(     s,'Dev1','Port0/Line6'  

,'OutputOnly'); % Pump 2 

    chDigP2=addDigitalChannel(     

s,'Dev1','Port1/Line0:3','OutputOnly'); % Pump 2 

    chAnlP2=addAnalogOutputChannel(s,'Dev1','ao1','Voltage');              

% Pump 2 

end 
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% Create figure for flowrate 

if isempty(haaf) && get_flow 

    hfif=figure('Name','Flowrate','Position',[50 460 500 300]); 

    haaf=axes; 

elseif get_flow 

    axes(haaf); 

end 

  

% Create figure for level 

if isempty(hail) && get_level 

    hfil=figure('Name','Instantaneous level','Position',[610 460 500 

300]); 

    hail=axes; 

elseif get_level 

    axes(hail); 

end 

  

% Create output text file for flowrate 

if outprint && get_flow 

    filename_fr = strcat('flow_data_',datestr(now,'yyyymmdd-

HHMMSS'),'.txt'); 

    fid_fr = fopen(filename_fr,'wt'); 

end 

  

% Create output text file for level 

if outprint && get_level 

    filename_lv = strcat('level_data_',datestr(now,'yyyymmdd-

HHMMSS'),'.txt'); 

    fid_lv = fopen(filename_lv,'wt'); 

end 

  

% Create timer object with properties and start it 

t = timer; 

t.StartFcn       = @(src,event) disp([event.Type ' executed '... 

    datestr(event.Data.time,'dd-mmm-yyyy HH:MM:SS.FFF')]); 
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t.TimerFcn       = @(src,event) postprocessdata_timer(src,event); 

t.StopFcn        = @(src,event) disp([event.Type ' executed '... 

    datestr(event.Data.time,'dd-mmm-yyyy HH:MM:SS.FFF')]); 

t.Period         = 1/acqrate; 

t.TasksToExecute = inf; 

t.ExecutionMode  = 'fixedRate'; 

  

start(t)         % use stop(t) to manually stop execution of the timer 

  

  

  

 

 

Postprocessdata 

 

function  postprocessdata_timer( src,event ) 

global s time0 time_rec dt insfr_rec avgfr_rec inslv_rec avglv_rec 

acqframes avgtimelv avgtimefr ... 

       avgframeslv avgframesfr haif haaf hail get_flow get_level 

set_pump Qold outprint ... 

       fid_lv fid_fr htxt use_flow_in_lvcontrol QoutVlv outputData fSP 

use_flow_in_frcontrol Qoldfr QoutVfr dt_fr 

  

  

format compact 

[data,timestamps]=inputSingleScan(s); 

    

n    = length(insfr_rec); 

nraw = length(timestamps); 

  

% Read raw data 

times   = (timestamps'-time0)*86400;        % seconds from the start 

of the test 
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if get_level 

    rawdata_lv = data(:,1)'; 

    if get_flow 

        rawdata_fr = data(:,2)'; 

    end 

elseif get_flow 

    rawdata_fr = data(:,1)'; 

end 

  

% Shift previous time back and append new ones (for live plot) 

time_rec=append_data(time_rec,times,n,acqframes); 

  

if get_flow 

    % Convert flowrate readings 

    insfr_acq=convertflowrate(rawdata_fr); 

  

    % Shift previous measurements back and append new ones (for live 

plot) 

    insfr_rec=append_data(insfr_rec,insfr_acq,n,acqframes); 

     

    % Calculate new set of nraw average flowrates across averaging 

time and 

    % update average flowrate record 

    avgfr_rec = 

compute_update_average(avgfr_rec,time_rec,insfr_rec,nraw,n,avgframesfr

,avgtimefr); 

     

    plot(haaf,time_rec,avgfr_rec,'r', time_rec,insfr_rec,'b') 

%     haaf_title=sprintf('Average flowrate over the last %4.2f 

s',avgtimefr); 

    set(haaf,'ylim',[0 2],'xlim',[time_rec(1),time_rec(n)]); 

