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Abstract 

 

Historically, membrane oxygenating devices have been constructed in two distinct 

formats: intra-luminal flow, where blood is contained within a hollow fibre lumen 

and gas transfer is through diffusion only; and extra-luminal flow, where blood flows 

around a series of oxygenated hollow fibres, leading to convection playing a greater 

role in blood oxygenation.  From the convectional transport of gas, extra-luminal 

flow has been found to be more efficient at gas exchange than intra-luminal flow, 

which is dependent upon gas diffusion alone for oxygenation. 

 

This study is an investigation of a method of improving the oxygen transfer in an 

intra-luminal flow device.  This was achieved by the insertion of a series of passive 

mixing elements within a tubular membrane lumen, introducing convection within 

the unit.  Prototype modules, each containing a single tube were constructed.  The 

membrane tubes were made from Celgard 2400 polypropylene and were 9 cm in 

length and 2.39 mm in internal diameter, with an area of 675 mm
2
 each.  The modules 

were of similar length, with an internal diameter of 1 cm.  Bovine blood was used in 

experimentation. 

 

The helical static mixing elements were available commercially and measured 2.39 

mm in diameter and 2.95 cm in length.  This allowed two mixing elements to be used 

in each unit.  It was noted that the oxygen transfer in bovine blood was greatly 

enhanced with the inclusion of the mixing elements over empty membrane tubes of 
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comparable dimensions.  This was found to be most obvious at a flow rate of 3 ml 

min
-1
, where a 241% increase in oxygen transfer was observed.  

 

A series of two- and three-dimensional mathematical models were created to 

simulate the oxygen transfer.  Initially simulating the oxygenation of distilled water, 

the theoretical findings closely match the experimental results.  Simulating bovine 

blood proved to be problematic, resulting in the breakdown of the numerical code. 
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Chapter 1 – Introduction 

 

This thesis will begin with a brief introduction to the biological function of the lungs 

and their importance.  Following this, in Section 1.2 there will be a discussion of 

cardiopulmonary bypass, a surgical procedure that requires the patient to be 

supported by artificial means.  Section 1.3 will detail the concept of extracorporeal 

oxygenation and establish context for this current investigation. 

 

1.1 Natural respiration 

 

Respiration is one of the most important functions of the human body.  Without it, 

life could not be sustained.  Respiration begins with the inhalation of air, which is 

transported into the lungs via the bronchial tree to the alveoli at the base.  This 

structure is shown in Figure 1.1
1
. 
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Figure 1.1 – The bronchial tree
1
 

 

The alveoli are spherical in shape, with an average diameter of 200 to 300 µm.   

There are approximately 300 million alveoli in an adult human lung and have a total 

surface area of 70 m
2
.  The exchange of gas to and from the blood can occur more 

efficiently in the alveoli than anywhere else within the body as the blood and gas are 

separated by only 1 µm.  A closer examination of this process is shown in Figure 

1.2
2
. 

 

Oxygen diffusing from the alveoli is bound to haemoglobin within red blood cells, 

giving the blood a brighter red colour.  The oxygenated blood follows the pulmonary 

vein to the heart where it is then transported around the body, delivering the oxygen 

to the cells where it is required.  Carbon dioxide is released in the tissues and 
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transported, by the red blood cells, to the alveoli for removal from the body.  This 

system is known collectively as the pulmonary system.  

 

 

 

Figure 1.2 - Gas exchange in the lungs
2
 

 

In summary, oxygen is transported from the air to red blood cells via the lungs.  The 

oxygen is taken to the cells within the body.  Carbon dioxide is generated by these 

cells and is transported via red blood cells back to the lungs for removal. 
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1.2 Cardiopulmonary bypass 

 

In the United Kingdom, an individual is more likely to die from some form of 

cardiovascular disease (CVD), such as coronary heart disease (CHD), than anything 

else.  CHD is, at its simplest, caused by insufficient blood flow to the cardiac muscle, 

which can be caused by a build up of atherosclerotic plaques in the arteries supplying 

the heart.  This type of CHD is referred to as coronary artery disease (CAD). 

 

In 2007
3
, 34% of all deaths in the UK were attributed to CVD, with almost half of 

those caused specifically by CHD.   When considering Europe as a whole, 49% (4.35 

million) of all deaths were caused by CVD; as with the UK, CHD was responsible 

for almost half of those.  

 

In order to perform surgery on a patient suffering from CHD, as well as other heart 

conditions such as cardiac valve repair or replacement
4
, the patient’s heart must 

stopped.  This makes surgery on the heart easier, as the organ is not moving and can 

be manipulated in such a manner that the right side of the heart can be accessed.  

This technique is known as cardiopulmonary bypass (CPB). 

 

In CPB, the patient’s heart must be stopped to allow a stable surface on which to 

perform the surgery.  Blood is removed from the body by a cannula placed in the 

vena cava or the right atrium of the heart.  This blood is directed through an 

extracorporeal circuit containing a mechanical pump and a blood/gas exchanger, 
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commonly known as a blood oxygenator.  The oxygenated blood is returned to the 

body via a second cannula placed either in the aorta or the femoral artery.  A 

schematic representation of CPB is shown in Figure 1.3. 

 

 

Figure 1.3 - A schematic of cardiopulmonary bypass
5
 

 

In Figure 1.3, blood is removed from the heart into a reservoir containing 

deoxygenated venous blood.  From there, it is passed through a heat exchanger and 

into the blood oxygenator.  Once the blood has been oxygenated, it is returned to the 
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aorta to be distributed around the body, having bypassed the cardiopulmonary 

system. 

 

A method of cardiac surgery for CHD that does not require the use of CPB is that of 

“off-pump surgery”
6
.  In this technique, the patient’s heart is not stopped; the 

movement of the cardiac surface is arrested by mechanical stabilisers so that vessel 

grafting can be performed.  One of the primary benefits for using this procedure over 

traditional CPB is that incidents of post-operative stroke and cognitive impairment 

are reduced
7
.    
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1.3 Extracorporeal oxygenation 

 

During CPB, the blood oxygenator in the extracorporeal circuit provides total 

respiratory support for the patient.  Most oxygenator designs are based on an array of 

gas permeable hollow fibres over which the blood is passed.   The hollow fibres must 

be hydrophobic to avoid plasma infiltration from the blood phase of the device into 

the gas side.  Ventilating gas, mainly oxygen, is circulated through the fibre lumen; 

oxygen and carbon dioxide exchange with the blood occurs across the hollow fibre 

wall.  In most modern devices, the hollow fibres are constructed from microporous, 

silicone or polypropylene materials
8
. 

 

One of the first designs involving hollow fibres involved the blood flowing down the 

fibre lumen with oxygen diffusing in from outside.  This type of oxygenator was 

found to be less efficient than the modern configuration as the oxygenation process is 

wholly dependent upon the diffusivity of oxygen (the passive transport of oxygen 

molecules from a region of high concentration to a region of low concentration) into 

the fibre lumen; in the extra-luminal flow used in modern devices uses the 

convection of the blood (the transport of oxygen molecules caused by the fluid 

motion) around the fibre array to aid the gas exchange. 

 

In recent years, there has been a drive to reduce the size of the CPB apparatus
9
.  This 

is an attempt to reduce the inflammatory response in patients undergoing CPB.   

Since the introduction of CPB, a number of adverse effects have been noted, 
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including cell activation on contact with non-biological surfaces
10
 and hypotension

11
.  

Some devices currently available have a membrane surface area of only 1.1 m
2
, and 

are commercially available
12
.  The inflammatory response to traditional CPB in the 

patients is seen as harmful, and may lead to post-operative complicatons
13
; the 

reduction in membrane area in mini-CPB devices has been shown to reduce this 

inflammatory response and thus is less likely to induce post-operative injury
14
. 

 

This study returns to the concept of intra-luminal flow.  Using a commercially 

available helical static mixer, convective terms can be added to the oxygen transfer 

process.  The primary aim of this study is to investigate the oxygen transfer within a 

hollow fibre with the inclusion of a static mixing element compared to a simple 

hollow fibre of comparable dimensions. 
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1.4 Overview 

 

Chapter 2 provides a more in-depth exploration of the history of the extracorporeal 

oxygenator and will end with a statement of the objectives of this study.  Chapter 3 

details the governing equations of the theoretical investigation that was undertaken as 

part of the project.  Chapter 4 discusses the preliminary experimental work 

performed with distilled water.  The theoretical work based upon the practical 

experiments is documented in Chapter 5.  Chapter 6 and Chapter 7 detail the 

experimental work done with bovine blood and the theoretical simulations based 

upon the same work, respectively.  In Chapter 8 there is a direct comparison between 

the theoretical and experimental findings and the limitations of the work will be 

discussed.  At the end of this chapter, conclusions on the work are drawn, before 

recommending areas of further research. 
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Chapter 2  – History of Extracorporeal Oxygenation 

 

Before discussing the work carried out in this study, some historical context must be 

given.  The following chapter shall be a brief discussion about the creation, 

development and subsequent refinement of blood oxygenators, from 1667 through to 

modern day.  Section 2.1 will concentrate on the bubble and film oxygenators; 

Section 2.2 will document the rise of the membrane oxygenator and the later 

advances into hollow fibre technology; Section 2.3 will discuss secondary mixing 

techniques used in some devices.  Once this framework has been established, Section 

2.4 will provide the aims of this study. 