%,'title',haaf_title); 

    text(time_rec(n)+1,avgfr_rec(n),num2str(avgfr_rec(n),'%6.3f')) 

    %     value=num2str(avgfr_rec(n)); 
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%     

text('Units','normalized','Position',[1.02,0.6],'Fontsize',9,'String',

value) 

  

end 

  

if get_level 

    % Convert level readings 

    inslv_acq=convertheight(rawdata_lv); 

     

    % Shift previous measurements back and append new ones (for live 

plot) 

    inslv_rec=append_data(inslv_rec,inslv_acq,n,acqframes); 

     

    % Calculate new set of nraw average levels across averaging time 

and 

    % update average level record 

    avglv_rec = 

compute_update_average(avglv_rec,time_rec,inslv_rec,nraw,n,avgframeslv

,avgtimelv); 

  

    plot(hail,time_rec,avglv_rec,'r',time_rec,inslv_rec,'b'); 

    h_min=30; h_max=90; 

%    set(hail,'xlim',[time_rec(1),time_rec(n)],'ylim',[h_min,h_max]); 

%,'title','Instantaneous level'); 

  set(hail,'xlim',[time_rec(1),time_rec(n)],'ylim',[45,85]); 

%,'title','Instantaneous level'); 

    %     value=num2str(inslv_rec(n)); 

    %     

htxt=text('Units','normalized','Position',[1.02,0.6],'Fontsize',9,'Str

ing',value) 

    text(time_rec(n)+1,avglv_rec(n),num2str(avglv_rec(n),'%6.3f')) 

     

% ******** Section for (digital) level control ******** 

    if set_pump 

        hSP(1:n) = 60;              % set-point height (mm) 
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        epsl     = hSP-avglv_rec;   % error to the controller 

        epsl(n-3:n)                 % print last three error values 

         

        % ***** CONTROLLER PARAMETERS ***** 

        Kc = -1;                  % controller gain (ml/min/mm) 

        tI =20;                    % integral time (s) 

        tD = 0*dt;                     % derivative time (s) 

         

        Qmin = 0;               % (ml/min) for anti-reset windup 

        Qmax = 2;             % (ml/min) for anti-reset windup 

         

        DQ   = Kc*((1+dt/tI+tD/dt)*epsl(n)-(2*tD/dt+1)*epsl(n-

1)+tD/dt*epsl(n-2))   %Digital PID control (velocity form, p.962 O&R) 

         

        if use_flow_in_lvcontrol && get_flow 

            Qold = avgfr_rec(:,n);                  % if using 

flowrate measurement take the last MEASURED (averaged) flowrate 

        end 

         

        % Controller output (in flowrate units) 

        Qnew = min(max(Qold + DQ,Qmin),Qmax)        % min/max for 

anti-reset windup 

         

        if ~use_flow_in_lvcontrol || ~get_flow 

            Qold = Qnew;                            % if not using 

measurement, store current COMPUTED Qnew as Qold 

        end 

         

        % convert u to Volt 

        QoutVlv = convertspeed(Qnew); 

         

        % Manipulation through actuation of pump 

        ctrlpump='P2';          % Flag for pump selection 
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  % ******** Section for (digital) flow control ******** 

        fSP(1:n) = 1.5;              % set-point flowrate (ml/min) 

        epsfr     = fSP-avgfr_rec;   % error to the controller 

        epsfr(n-3:n)                 % print last three error values 

         

        % ***** CONTROLLER PARAMETERS ***** 

        Kc_fr = 2;                   % controller gain (ml/min/mm) 

        tI_fr = 0.01;                    % integral time (s) 

        tD_fr = 0*dt_fr;                 % derivative time (s) 

         

        Qmin = 0;                  % (ml/min) for anti-reset windup 

        Qmax = 2;                  % (ml/min) for anti-reset windup 

         

        DQfr   = Kc_fr*((1+dt_fr/tI_fr+tD_fr/dt_fr)*epsfr(n)-

(2*tD_fr/dt_fr+1)*epsfr(n-1)+tD_fr/dt_fr*epsfr(n-2))   %Digital PID 

control (velocity form, p.962 O&R) 

         

        if use_flow_in_frcontrol && get_flow 

            Qoldfr = avgfr_rec(:,n);                  % if using 

flowrate measurement take the last MEASURED (averaged) flowrate 

        end 

         

        % Controller output (in flowrate units) 

        Qnewfr = min(max(Qoldfr + DQfr,Qmin),Qmax)        % min/max 

for anti-reset windup 

         

        % convert u to Volt 

        QoutVfr = convertspeed(Qnewfr); 

         

        % Manipulation through actuation of pump 

        ctrlpump='P1';          % Flag for pump selection 

         

% PUMP settings definition and signal send 

         

        if ctrlpump=='P1' 
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            iStartP1 = 0;       % On? 

            speedP1  = QoutVfr;   %  

            iStartP2 = 0;       % Off? 

            speedP2  = QoutVlv;       % 

        elseif ctrlpump=='P2' 

            iStartP1 = 0;       % Off? 

            speedP1  = QoutVfr;       % 

            iStartP2 = 0;       % On? 

            speedP2  = QoutVlv;   %  

        end 

         

        % PUMP 1              -- 0 = On -- 1 = Off 

        iGrnd  = 0;        iAnInp = 0;        iStart = iStartP1; 

        iDirec = 1;        iPanel = 1;        zSpeed = speedP1; 

        vP1=[iGrnd, iAnInp, iStart, iDirec, iPanel, zSpeed]; 

         

        % PUMP 2              -- 0 = On -- 1 = Off 

        iGrnd  = 0;        iAnInp = 0;        iStart = iStartP2; 

        iDirec = 1;        iPanel = 1;        zSpeed = speedP2; 

        vP2=[iGrnd, iAnInp, iStart, iDirec, iPanel, zSpeed]; 

        % send signals 

        outputSingleScan(s,[vP1,vP2]);  

    end        

end 

 if outprint 

        printstep=ceil(nraw/2); 

        if printstep>1 

            Mfr_out=[times(1:printstep:nraw)' 

insfr_acq(1:printstep:nraw)' avgfr_rec((end-nraw+1):printstep:end)']; 

        else 

            Mfr_out=[times' insfr_acq'  avgfr_rec(end)' QoutVfr']; 

        end 

        fprintf(fid_fr,'%12.4E %12.4E %12.4E %12.4E\n',Mfr_out'); 

 end 

if outprint 

          printstep=ceil(nraw/2); 

        if printstep>1 
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            Mlv_out=[times(1:printstep:nraw)' 

inslv_acq(1:printstep:nraw)' avglv_rec((end-nraw+1):printstep:end)']; 

        else 

            Mlv_out=[times' inslv_acq' avglv_rec(end)' QoutVlv']; 

        end 

        fprintf(fid_lv,'%12.4E %12.4E %12.4E %12.4E\n',Mlv_out'); 

end 

end 

  

function vect_rec = append_data(vect_rec,newdata,n,nnewdata) 

  

vect_rec =circshift(vect_rec,-nnewdata,2);      

vect_rec((n-nnewdata+1):n)=newdata; 

  

end 

  

function avg_rec = 

compute_update_average(avg_rec_old,time_rec,ins_rec,nraw,n,avgframes,a

vgtime) 

  

% computes last nraw averages 

avg_last = zeros(1,nraw); 

  

% averages based on algebraic mean of last avgframes steps 

for i=1:nraw 

    avg_last(i) = trapz(time_rec((n-avgframes+1-nraw+i):(n-

nraw+i)),ins_rec((n-avgframes+1-nraw+i):(n-nraw+i)))/(time_rec(n-

nraw+i)-time_rec(n-avgframes+1-nraw+i));    %avgtime;      %avgtime; 

end 

  