 

2.1 The first devices 

 

The concept of artificial respiration has existed for several centuries.  Robert Hooke 

proposed in the mid-17
th
 century that the mechanical movement of the natural lungs 

was not required for successful oxygenation of the blood
15,16

.  This idea was 

investigated during the 18
th
 and 19

th
 centuries, but these studies were primarily 

concerned with the oxygenation of individual organs
17,18, 19

. 

 

By the end of the 19
th
 century, two different methods for organ perfusion had been 

developed.  Von Schröder designed a “bubble” oxygenator in 1882
20
, whereby 

oxygen was fed directly into a reservoir filled with venous blood.  The gas would 



 - 13 - 

bubble through the blood, oxygenating it, and the oxygenated blood would be 

transported to the isolated organ.  However, this method of oxygenation resulted the 

blood foaming.  Von Frey and Gruber developed a rotating disc oxygenator in 1885
21
 

in which venous blood was placed on a rotating disc, creating a thin film of blood 

across the disc, and exposed to an oxygen-rich environment.  Hooker later used both 

methods in his experiments in 1910
22
 and 1915

23
 (see Figure 2.1). 

 

In 1926, Brukhonenko and Tchetchuline began work toward whole body perfusion
24
.  

The method proposed involved mechanically inflating a donor set of lungs to act as 

the oxygenator.  During the procedure, the heart and lungs of the test animal were 

bypassed entirely.  The venous blood was pumped from the body to the donor lungs 

and a second pump returned the blood after being oxygenated.  The first successful 

trial resulted in a canine subject being kept alive for two hours by extracorporeal 

circulation, before the animal’s mammary artery haemorrhaged
25,26

. 
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Figure 2.1 - Hooker's rotating disc oxygenator from 1915
23

  

 

The exclusion of the natural heart and lungs was viewed as a massive advantage 

when combating certain types of cardiothoracic problems.  In 1930, J.H. Gibbon 

wrote of a patient suffering from a pulmonary embolism “helplessly watching the 

patient struggle for life as her blood became darker and her veins more distended, the 

idea naturally occurred to me that if it were possible to remove continuously some of 

the blue blood from the patient’s swollen veins, put oxygen into that blood and allow 

carbon dioxide to escape from it, and then to inject continuously the now-red blood 

back into the patient’s arteries, we might have saved her life…we would have 

bypassed the obstructing embolus and performed part of the work of the patient’s 

heart and lungs outside the body”
27, 28

. 
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During the 1930s, Gibbon worked on the rotating disc oxygenator.  However, his 

modifications were insufficient to sustain anything larger than a cat
29
.  The principle 

behind the rotating disc oxygenator was to create a large surface area of blood spread 

onto an array of rotating discs that would be exposed to the oxygen-rich 

environment.  Having spent the majority of the early 1940s in the army, Gibbon 

returned to work on the rotating disc oxygenator.  By 1950, Gibbon began to 

investigate creating a film oxygenator with no rotating mechanism
30,31

.    

 

 

Figure 2.2 - Gibbon's Rotating Disk Oxygenator
32

 

 

Gibbon’s vertical screen oxygenator operated by channelling blood down six mesh 

screens, creating thin films of blood (see Figure 2.4).  Oxygen was directed onto the 

blood films.  This device was used in the first successful clinical cardiopulmonary 

bypass procedure on an 18-year old girl on the 16
th
 May 1953

33
.  Thanks to Gibbon’s 
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pioneering work, she survived into the late 1980s; Gibbon stated after the operation 

that the successful use of his technique was “an event I hardly dreamed of in 1931”
34
. 

 

Kirklin and associates at the Mayo Clinic refined the “Gibbon-type” oxygenator, 

using it in human trials in 1956
35
.  The device was used in 8 procedures; there was 

50% success rate, although 3 of the 4 patients that died were due to biological 

complications, not failures in the equipment
28
. 

 

Despite the alterations that were made to the various oxygenators, the direct contact 

between the blood and oxygen remained.  In the case of the disc oxygenators, due to 

the rotating parts, the blood cells were damaged and the machines could only be used 

for a maximum of four hours
36
.  With the advent of anti-foaming agents, bubble 

oxygenators (see Figure 2.3) became widely used, partly because the machines had 

disposable components, but blood damage was still noted; bubble oxygenators were 

used for perfusions not exceeding three hours.  In both types of oxygenator, film and 

bubble, damage was further inflicted upon the blood by biocompatibility issues.  In 

addition to that, continued direct contact with the gas phase was found to cause 

protein denaturation
37
. 
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Figure 2.3 - A bubble oxygenator
36

 

 

Between 1954 and 1955, Lillehei and his team used a different approach; rather than 

using an artificial device to provide oxygenation of a patient’s blood, a cross-

circulation method was devised.  In the first instance, where the patient was an 11 

year old boy, the child’s father served as the oxygenator
38
.  This technique did not 

come into general use due to the perceived risk to the patient serving as the 

oxygenator. 
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Throughout the late 1950s, the decision on which oxygenator to use seemed to be 

based upon personal preference.    However, all were in agreement that the direct 

contact between the gas and blood phases was not conducive to prolonged use 

surgically.  To counter this problem, several groups began investigating the use of a 

membrane
39,40,41

 separating the blood and gas phases.
 

 

 

Figure 2.4 - Gibbon’s vertical screen oxygenator
35
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2.2 Technological advances 

 

The initial attempts to design a membrane oxygenator were based upon observations 

made during haemodialysis in 1944
18,42

.   Kolff and Berk recorded that the oxygen 

levels in a patient’s blood equalised with those of the dialysate through diffusion 

across the membrane surface.   

 

The drive to improve upon the membrane oxygenator continued, with a focus on the 

material used in such a device.  Poor gas permeability and inadequate mechanical 

properties resulted in the membrane oxygenators requiring a significant amount of 

material surface area.  Even when polyethylene, one of the more gas permeable 

materials, was employed the membrane oxygenator required approximately 225m  of 

material
43
. 

 

In an attempt to combat blood forming into viscous rivulets, the membrane was 

supported by ridged plates that directed the blood to flow down parallel channels.  

This meant that the early membrane oxygenators were bulky to accommodate the 

plates as well as the membrane. 

 

With the advent of polydimethlysiloxane (silicone rubber) membranes in the late 

1950s to early 1960s, the membrane area of oxygenating devices could be greatly 

reduced.  Silicone rubber membranes were found to have a higher permeability for 

oxygen and carbon dioxide than any materials used previously
44
.  This development 



 - 20 - 

meant that the oxygenating devices were not limited in performance by diffusion 

across the membrane, but instead by diffusion of oxygen and carbon dioxide within 

the blood. 

 

However, silicone rubber was not without problems of its own.  It had poor 

mechanical strength and was prone to the formation of minute holes when stretched 

into a thin film
45
.  These problems were overcome by Burns

46
.  A technique was 

developed by Burns that allowed a continuous membrane to be formed, rather than 

the semi-continuous ones produced earlier
47
. 

 

Using a shell and tube configuration
41
, membrane oxygenators could be adapted to 

mimic the capillaries in the natural lungs.  In the lungs, the pulmonary capillaries are 

only large enough to allow red blood cells to flow in single file.  However, in the 

membrane oxygenators the channels are of much larger dimensions and it is this 

difference that reduces the gas exchange.  When blood flows down the fibre lumen, 

with oxygen diffusing from the sides, the cells closest to the fibre wall rapidly 

become oxygenated
48
.  Those cells flowing closer to the centre of the fibre will not 

be exposed to the oxygen until it has diffused through the outer-most layers.  This is 

shown in Figure 2.5.  This configuration of blood and gas phases was termed intra-

luminal flow. 
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Figure 2.5 - Blood flow within a hollow fibre.  Blue denotes areas of low 

oxygenation; red shows areas of high oxygenation. 

 

In an attempt to better understand the blood-gas interactions within the fibre lumen, 

several studies used mathematical models to describe the transfer.  Section 2.4 

discusses these in more detail. 

 

Due to the surface area required in the intra-luminal flow devices, the patient’s 

inflammatory response is activated.  Various adverse effects have been noted
49,50,51

.  

From this, a drive to reduce the membrane area was instigated.   
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A different configuration of the hollow fibre arrangement, having blood flowing on 

the outside of the fibres with the oxygen contained within, was tested
52,53,54

.  This 

was termed extra-luminal flow.  This use of the hollow fibres was found to have 

several advantages over the intra-luminal flow:  the principal of these was enhanced 

gas transfer caused by passive mixing of the blood as it flowed around the fibre 

arrangement.  Both configurations are shown in Figure 2.6. 

 

 

Figure 2.6 - (A) Intra-luminal flow and (B) Extra-luminal flow taken with 

permission from Gaylor (1988)
53
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With the extra-luminal flow configuration, membrane areas were reduced by a factor 

of 2 to 2.5 over the intra-luminal flow devices.  Other forms of mixing have been 

investigated, predominantly in the 1970s.  These will be looked at in closer detail in 

Section 2.3.   

 

Microporous membranes have been used in blood oxygenators since their creation 

due to their higher permeability compared to homogenous membranes
55
.  However, 

they are unsuitable for prolonged, long-term.  This limitation stems from the pores in 

the material surface becoming clogged as well as plasma leaking from the blood 

phase to the gas phase of the device
56
. 