% shift previous averages back and append new ones (for live plot) 

avg_rec=circshift(avg_rec_old,-nraw,2); 

avg_rec((n-nraw+1):n)=avg_last; 

  

end 
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function height = convertheight(rawdata) 

% convert level readings 

v_min=0.5;  v_max=4.5; 

h_min=30;   h_max=90;                       % minimum height (teach-in 

low); maximum height (teach-in high) 

height=(rawdata-v_min)/(v_max-v_min)*(h_max-h_min)+h_min;     % 

Conversion from rawdata (0.5/4.5 V to hmin/hmax) 

end 

  

function flowrate = convertflowrate(rawdata) 

% convert flowrate readings 

v_min=0;      v_max=10; 

fr_min=-5.5;  fr_max=5.5;                       % minimum flowrate; 

maximum flowrate 

flowrate=(rawdata-v_min)/(v_max-v_min)*(fr_max-fr_min)+fr_min;     % 

Conversion from rawdata (0/10 V to -5.5/5.5 ml/min) 

end 

  

function signal2pump = convertspeed(Q) 

%convert flowrate to volt for the pump 

Vmin = 0; Vmax = 0.7; 

QminP = 0; QmaxP = 3.19;    % Check maximum flowrate of the pump 

signal2pump = max([min([(Q - QminP)/(QmaxP - QminP)*(Vmax - Vmin)+Vmin 

, Vmax]), Vmin]); 

end 

  

 

Shutup 

s.stop; 

s.stop; 

% s2.stop; 

fclose('all');  
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Appendix B – DAQ box manual 
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Appendix C – CLC level sensor manual 
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Appendix D – Flowmeter manual 
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Appendix E – Pump manual 

 

 

 

 

 

 

 

 



Appendixes 

187 

 

 

 

 

 

 

 

  

 

  

  

 



Appendixes 

188 

 

 

 

 

 

   

 

  

 

 

  

 



Appendixes 

189 

 

 

 

 

 

 

 

   

 

  



Appendixes 

190 

 

 

 

 

Appendix F – DAQ manual 
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Appendix G – Linearized version of the three-compartment model 

 

𝑑𝐶𝐴1

𝑑𝑡
=

𝐹1𝑠𝑠

𝑉1
𝐶𝐴0 + (−

𝐹1𝑠𝑠

𝑉1
)𝐶𝐴1 +

𝐶𝐴0𝑠𝑠−𝐶𝐴1𝑠𝑠

𝑉1
𝐹1 ( 29 ) 

𝑑𝐶𝐵1

𝑑𝑡
=

𝐹0𝑠𝑠

𝑉1
𝐶𝐵0 + (−

𝐹0𝑠𝑠

𝑉1
)𝐶𝐵1 +

𝐶𝐵0𝑠𝑠−𝐶𝐵1𝑠𝑠

𝑉1
𝐹0 ( 30 ) 

 
𝑑𝐶𝐴2

𝑑𝑡
=

𝐹0𝑠𝑠

𝑉2𝑠𝑠
𝐶𝐴1 + (

𝐶𝐴1𝑠𝑠−𝐶𝐴2𝑠𝑠

𝑉2𝑠𝑠
)𝐹0 + (

𝐹0𝑠𝑠𝐶𝐴2𝑠𝑠−𝐹0𝑠𝑠𝐶𝐴1𝑠𝑠

𝑉2𝑠𝑠
2 )𝑉2 + (

−𝐹0𝑠𝑠

𝑉2𝑠𝑠
−

𝑉1𝑚𝑘1𝑚

(𝑘1𝑚+𝐶𝐴2𝑠𝑠)2
)𝐶𝐴2 ( 31 ) 

  