 

Recently, there has been a drive towards the creation of microchannel oxygenating 

devices
57
.  This type of device comprises of a series of channels between 12 µm and 

25 µm in diameter, decreasing the distance gas must diffuse across, more closely 

mimicking the pulmonary capillaries than the traditional microporous hollow fibres.  

Concurrent studies investigated closed
58
 and open

59
 40 µm-wide rectangular 

channels.  The primary limitation in this form of device is ensuring that the blood 

flow is evenly distributed throughout the channels. 
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2.3 Secondary mixing techniques 

 

Two general forms of mixing were studied; passive mixing and active mixing.  In 

passive mixing devices, the mixing was induced by blood flowing either in a 

circuitous path or by the inclusion of obstacles in the blood channels.  Active mixing 

is created by using energetic mechanisms to impart convective mass transfer to the 

blood.  Examples of both types of device are examined below. 

 

A variety of techniques were devised in order to create mixing within blood 

oxygenating fibres.  Dorson et al
60
 proposed having blood flow in spirally wound 

membrane tubes with gas flow perpendicular to the blood flow in order to the create 

vortices within the channels.  This combination of helical fibres and gas flow led to 

the oxygen transfer doubling
61
.   
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Figure 2.7 - Vortices in a furrowed membrane channel:  (a)Vortices are formed 

as the blood flows past the hollow regions; (b) as the flow is stopped, the vortices 

are established in the hollow regions and fill into the central region; (c) the flow 

is reversed, but the vortices block the central region, channelling the flow along 

the surface, pushing the vortices further into the central region
62

 

 

Pierce and Dibelius
63
 were able to cause passive mixing by having blood flow down 

a dimpled membrane surface; at the parts of the membrane where the flows met, 

mixing occurred. 
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Figure 2.8 – (a) The plan of a dimpled membrane; (b) the cross-section of the 

blood channel; (c) the plan of the support plate
62

 

 

Other studies were concerned with a more active form of mixing.  Kolobow and 

Bowman
64
 ensured that the blood within their device was constantly moving despite 

having no net flow by periodical changes of the gas phase.  Using this technique, the 

gas transfer recorded was greater than the diffusion limit calculated for the material 

used.  However, this form of mixing was not used clinically. 

 

Drinker et al
65

 were able to enhance the gas transfer by rotating membrane chambers 

containing blood.  Bellhouse worked on pulsatile mixing system in 1973
66
 and in 

1981
67
.  In this system, shown in Figure 2.7, blood is pulsed down blood channels 

which have perpendicular furrows at set intervals.  Mixing vortices are created within 

these furrows as the blood flows past.  When compared with a standard intra-luminal 
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flow oxygenator, this type of mixing reduced the membrane area required for 

oxygenation by a factor of six.  This device became the Interpulse membrane 

oxygenator.  A later design of the furrowed membrane device is shown in Figure 2.8. 

 

However, despite the advantages that active mixing has over passive, only a few of 

the device designs were mass-produced.  The simple reason for this is that these 

active mixing devices are more complex and more expensive than the simple passive 

mixing ones
68
.    

 

2.3.1 Helical static mixers 

 

In 1965, Armeniades et al
69
 created a simple device that could be used to mix two 

fluids, or a fluid and a gas, and had applications in synthetic resin manufacturing.  

Eventually, the Kenics Corporation licensed the device under the trading name 

Kenics Motionless Mixer.  Figure 2.9 shows the mixer used with two fluids. 

 

The device is inserted into the fluid channel and remains static throughout the 

process.  Two or more components that require mixing are passed down the channel 

and across the mixer.  The helical design of the Kenics Motionless Mixer aids mixing 

in the radial direction and the offset nature of the individual blades causes the flow to 

separate, encouraging further mixing.   
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Currently, there are many other suppliers of helical static mixers and the devices are 

used in a range of applications.  Large scale versions of the mixers are used in the oil 

industry to desalt crude oil as it is processed
70
 

 

 

Figure 2.9 - The effect a Kenics Motionless Mixer has on two fluids (one 

depicted in red and the other in blue.  By the end of the channel, they have been 

mixed together to form a single fluid (shown in green)
71

. 

 

In 1995, Bellhouse and Najarian
72
 used a helical static insert in order to separate the 

red blood cells from the plasma.  Work involving the helical static mixer in other 
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microfluidic situations is ongoing
73,74

.  As yet, there appears to be no work conducted 

on using a helical static mixer in a blood oxygenating setting. 

 

2.4 Theoretical work 

 

In 1967, Weissman and Mockros
75
 devised a theoretical model that attempted to 

define the behaviour of oxygen transfer into blood flowing in a hollow fibre.  Using 

bovine blood, they were able to match their theoretical model to reality.  Despite 

solving the equations for the model numerically, the pair was unable to set down an 

analytical solution due to the non-linear behaviour of the oxygen dissociation curve.  

As well as setting down the series of equations that would be used, in some capacity, 

in most theoretical oxygen transfer studies, they drew the conclusion that oxygen 

transfer within a hollow fibre is independent of fibre diameter. 

 

Lightfoot continued this work, producing a simplified version of Weissmann and 

Mockros’ model
48
.  This work was followed up by Weissmann and Mockros in a 

second study in 1969
76
 in which they considered the effects turbulent mixing and 

helical coiling would have on the oxygenation of blood.  The primary conclusion of 

this theoretical work was that if the coils were made tighter, then the oxygenation 

transfer rate would increase.  Dindorf et al
77
 adapted the Weissman/Mockros model 

to give a general solution to the oxygenation process. 
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Colton and Drake
78
 used the Dindorf et al model to investigate the effect the oxygen 

saturation region and direction of transfer had upon the oxygen transfer rate.  This 

study found that differences between the inlet oxygen partial pressure and the 

external gas pressure altered the dependence the total oxygen concentration has upon 

the axial length of the fibre.  Spaeth quoted some of Colton and Drake’s findings in 

his own review
79
 in which he noted the need for theoretical models to be used in the 

design process of extracorporeal oxygenators.  Different analytical techniques have 

been employed in an attempt to more accurately simulate specific devices and flow 

settings
80,81,82

.  It was assumed in the development of the mathematical models that 

blood behaved in a Newtonian manner. 
83
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2.5 The Current Work 

 

This current study intends to investigate, through both theoretical and experimental 

means, a novel perspective on previously established technologies.  Earlier works 

have examined various forms of passive and active mixing, but none have 

documented the use of a helical static mixer as the method of this mixing. 

 

This study also seeks to combine a mathematical model with experimentally derived 

results.  The purpose of this is to provide a useful optimisation tool when designing a 

membrane oxygenator, and reduce the time spent required in experimentally testing 

such a device. 
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Chapter 3 – Mathematical Model 

 

This chapter outlines the details for the theoretical model developed during this 

project.  The governing equations for the model are set out and explained in Section 

3.2.  These are discussed separately from the boundary and initial conditions, which 

will be detailed fully in Chapter 5, as the experimental procedure will also make use 

of the governing equations. 

 

3.1 Assumptions 

 

In previous theoretical studies
84,85

, although blood is a non-Newtonian fluid at low 

shear rates (< 100 s
-1
) it has been treated as a Newtonian one.  The reasoning for this 

is that for practical operation of oxygenating devices, the wall shear rates are greater 

than 100 s
-1
. In addition, blood behaves as a Newtonian fluid in sufficiently large 

channels, such as those found in an oxygenator, as particle interactions in blood are 

negligible. This study shall also make these assumptions.   

 

Many models
82,75

 of such a system assume that the flow in the radial direction is 

small, i.e. close to the boundary, 0== yx uu .  It is often assumed that the diffusion in 

the z-direction is small compared to other mechanisms, such as convection in the z-

direction.  This study will maintain these assumptions. 
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For the purposes of this model, to simulate oxygen binding to haemoglobin, it will 

also be assumed that bound oxygen cannot diffuse in the system. 

 

Given the complex geometry of a helical static mixer, the Cartesian coordinate 

system will be used in this study. 

 

3.2 Governing equations 

 

 

For a Newtonian fluid, the velocity profile in a cylinder can be found by solving 

Navier-Stokes equations with the appropriate boundary conditions.  These take the 

general form:  

 

0u∇ =
�

i          (3.1) 

 

2u
u u P u F

t
ρ µ

∂ + •∇ =−∇ + ∇ + ∂ 

�
�� � �

,       (3.2) 

 

where ρ  is the constant fluid density, u
�

 is the fluid velocity, t  is time, P is fluid 

pressure, µ  is the dynamic viscosity and F represents other body forces acting upon 

the fluid.  Equation (3.1) is derived from the principle of conservation of mass, 

assuming the density to be constant, while Equation (3.2) is derived from the 

conservation of linear momentum.  If only steady flow is considered then 0=
∂
∂

t

u
�

.  
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Additionally, the other forces, i.e. gravitational, experienced by the fluid are assumed 

to be negligible and therefore 0F =
�

.   

 

Thus, Equation (3.2) becomes:  

 

( ) uPuu
��� 2∇+∇−=∇• µρ .       (3.3) 

 

In the setup shown in Figure 3.1 (a), where the fluid flows up a cylindrical tube, the 

velocity may be determined analytically; in this case the Poiseuille flow solution: 

 

0== yx uu ,         (3.4) 
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where u is the average velocity, and R is the radius of the hollow fibre.  A Cartesian 

co-ordinate system, rather than a cylindrical co-ordinate system, is adopted to allow 

comparison between an empty tubular membrane and one with a helical static mixer 

in the lumen – describing the exact geometry of the mixer would be unnecessarily 

complex in cylindrical co-ordinates. 
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Figure 3.1 - Three-dimensional schematic representations of two geometries: (a) 

deoxygenated blood flows into a cylinder, oxygen is pumped into the cylinder 

through the cylinder walls made from a semi-permeable material, and then the 

oxygenated blood exits; (b) a single bladed representation of a helical static 

mixer has been included in the device to enhance the diffusion of the oxygen. 
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In the current study, in addition to the fluid velocity, there are two coupled 

concentrations to be modelled.  In general, the steady-state convection-diffusion-

reaction of a concentration of material can be modelled using:  

 

.( ) . ( ),D C u C f C∇ − ∇ =− ∇ +
�

       (3.6) 

     

where D  is the diffusion coefficient, C  is the concentration, and )(Cf  is the 

reaction rate.  The reaction function )(Cf  contains terms which model the 

introduction and removal of the material being simulated.  The velocity dependent 

term of Equation (3.6) is the convection of material caused by the fluid flow.   

 

When modelling oxygen within blood flow, there are two different concentrations to 

be considered:  Cb is the concentration of oxygen bound to haemoglobin; Cd is the 

concentration of dissolved oxygen in the system.  Therefore, there are two 

concentration equations that are coupled through the reaction function )(Cf , which 

now becomes ),( db CCf .  This function models the reaction between oxygen and 

haemoglobin, producing oxygen bound to haemoglobin, as well as the reverse 

reaction where bound oxygen reverts to dissolved oxygen.  The reaction function will 

be discussed in more detail below.  The two concentration equations can be written 

as: 
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.( ) . ( , ),b b b b dD C u C f C C∇ − ∇ =− ∇ +
�

      (3.7) 

and 

 

.( ) . ( , )d d d b dD C u C f C C∇ − ∇ = − ∇ −
�

.      (3.8) 

 

In Cartesian co-ordinates, Equations  (3.7) and (3.8) may be written as: 

 

2 2 2

2 2 2
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,  (3.9) 

and 

 

2 2 2
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d x y z b d

C C C C C C
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 ∂ ∂ ∂ ∂ ∂ ∂
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.  (3.10) 

 

The reaction term is of the opposite sign in the two equations because oxygen is 

never lost nor created during a reaction; rather oxygen either changes from dissolved 

to bound or the reverse. The reaction may be written as 

 

bHbd CCC ↔+ . 

 

Clearly, the total oxygen concentration within the system is the sum of the bound and 

dissolved concentrations: 

 

bdO CCC +=
2

.        (3.11) 
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Recalling the assumptions that flow in the radial direction is negligible, that diffusion 

in the axial direction is negligible and that bound oxygen is convected within the 

fluid, then 

 

 0bD = . 

 

It is more common in the literature to consider the partial pressure of the dissolved 

oxygen, 
2OP , rather than the concentration dC

68,84
.  This convention will be 

maintained in this study, and dC  can be replaced by the partial pressure using the 

following relationship: 

 

 

22 OOd PC α= ,         (3.12) 

 

where 
2Oα  is the solubility of oxygen in blood.  With these assumptions, Equations 

(3.9) and (3.10) become: 
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and 
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Combining Equations (3.13) and (3.14), and simplifying gives: 
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If a maximum of four molecules of dissolved oxygen can combine with a single 

molecule of haemoglobin to form a single molecule of oxygenated haemoglobin, 

then the steady state expression for the amount of bound oxygen can be calculated as, 
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,       (3.16) 

 

where P0.5 is the partial pressure when half of the haemoglobin is saturated.  The 

empirically derived value, stated as 8.2=n , is a stochastic average of the many 

intermediary reactions.  In deriving this expression, it is assumed that the 

haemoglobin can become saturated, and thus a maximum amount of bound oxygen, 

maxC , can be measured where, 

 

HbO CC
2max β= ,        (3.17) 
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where 
2Oβ  is the oxygen carrying capacity of haemoglobin and HbC  is the 

concentration of haemoglobin present in the blood.  Equation (3.16) is known as the 

Hill formula
86
 and n can either be assumed as a model variable or found empirically.  

In a single reaction, the number of molecules of oxygen binding to the haemoglobin 

may be between one and four.   

 

An alternative to the Hill formula is the Margaria equation
87
, and is such that, 
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 + 
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,       (3.18) 

 

where K and m are experimentally derived constants.  K is dependent upon the pH of 

the blood:  K = 6.47x10
-5
 Pa

-1
 for pH of 7.0; K = 7.83x10

-5
 Pa

-1
 for pH of 7.2;  

K = 9.59x10
-5
 Pa

-1
 for normal human blood at pH of 7.4; and K = 1.20x10

-4
 Pa

-1
 for 

pH of 7.6.  The constant m = 124.  Equation (3.18) has the shape shown in Figure 

3.2. 

 

The fractional saturation may then be defined as: 

 

2max

b b

O Hb

C C
S

C Cβ
= = .        (3.19) 
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Substituting Equation (3.19) into Equation (3.15) results in: 
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Simplifying further, Equation (3.20) becomes, 
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where 

2O

S

P

∂
∂

 has the shape shown in Figure 3.3 when the Margaria equation is used. 

 

 

Figure 3.2 – Oxygen dissociation curve
87

. 
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Figure 3.3 – Slope of oxygen dissociation curve
87

.  

 

 

For a continuous membrane boundary, found in polydimethylsilicone (PDMS) 

tubing, oxygen diffusing through the membrane will be subject to Fick’s first law, 

such that: 

 

( )
2 2

.

.ln

m m
O O w g

m

D
J P P

R t
R

R

α
= −

+ 
 
 

,      (3.22) 

 

where Dm is the diffusion coefficient for oxygen in the membrane, mα  is the 

solubility of oxygen in the membrane, tm is the thickness of the membrane, 
2O wP  is 
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the partial pressure of oxygen at the membrane wall, and Pg is the partial pressure of 

oxygen outside the membrane. 

 

For a microporous membrane, such as Celgard 2500, Equation (3.22) becomes: 

 

( )
2 2O O w gJ G P P= − ,        (3.23) 

 

where G is the gas transfer rate. 

 

Equally, oxygen diffusing through the media is defined as, 

 

2 2 2
.O d O OJ D Pα=− ∇ ,        (3.24) 

 

To solve for oxygen diffusing in the radial direction, at the membrane, Equations 

(3.22) and (3.24) are combined to give, 
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where n is normal to the membrane.  The dimensionless Sherwood number is defined 

as: 
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or 

 

( )
2

2
w

d O

GR
Sh Microporous

D α
= ,       (3.27)  

  

Thus, Equation (3.25) may be rewritten as, 

 

( )
2 22

w
O g O

Sh
n P P P

R
∇ = −i .       (3.28) 

 

The total oxygen transferred to the fluid can be measured using, 

 

( )mol o O i iJ V C V C dA= −∫ ,       (3.29) 
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where Co and Ci are the outlet and inlet concentrations of 
2OC  and Vo and Vi are the 

outlet and inlet fluid flow velocities and A is the cross-sectional area of the outlet.  If 

the velocity is assumed constant, Equation (3.29) becomes, 

 

( ) ( )
2 O O i iO b d b dJ Q C C C C = + − +  ,       (3.30) 

 

where Q is the flow rate.  If the fluid in question is water, then as there is no 

haemoglobin to bind oxygen molecules, Equation (3.11) is simply dO CC =
2

.   

Equation (3.29) may be rewritten as, 

 

( )
2 2O O o iJ Q P Pα= − .        (3.31) 

 

Together with the Navier-Stokes Equations solving for zu , these are the equations 

that govern the mathematical model. 
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Chapter 4 – Preliminary Water Experiments  

 

This chapter documents the experiments carried out with distilled deoxygenated 

water, flowing in tubular membrane oxygenators.  These studies provided the initial 

test of the mathematical model which is presented in Chapter 5.  Section 4.1 details 

the construction of the oxygenator modules as well as the experimental setup.  The 

results of the distilled water experiments are recorded in Section 4.2.  Finally, 

Section 4.3 provides a discussion on the results. 

 

4.1 Materials and methodology 

 

Two materials were used to for the tubular membrane oxygenators.  Initial devices 

utilised Dow Corning polydimethylsiloxane (PDMS) which was already in the form 

of a hollow cylinder as it was supplied as tubing.  Later devices used Celgard 2500
88
, 

a thin microporous polypropylene sheet membrane that needed to be constructed into 

a cylindrical structure.  The reason for the change in oxygenation membrane will be 

given in Section 4.2.2, with further discussion in Section 4.3. 

 

In current clinical hollow fibre oxygenators, the fibre internal diameter is 

approximately 0.2 mm.  Due to the diameter of the static mixer units, the internal 

diameter of any device constructed to accommodate them would need to be increased 

from what is used in current devices.  The acetal static mixers that were inserted into 



 - 47 - 

the tubular membrane lumens were purchased from Nordson EFD
89
.  Two static 

mixer sizes, shown in Figure 4.1, were selected for consideration.  The smaller of the 

two mixers, measuring 2.36 mm in diameter and 2.95 cm in length, was selected as it 

was a better fit for the PDMS tubing.  Both static mixers were supplied in units of 

twelve mixing blades. 