𝑑𝐶𝐵2

𝑑𝑡
=

𝐹0𝑠𝑠

𝑉2𝑠𝑠
𝐶𝐵1 + (

𝐶𝐵1𝑠𝑠−𝐶𝐵2𝑠𝑠

𝑉2𝑠𝑠
)𝐹0 + (

𝐹0𝑠𝑠𝐶𝐵2𝑠𝑠−𝐹0𝑠𝑠𝐶𝐵1𝑠𝑠

𝑉2𝑠𝑠
2 )𝑉2 + (

−𝐹0𝑠𝑠

𝑉2𝑠𝑠
)𝐶𝐵2 +

𝑉2𝑚𝑘2𝑚

(𝑘2𝑚+𝐶𝐴2𝑠𝑠)2
𝐶𝐴2 ( 32 ) 

  

𝑑𝐶𝐴1

𝑑𝑡
=

𝐹2

𝑉3
(𝐶𝐴2 − 𝐶𝐴3)~

𝐹2𝑠𝑠

𝑉3
𝐶𝐴2 + (−

𝐹2𝑠𝑠

𝑉3
)𝐶𝐴3 +

𝐶𝐴2𝑠𝑠−𝐶𝐴3𝑠𝑠

𝑉3
𝐹2 ( 33 ) 

𝑑𝐶𝐴1

𝑑𝑡
=

𝐹2

𝑉3
(𝐶𝐵2 − 𝐶𝐵3)~

𝐹2𝑠𝑠

𝑉3
𝐶𝐵2 + (−

𝐹2𝑠𝑠

𝑉3
)𝐶𝐵3 +

𝐶𝐵2𝑠𝑠−𝐶𝐵3𝑠𝑠

𝑉3
𝐹2 ( 34 ) 

𝑑𝑉2

𝑑𝑡
= 𝐹1 − 𝐹2 ( 35 ) 

 

linearization of the geometrical relation between the height and liquid volume is 

considered in five zones that show in Eq. (39).  
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ℎ2 =

{
 
 
 
 

 
 
 
 

1

𝜋𝑟𝑐
2 × 𝑉2                      𝑖𝑓     0 ≤ ℎ ≤ ℎ𝑐

3

𝜋(ℎ𝑠𝑠−ℎ𝑐)(6𝑟𝑠+3ℎ𝑐−3ℎ𝑠𝑠)
× 𝑉2           𝑖𝑓     ℎ𝑐 < ℎ ≤ ℎ𝑐 + (𝑟𝑠 −

𝐻𝑣𝑙𝑡

2
)

1

[(
𝜋

3
)(ℎ𝑠𝑠−ℎ𝑐)(6𝑟𝑠+3ℎ𝑐−3ℎ𝑠𝑠)−𝑁𝑟𝑜𝑤𝑣𝑓𝑖𝑏

𝑁𝑣𝑙𝑡
𝐻𝑣𝑙𝑡

]
× 𝑉2    𝑖𝑓     ℎ𝑐 + (𝑟𝑠 −

𝐻𝑣𝑙𝑡

2
) < ℎ ≤ ℎ𝑐 + (𝑟𝑠 +

𝐻𝑣𝑙𝑡

2
)

3

𝜋(ℎ𝑠𝑠−ℎ𝑐)(6𝑟𝑠+3ℎ𝑐−3ℎ𝑠𝑠)
× 𝑉2                                 𝑖𝑓     ℎ𝑐 + (𝑟𝑠 +

𝐻𝑣𝑙𝑡

2
) < ℎ ≤ ℎ𝑐 + 2𝑟𝑠 − ℎ𝑐𝑎𝑝

1

𝜋𝑟𝑐
2 × 𝑉2                                                        𝑖𝑓     ℎ𝑐 + 2𝑟𝑠 − ℎ𝑐𝑎𝑝 < ℎ ≤ 2ℎ𝑐 + 2𝑟𝑠

 ( 36 ) 

 

 

 

 