 

According to Weissman and Mockros
75
, for the blood flowing inside a tubular 

membrane the change in diameter should not impact upon the amount of oxygen 

transferred within the fibre as “oxygen saturation of blood is dependent upon flow 

rate, the tube length and the diffusion coefficient and independent of the tube 

diameter.”  The increase in diffusion path length with increasing diameter is offset by 

an increase in the transfer area; however, the transfer efficiency (transfer per unit 

area) is dependent upon the diameter, leading to a larger membrane tube being less 

efficient than one of smaller diameter. 

 

 

Figure 4.1 – Two different helical static mixers; in the background, the larger 

mixer measures 3.18 mm in diameter and 3.30 cm in length; the foreground 

element is 2.36 mm in diameter and 2.95 cm in length. 
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4.1.1 Oxygenator construction 

 

The oxygenator consisted of a single PDMS or Celgard 2500 tube housed inside a 

Perspex® jacket.  Perspex® tubing, 10 mm bore and 5 mm wall, was cut into sections 

measuring 9 cm in length.  Two holes, 4 mm diameter, were drilled 1 cm from the top 

and bottom of the housing and fitted with male luer connectors to act as a gas inlet 

and outlet respectively.  Figure 4.2 shows a finished test housing. 
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Figure 4.2 – A completed test housing unit, with inlet and outlet holes visible. 

 

4.1.1.1 Celgard 2500 Oxygenator 

 

A total of ten oxygenators were constructed from Celgard 2500.  Five of these 

devices contained two static mixing elements, numbering twenty-four mixing blades 

in total.  Two mixing elements were chosen to ensure thorough mixing down the 
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membrane tube’s length.  The other five were used as control modules, with no static 

mixers included. 

 

The Celgard sheet membrane
88
 was cut into sections of the same length as the 

housings and 7.5 mm wide, slightly wider than the circumference of the static mixers.  

The membrane was then folded loosely and heat sealed along the open boundary to 

create a tube.  For the oxygenators with mixers, two static mixing units (each 2.95 

mm in length with 12 mixing blades) were placed in series in the lumen.   

 

Polypropylene female luer connectors
90
 (purchased from Altec Products Ltd.) were 

positioned at the open ends of the tubes and held in place with a small amount of 

silicone sealant
91
.  Figure 4.3 shows the device construction at this stage.   

 

 

Figure 4.3 – Celgard 2500 tubular membrane with connectors 
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The tube was positioned inside the housing and, using the silicone sealant, sealed at 

both ends.  The adhesive was allowed to cure for at least eight hours at room 

temperature.  Figure 4.4 shows a device during the curing process. 

 

 

Figure 4.4 – Celgard 2500 tube positioned within test housing, held in place with 

silicone rubber adhesive. 

 

Once the silicone sealant had set, Araldite® epoxy adhesive
92
 was injected via the 

housing side holes to give the membrane tube more structural stability at the 

tube/housing seal region.  The device assembly was completed with the fitting of 

male luer connectors in the side holes to form gas inlet and outlet ports.  Figure 4.5 

shows a complete Celgard membrane in the housing, ready for testing. 
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Figure 4.5 – Finished Celgard 2500 oxygenator 

 

The total time taken to construct one module was approximately 3 days.  The 

majority of this time was taken by the curing process required by the epoxy resin. 

 

4.1.1.2 PDMS Oxygenator 

 

Six oxygenators containing the PDMS tubular membrane were constructed.  Three of 

these contained two static mixer elements, so that each tubular membrane had 

twenty-four individual mixing blades.  The remaining three PDMS oxygenators were 

left as empty tubes and acted as controls.  The construction procedure was similar to 

that described above for the Celgard 2500 oxygenators. 

 

4.1.2 Experimental method 

 

The test circuit for the water experiments is shown in  

Figure 4.6.  Approximately 500 ml of distilled water was added to a conical flask and 

heated to 37 ºC by placing the flask in a water bath.  The distilled water was 
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deoxygenated by sparging with oxygen-free nitrogen.  The oxygen partial pressure 

(
2OP ) of the water was measured periodically until it was found to be approximately 

between 2.5 kPa and 5 kPa.  

 

Once this partial pressure range had been obtained, the water was taken into a 60 ml 

syringe and, using a JMS SP-100 syringe pump, driven through the tubular 

membrane.  Water samples were taken at tubular membrane entry and exits via three-

way taps and 
2OP  levels were determined.  All 

2OP  measurements were made using a 

Siemens RAPIDLab 248 blood/gas analyser. 

 

Modern blood oxygenators consist of thousands of hollow fibres; to replicate the 

possible fluid flow rates in a single tube, the water flow rate was varied over the 

range 1 to 4 ml min
-1
.  The oxygenator was ventilated with room air (via an air pump) 

or with 100% oxygen from a gas cylinder.  The gas cylinder flow rate was set at 30 

ml min
-1
.  

 

Each experiment began with a pre-oxygenation sample being tested from the syringe 

pump.  This was proceeded by between one and three post-oxygenation samples 

(dependent upon flow rate).  Another pre-oxygenation sample was taken to ensure 

the base level had not changed.  Another set of post-oxygenation samples were 

measured followed by a final pre-oxygenation sample.  The pre-oxygenation samples 

were used to show that the oxygen partial pressure in the syringe did not change over 



 - 54 - 

the course of the experiment; there was no method of controlling the temperature of 

the water inside the syringe. 

 

Figure 4.6 – Experimental setup 

 

4.1.2.1 PDMS membrane oxygenator 

 

The first experiments were conducted using the PDMS units.  The water flow rate 

was set at 2 ml min
-1
 and each unit was ventilated with room air (approximately 20% 

oxygen).  As stated above, samples were taken before and after the oxygenator, over 

a ten to fifteen minute period.  In order to provide a viable comparison, one control 
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module was tested on the same day as a module with static mixer.  Modules tested on 

the same day in this manner were titled Pair 1 to Pair 3. 

 

4.1.2.2 Celgard 2500 oxygenators 

 

After a review of the gas exchange performance of the PDMS tubular membranes, 

the Celgard 2500 oxygenators were constructed.  Literature data on the oxygen 

permeability of Celgard 2500 indicated that this material would have a higher 

Sherwood number and therefore would allow oxygen to diffuse more readily through 

the membrane wall
93
. 

 

Of the ten constructed from Celgard 2500, six were selected for a repeat of the 

experiment described in Section 4.1.2.1; three of these units contained static mixers; 

three did not.  A more detailed evaluation of the Celgard devices was conducted 

using 100% oxygen ventilating gas and a range of water flow rates were selected in 

order to assess the optimum oxygenating conditions.  The flow rates ranged from 1 

ml min
-1
 to 4 ml min

-1
 in increments of 1 ml min

-1
.   

 

The inlet values of 
2OP  for the Celgard units were used as the initial conditions of the 

mathematical model describing the water experiments. 
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4.2 Results 

 

In all figures presented in this section, solid lines represent the mean value observed; 

broken lines represent plus and minus one standard deviation of that mean. 

 

4.2.1 PDMS oxygenators 

 

In Figure 4.7, the inlet and outlet values of 
2OP  are shown as a function of 

experimental time for all tests with PDMS oxygenators.  The lower spread of data 

points (diamonds) were taken at the inlet of the fibre, before the water had been 

oxygenated.  The middle group of points (triangles) represent the outlet 
2OP  when no 

mixer is present within the tube lumen.  The upper data group (squares) indicates the 

outlet 
2OP  with the static mixer present. 

 

To calculate the improvement in the increase of
2OP , the pre-oxygenation oxygen 

levels must be subtracted from the outlet values of oxygenation.  The mean inlet 

partial pressure was calculated and subtracted from the outlet pressures.  Figure 4.8 

shows the oxygenation values after this adjustment. 
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Figure 4.7 – Inlet and outlet 
2OP for PDMS oxygenators as a function of 

experimental time – effect of static mixer.  Distilled water at 2 ml min
-1

, air 

ventilation 

 

 

 Figure 4.8 – 
2OP increase across PDMS oxygenators – effect of static mixer 
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Using the mean values for inlet and outlet 
2OP in conjunction with Equation (3.31),  

 

( )
2 2O O o iJ Q P Pα= − , 

 

the oxygen transfer rate of both the mixing and non-mixing units can be calculated.  

The solubility of oxygen in water at 37ºC was taken to be, 

2

6 3 12.07 10 . .O x mol m Paα − − −= 94
.  For the non-mixing oxygenators, the mean ± one 

standard deviation was 
2

10 1 111.79 10 . 2.95 10OJ x mol s x− − −= ± .  The oxygenators with 

mixer in place had a total molar transfer rate of 
2

10 1 113.44 10 . 1.85 10OJ x mol s x− − −= ± .  

These results are judged to be significantly different when compared using a two 

sample t-test (t (24) = 7.69, p » 0.05). 

 

4.2.2 Sherwood Number 

 

Recalling Equations (3.26), (3.27) and (3.28), 
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Table 4.1 shows the values used in solving (3.26). 

 

Table 4.1 - Parameters used to calculate Sherwood Number 

Parameter Symbol Value Unit 

Diffusion in membrane
78
 

mD  9.90x10
-6 

m
2
 s

-1
 

Solubility in membrane
78
 

mα  1.54x10
-9 

mol m
-3

 Pa
-1 

Radius of tube R 1.2x10
-3 

M 

Diffusion in water
94
 

dD  3.24x10
-9 

m
2
 s

-1
 

Solubility in water at 37 ºC
94
 

2Oα  2.07x10
-6 

mol m
-3

 Pa
-1
 

Gas transfer rate
95
 G 3.01x10

-8 
mol m

-2
 Pa

-1
 s

-1 

 

It is apparent that the change of gas pressure across the fibre wall is dependent upon 

the wall Sherwood Number, which is in turn dependent upon the membrane wall 

thickness for PDMS membranes.  Figure 4.9 shows the relation between Sherwood 

Number and membrane thickness for the PDMS material used in this study. 

 

Based on the nominal PDMS tubing size, the wall thickness was calculated to be 

420 mµ .  The Sherwood Number calculated from this is 10.7, which is the lowest 

value shown in Figure 4.9. 
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For the microporous membrane Celgard 2500, the Sherwood Number is calculated to 

be 10771.2.  For PDMS tubing of similar thickness to the microporous membrane 

(25 µm), the Sherwood Number would only be 145.5. 

 

  

Figure 4.9 – Sherwood number dependency on PDMS membrane thickness  

 

4.2.3 Celgard 2500 Oxygenators 

 

Figure 4.10 shows the inlet and outlet 
2OP  data for the Celgard 2500 oxygenators 

with and without the static mixing elements.  To allow for direct comparison 

between membrane types, the experimental conditions were the same as those 

previously reported for the PDMS oxygenators, with a water flow rate of 2 ml min
-1
 

and room air ventilation. 
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Figure 4.11 shows the improvement in partial pressure increase across the fibres after 

the same adjustment as was performed for Figure 4.8.  The average inlet partial 

pressure was calculated and subtracted from the outlet pressures of the mixing and 

non-mixing units. 

 

 
Figure 4.10 – Inlet and outlet 

2OP  for Celgard 2500 oxygenators as a function of 

experimental time – effect of static mixer.  Distilled water at 2 ml min
-1

, air 

ventilation 
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Figure 4.11 –  
2OP  increase across Celgard 2500 oxygenator – effect of static 

mixer.  Distilled water at 2 ml min
-1

, air ventilation  

 

Again, using the mean values ± one standard deviation for inlet and outlet 
2OP , the 

total molar transfer rates for non-mixing and mixing oxygenators were 

2

10 1 112.86 10 . 6.20 10OJ x mol s x− − −= ±  and 
2

10 1 114.98 10 . 7.33 10OJ x mol s x− − −= ±  

respectively.  Analysing these values using a two sample t-test, t (32) = 7.78, p » 

0.05, meaning there is significant difference between the mixing and non-mixing 

units. 

 

The PDMS units were prone to leaking after approximately fifteen minutes; this 

explains why none of these units were tested beyond this time period. 
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When the differences between the two materials used to construct the membrane 

tubes were examined in detail, the Celgard 2500 membrane was found to have higher 

oxygen transfer rates than the PDMS tubing.   This comparison is shown in Figure 

4.12. 

 

 

Figure 4.12 - Comparison of materials 

 

The difference in materials was found to be significant (for mixing, t (29) = 6.82, p » 

0.05; for non-mixing, t (29) = 6.52, p » 0.05).   As such, the decision to continue 

using only the Celgard 2500 tubes was made.  The remainder of this section will 

detail the results gathered for this material.  To maximise its performance, the 

ventilating gas was changed from air to 100% oxygen. 
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Figures 4.13, 4.15, 4.17, and 4.19 show the all inlet and outlet 
2OP data for the three 

mixing and non-mixing unit pairs tested with water at flow rates 1, 2, 3 and 4 ml min
-

1
 respectively.  The broken lines above and below the average values represent the 

average value plus or minus one standard deviation. 

 

Figures 4.14, 4.16, 4.18, and 4.20 show the oxygen transfer rates corresponding to 

the data given in Figures 4.13, 4.15, 4.17, and 4.19 respectively.  Plotted with the 

individual data points are the average values determined for each data set.  The 

broken lines above and below the average values represent the average value plus or 

minus one standard deviation. 

 

The average outlet 
2OP is shown as a function of water flow rate in Figure 4.21.  

Oxygen transfer rates based on the average 
2OP∆ values is shown in Figure 4.22 as a 

function of water flow rate. 
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Figure 4.13 – Inlet and outlet 
2OP  for Celgard 2500 oxygenators.  Distilled water 

at 1 ml min
-1

, 100% O2 ventilation 

 

 

Figure 4.14 – Oxygen transfer rates in mixing and non-mixing oxygenators.  

Distilled water at 1 ml min
-1

, 100% O2 ventilation 
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Figure 4.15 - Inlet and outlet 

2OP  for Celgard 2500 oxygenators.  Distilled water 

at 2 ml min
-1

, 100% O2 ventilation 

 

 
 

Figure 4.16 – Oxygen transfer rates in mixing and non-mixing oxygenators.  

Distilled water at 2 ml min
-1

, 100% O2 ventilation 
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Figure 4.17 - Inlet and outlet 
2OP  for Celgard 2500 oxygenators.  Distilled water 

at 3 ml min
-1

, 100% O2 ventilation 

 

 
 

Figure 4.18 – Oxygen transfer rates in mixing and non-mixing oxygenators.  

Distilled water at 3 ml min
-1

, 100% O2 ventilation 



 - 68 - 

 
Figure 4.19 - Inlet and outlet 

2OP  for Celgard 2500 oxygenators.  Distilled water 

at 4 ml min
-1

, 100% O2 ventilation 

 

 

 
 

Figure 4.20 – Oxygen transfer rates in mixing and non-mixing oxygenators.  

Distilled water at 4 ml min
-1

, 100% O2 ventilation 
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Figure 4.21 – Overall changes in 

2OP  against water flow rate (Celgard 2500 

oxygenators) 

 

 
 

Figure 4.22 – O2 transfer rates for three pairs of Celgard 2500 oxygenators 
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4.3 Discussion 

 

The purpose of this current investigation is to ascertain if the inclusion of a helical 

static mixer in a tubular membrane oxygenator would have a beneficial effect on the 

oxygenation of blood.  In the preliminary results reported, distilled water was used 

instead of deoxygenated blood.  The oxygenators were constructed with the tube 

internal radius greatly increased compared to that of hollow fibres used in current 

clinical blood oxygenators.  The increase in radius was to accommodate the 

commercially available helical static mixers.  Experiments were conducted on 

individual tubular membranes.   

 

Two material types were investigated for use as an oxygenating membrane.  Tubes 

were constructed from PDMS and Celgard 2500.  The oxygenation performance of 

these tubes was tested with a water flow rate of 2 ml min
-1
 and with air ventilation.   

Table 4.2 shows a comparison of the results shown in Figures 4.7 – 4.11.   

Table 4.2 - Comparison of Materials 

 PDMS Celgard 

 Inlet PO2 (kPa) 4.54 ± 0.26 4.80 ± 0.36 

Outlet PO2 (kPa) 9.47 ± 0.37 11.74 ±0.32 
 

Mixer 

 JO2 (mol.s
-1
) 3.44x10

-10
 ± 1.85 x10

-11
 4.98x10

-10
 ± 7.33 x10

-11
 

Outlet PO2 (kPa) 7.12 ± 0.38 9.20 ± 0.36  

No Mixer 

 JO2 (mol.s
-1
) 1.79x10

-10
 ± 2.67 x10

-11
 2.86x10

-10
 ± 6.20 x10

-11
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Considering these results, it is obvious that the Celgard 2500 membrane offers 

greater potential in oxygenation performance.  Subsequent experiments were 

confined to oxygenators with Celgard 2500 tubes and using 100% O2 as the 

ventilating gas. 

 

Table 4.3 shows a comparison of the results shown in Figures 4.13 – 4.20.   

 

Table 4.3 - Comparison of Water Flow  Rates 

  1 ml/min 2 ml/min 3 ml/min 4 ml/min 

  Inlet PO2 (kPa) 5.5 ± 0.9 5.8 ± 0.4 5.5 ± 0.9 5.8 ± 1.0 

Outlet PO2 (kPa) 59.5 ± 0.7 43.3 ± 2.6 39.2 ± 2.0 37.3 ± 2.0 

 

Mixer JO2 (mol.s
-1
) 

8.92x10
-9
 ± 

1.08x10
-10
 

1.24x10
-8
 ± 

9.01x10
-10
 

1.71x10
-8
 ± 

3.57x10
-10
 

2.16x10
-8
 ± 

3.03x10
-9
 

Outlet PO2 (kPa) 37.0 ± 1.7 28.3 ± 2.6 23.9 ± 1.7 21.8 ± 1.2  

No 

Mixer JO2 (mol.s
-1
) 

5.29x10
-9
 ± 

4.78x10
-10
 

7.55x10
-9
 ± 

8.01x10
-10
 

9.51x10
-9
 ± 

9.09x10
-10
 

1.14x10
-8
 ± 

6.06x10
-10
 

 

Using a t-test to compare the flow rates, the differences in oxygen partial pressure 

and transfer rate are found to be statistically significant with all p values below 0.05. 

 

Figure 4.21 takes the average values calculated for each fibre and shows the 

relationship between the outlet 
2OP  and water flow rates.  As mentioned above, the 
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partial pressures decrease as the flow rate is increased, leading to a downward trend 

in the relationship.  This is observed in all three oxygenator pairs.  The reason behind 

this trend is that the fluid residence time in the tube is reduced with increasing flow 

rate.  Therefore the amount of time a volume of fluid is within the oxygenating 

region of the tube is reduced, leading to less oxygen entering that volume.  Thus the 

outlet partial pressure decreases as the flow rate is increased. 

 

The differences shown in Figure 4.21 between each oxygenator unit of a single type 

(i.e. between all mixing units and between all non-mixing units) are not statistically 

significant (p » 0.05). 

 

From Figure 4.22, it is apparent that even if the outlet 
2OP  decreases with increasing 

water flow rate, the oxygen transfer rate increases as it is dependent on the flow rate.  

In particular, at the highest flow rate, the mixing oxygenators of Pairs 2 and 3 have 

89% and 114% increases in oxygen transfer over their non-mixing counterparts. 

 

Figure 4.22 reveals several interesting details.  The first of these is the shape of the 

curves calculated for Pair 1.  In both the mixing and non-mixing cases, these curves 

do not follow the shapes Pairs 2 and 3 take.  This is also true when one considers the 

shapes Pair 1 makes in Figure 4.21.  The reason for this pair of membrane tubes 

having different values in partial pressure and oxygen transfer is related to the age of 

the material.  Pairs 2 and 3, and the subsequent fibres constructed for the blood 

experiments described in Chapter 6 were made from material supplied by the 

manufacturer and used over a period of six months.  Pair 1 was made from material 
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that had been kept in storage for an indeterminate period of time (>5 years), possibly 

resulting in the membrane degradation.  The pore size may have become distended 

when compared with the fresh material, and would thus allow far more oxygen into 

the fibre.  Conversely, as was noted during the water trials with Pair 1, the units 

made from the older membrane were prone to fluid leakage, furthering the possibility 

that the pore size of the material was enlarged. 

 

There are additional points that can be made from these two Figures.  That both lines 

for the mixing and non-mixing oxygenators lie close enough within the calculated 

errors would indicate that the construction is reproducible, and therefore any 

additional devices built using the same technique as described above in Chapter 4.1.1 

could be expected to have a similar profile to those depicted above.   

 

When the above data is considered collectively, several key points can be noted.  The 

tubes constructed from Celgard 2500 membrane have better oxygenation properties 

than the thicker walled silicone rubber fibres.  Obviously oxygenating the units with 

100% oxygen is superior than air.  Finally, the inclusion of the static mixing units 

appears to facilitate the oxygenation process within the fibre lumen.  However, it 

must be stated that the purpose of the static mixer is not to ensure that the entire fluid 

becomes completely oxygenated; instead its function is to better distribute the 

available oxygen across the system. 

 

The input conditions of these preliminary water experiments were taken to be used in 

conjunction with COMSOL Multiphysics
96
 (formerly FEMLAB).  Using the 
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practical data, it should be possible to accurately simulate the water experiments 

before attempting to simulate the behaviour of the fibres when bovine blood is used.  

Details of the water simulations can be found in Chapter 5.  
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Chapter 5 – Mathematical Simulations of Oxygenation 

of Water 

 

In this chapter, the mathematical models based upon the experimental findings of the 

Celgard 2500 units in Chapter 4 are described fully.  In Section 5.1, the boundary 

and initial conditions are detailed along with the model geometries and physio-

chemical parameters.  Section 5.2 discusses the development of the models, and the 

process by which the experimental work on the individual oxygenators were 

simulated.  Section 5.3 contains the results of the mathematical models and in 

Section 5.4 these are discussed. 

 

5.1 Boundary and initial conditions  

5.1.1 Boundary conditions 

 

In order to solve the governing equations, boundary conditions must be specified for 

the dependent variable, 
2OP .  For the flow velocities, it is assumed that there is no 

flow at the solid boundary.  Thus, 0u =
�

 at r R= , and at the surface of the mixing 

blade. 
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At both the inlet and outlet, it is assumed that the flow is parallel to the tube axis, i.e. 

0== yx uu .  The axial flow, zu , varies between 1ml min
-1
 and 4ml min

-1
 in 0.5ml 

min
-1
 increments.    

 

 

At the tube inlet, ( 0=z ), it is assumed that there are concentrations of dissolved and 

bound oxygen which satisfy the steady state equation 
2 0OP P=  and 

2 0

i

OC C= .  The 

values of 0P  are given in Table 5.1; the values of 0C  are determined by Equation 

(3.12) based upon the various values of 0P .  At the oxygenating membrane boundary, 

there is no flux of bound oxygen, but there is an influx of dissolved oxygen: 

 

2 0
OC

r

∂
=

∂
 on r R= ,        (5.1) 

 

and recalling Equation (3.28), 

 

( )2

22

O w
g O

P Sh
P P

r R

∂
= −

∂
 at r R= .      (3.28) 

 

The boundary conditions for the helical static mixer must also be defined.  There is 

no oxygen flux through the blades: 

 

2

2

0

0

O

O

n C

n P

∇ =

∇ =

i

i

 on the mixer surfaces. 
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5.1.2 Inlet conditions 

 

The inlet oxygen partial pressure for the models will be the average inlet partial 

pressures measured experimentally.   

 

Table 5.1 – Average inlet partial pressures for use in the mathematical models 

Pair 1 No Mixer Mixer 

Flow Rate (ml min
-1
) Pressure (kPa) Pressure (kPa) 

1.0 4.278 5.625 

2.0 5.918 5.851 

3.0 5.811 6.358 

4.0 5.598 5.518 

 

Pair 2 No Mixer Mixer 

Flow Rate (ml min
-1
) Pressure (kPa) Pressure (kPa) 

1.0 6.545 6.398 

2.0 5.798 5.705 

3.0 6.558 5.545 

4.0 4.705 3.719 

 

Pair 3 No Mixer Mixer 

Flow Rate (ml min
-1
) Pressure (kPa) Pressure (kPa) 

1.0 4.705 5.691 

2.0 5.198 6.505 

3.0 4.225 4.692 

4.0 5.385 3.625 
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5.1.3 Model parameters 

 

The following tables detail the constants used in the mathematical model. 

 

Table 5.2 - Mathematical model dimensions 

Parameter Symbol Value Unit 

 

Length of device 

 

L 

 

2109 −x  

 

m 

 

Radius of device 

 

R 

 

3102.1 −x  

 

m 

 

Membrane thickness 

 

tm 

 

5105.2 −x  

 

m 

 

Mixer blade radius 

 

Rblade 

 

31039.2 −x  

 

m 

 

Mixer blade length 

 

Lblade 

 

31039.2 −x  

 

m 

 

The mixer blade radius and length are taken from the physical dimensions of the 

mixer used in Chapter 4. 
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Table 5.3 - Convection-diffusion constants 

Parameter Symbol Value Unit 

 

Gas Pressure 

 

gP  

 

51001.1 x  

 

Pa 

 

Celgard 2500 membrane porosity
88
 

 

 

 

55% 

 

 

Diffusion of oxygen in 

membrane
95
 

 

mD  

 

6109.9 −x  

 

m
2
 s
-1
 

 

Solubility of oxygen in 

membrane
95
 

 

mα  

 

91054.1 −x  

 

mol (STP) m
-3
 Pa

-1
 

 

Water 

   

 

Diffusion of oxygen in water
95
 

 

2OD  

 

91024.3 −x  

 

m
2
 s
-1 

 

Solubility of oxygen in water
95
 

 

2Oα  

 

62.07 10x −  

 

mol (STP) m
-3
 Pa

-1
 

 

Gas transfer rate 

 

G 

 

3.01x10
-8
 

 

mol m
-2
 Pa

-1
 s
-1 

 

The inlet flow rate shall range from 1 ml min
-1
 to 4 ml min

-1
 in 1 ml min

-1
 increments 

as done experimentally. 
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5.2 Materials and methodology 

 

Using COMSOL Multiphysics
96
, the equations described in Chapter 3, as well as the 

conditions detailed in Section 5.1, were evaluated.   

 

The mathematical models were created to simulate the experiments conducted in the 

laboratory.  To this end, the input conditions of the models were chosen to closely 

mimic the inlet conditions recorded experimentally, as shown in Table 5.1. 

 

Initially, the Navier-Stokes equations were evaluated for each of the models, as there 

is a velocity component in Equation (3.21).  The convection-diffusion reaction 

equations were then evaluated using the stored Navier-Stokes solutions.  This 

stepwise approach is possible as the concentrations of oxygen do not enter the 

Navier-Stokes equations and thus the flow equations can be solved first. 

 

Three models were created to simulate water flowing down an empty tube using the 

experimental initial conditions.  The simulations were based upon one experimental 

run each.  Once these three models had been developed, and the results analysed, the 

static mixer models were then created.  Due to computational limitations, the exact 

nature of the static mixers could not be modelled.  Instead of two units of twelve 

mixing elements used experimentally, the theoretical model simulated the mixer in 

blocks of three elements, up to a maximum of twelve.   
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All simulations of matching types (non-mixing; three blade mixer; six blade mixer; 

nine blade mixer; twelve blade mixer) had an identical number of finite elements 

comprising the model.  This ensures that any differences between the simulations of 

one type are due to the input conditions, not due to differences in the model. 

 

 

Figure 5.1 – COMSOL Multiphysics representation of (a) non-mixing unit, (b) 

three-blade mixing unit, and (c) six-blade mixing unit.  Note: the mixing blades 

in (b) and (c) are not to scale; the tubes are set to 9 cm long and the blades are 

2.39 mm long. 
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5.3 Results 

 

5.3.1 Water flow in a three-dimensional non-mixing oxygenator 

 

Figure 5.2 details the outlet oxygen partial pressure predicted by the mathematical 

model for the three oxygenators.  Overall, as the flow rate increases, the partial 

pressure of oxygen within the system drops.  This downward trend is similar to that 

observed experimentally (see Figure 4.21). 

 

The change in oxygen transfer rate with flow rate is shown in Figure 5.3.  The shape 

of the three curves matches that shown in Figure 4.22.  As with Figure 5.2, any 

differences between the values recorded from the model are attributed to the non-

identical initial conditions each device experienced. 

 

A closer comparison of the individual units and their corresponding mathematical 

model is given below. 
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Figure 5.2 – Changes in 
2OP with water flow rate (non-mixing units) 

 

 

Figure 5.3 – Changes in 
2OJ with water flow rate (non-mixing fibres) 
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5.3.1.1 Comparison between experimental and theoretical results 

 

In these comparisons, the average experimental values will be used.  It should be 

noted that the theoretical models have been solved time-independently and therefore 

represent the equilibrium state of the individual tubes.  As such there may be 

discrepancies between the theory and practical outlet conditions. 

 

Figures 5.3, 5.5 and 5.7 show the change in partial pressure for the non-mixing unit 

in Pairs 1, 2 and 3 respectively.  As noted above, each oxygenator model has a 

similar downward trend in 
2OP  with increasing flow rate similar to that seen in the 

experimental data.   

 

Figures 5.4, 5.6 and 5.8 show the corresponding change in oxygen transfer rate for 

each of the empty devices. 
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Figure 5.4 – Pair 1: Theoretical vs. experimental 
2OP with water flow rate 

 

 
Figure 5.5 – Pair 1: Theoretical vs. experimental 

2OJ with water flow rate 
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Figure 5.6 – Pair 2: Theoretical vs. experimental 
2OP with water flow rate 

 

 

 

Figure 5.7 – Pair 2: Theoretical vs. experimental 
2OJ with water flow rate 
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Figure 5.8 – Pair 3: Theoretical vs. experimental 
2OP with water flow rate 

 

 

Figure 5.9 – Pair 3: Theoretical vs. experimental 
2OJ with water flow rate 
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Figure 5.10 - Collection of theoretical and experimental findings for Pairs 1 to 3 

 

5.3.2Water flow in a three-dimensional mixing oxygenator 

 

The static mixer within the fibre lumen was modelled in three-blade segments, due to 

computational limitations.  The results for three- and six-blade mixers are presented 

below.  The nine- and twelve-blade mixing simulations failed to return any results 

due to computational limitations.   

 

Figure 5.11 shows the change in outlet 
2OP  with increasing flow rate.  As expected 

from experimental results, the partial pressure decreases. 
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Figure 5.12 indicates the corresponding oxygen transfer rate based upon the partial 

pressures shown in Figure 5.11.  In keeping with experimental findings, each of the 

three simulations shows an increase in 
2OJ  with rising flow rate. 

 

As previously mentioned with the non-mixing simulations, the differences in the 

mixing simulations may be attributed to differences in initial conditions, as these 

simulations were also based upon experimental data. 
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Figure 5.11 – Changes in outlet 
2OP with water flow rate (3 blade mixer) 

 

 
 

Figure 5.12 – Changes in 
2OJ with water flow rate (3 blade mixer) 
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Figure 5.13 shows the change in outlet 
2OP  with flow rate for the six-bladed static 

mixer.  Once again, the overall downward trend is apparent.  Presented in Figure 

5.14 is the oxygen transfer for the six-blade mixer model.  The lower flow rates 

appear to follow the pattern established by the experimental data; the oxygen transfer 

rises with increasing flow rates.  However, there is a sharp decline after 3.5 ml min
-1
 

is unexpected, mirroring the sharp drop in 
2OP  at 4 ml min

-1
 seen in Figure 5.13. 

 

As above, a comparison between the mathematical models and the experimental 

work they were based upon is presented below. 
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Figure 5.13 – Changes in absolute 
2OP with flow rate (6 blade mixer) 

 

 

Figure 5.14 – Changes in 
2OJ with flow rate (6-blade mixer) 
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5.3.2.1 Comparison between experimental and theoretical results 

 

In each of the following figures, no values were returned for flow rates above 3 ml 

min
-1
.  At higher flow rates, the theoretical models returned unreliable results. 

 

Figures 5.14, 5.16 and 5.18 show the change in partial pressure for the mixing fibre 

in Pairs 1, 2 and 3 respectively.  The three- and six-bladed models are shown in the 

comparison in each figure.  Both theoretical models have lower outlet levels of 
2OP  

than observed experimentally, but do follow the same approximate pattern. 

 

Figures 5.15, 5.17 and 5.19 show the corresponding change in oxygen transfer rates 

for each of the mixing fibres.  
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Figure 5.15 – Pair 1: Theoretical vs. experimental 
2OP with water flow rate (3- 

and 6-blade mixers) 

 

 

Figure 5.16 – Pair 1: Theoretical vs. experimental 
2OJ with water flow rate (3- 

and 6-blade mixers) 
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Figure 5.17 – Pair 2: Theoretical vs. experimental 

2OP with water flow rate (3- 

and 6-blade mixers) 

 

 
Figure 5.18 – Pair 2: Theoretical vs. experimental 

2OJ with water flow rate (3- 

and 6-blade mixers) 
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Figure 5.19 – Pair 3: Theoretical vs. experimental 
2OP with water flow rate (3- 

and 6-blade mixers) 

 

 
 

Figure 5.20 – Pair 3: Theoretical vs. experimental 
2OJ with water flow rate (3- 

and 6-blade mixers) 
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Figure 5.21 - Collection of theoretical and experimental findings for Pairs 1 to 3 
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5.4 Discussion 

 

The purpose of creating a mathematical model is to confirm the laboratory findings 

and, ultimately, to shorten the length of time spent testing the device.  With a model 

that can reliably reproduce experimental results, the amount of time spent testing in 

the laboratory can be reduced.  In addition, the ease with which a mathematical 

model can be manipulated and altered allows for the testing and measuring of 

variables and geometries that may be difficult to achieve in practical terms.  For 

example, when constructing the mixing devices, this study was limited to the size 

and shape of static mixers that were commercially available.  In the simulations, the 

size of each mixing element could be altered; the dimensions of the mixer as a 

whole, or as individual blades, could be changed; even the distance over which each 

blade twisted was editable.   

 

In this study, the main aims of the mathematical model were to verify the results 

found in Chapter 4.  At the outset of the project, it was evident that computational 

power would be limited.  To that end, a two-dimensional model was proposed.  

However, whilst creating a two-dimensional hollow fibre was not difficult, the 

geometry presented the problem of adequately designing the static mixer.  

Translating a solid three-dimensional, asymmetrical object into a two-dimensional 

one that allowed fluid to flow through it was considered to be too time-consuming. 
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Having dismissed the two-dimensional model, work began on the three-dimensional 

one.  Creating the tubular membrane and the static mixer within COMSOL was 

uncomplicated as the chemical reaction engineering module
97
 for the program comes 

with an inline laminar mixer design.  However, this inline laminar mixer design must 

be scaled to the appropriate dimensions used in this study.  To get the tube and mixer 

to the size necessary to simulate the Celgard 2500 fibres, all that was needed was to 

scale the preset model.   

 

5.4.1 Non-mixing hollow fibre simulations 

 

Initially, only the non-mixing tube was modelled.  Basing one model on each of the 

experimental devices, the data in Figure 5.2 was gathered.  The most important point 

to make about these results is that, even with the variations in initial conditions, the 

models generate reproducible solutions.  This indicates that the models are reliable in 

their output. 

 

Figure 5.3 shows the calculated oxygen transfer of the simulations.  Due to the 

relationship between 
2OP  and 

2OJ , the variations in Figure 5.2 carry across into this 

figure.  Importantly, the overall shape of each model is in keeping with what was 

observed experimentally; that is, as the flow rate was increased, the oxygen transfer 

rate rose.  Of particular note is that Pair 1 does not follow the same shape as the other 

two fibres at a flow rate of 4 ml min
-1
.  At this flow rate, the oxygen transfer rate for 

Pair 1 takes the value
2

9 1

1 2.12 10O PairJ x mol s− −= , whereas for the other two 
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units
2 2

9 1

2 3 2.59 10 .O Pair O PairJ J x mol s− −= = .  This is a 22% decrease in oxygen transfer 

rate.  As had been discussed in the previous chapter, Pair 1 was not constructed from 

the same batch of material as Pairs 2 and 3, giving rise to a possible explanation for 

any experimental differences.   

 

Concentrating solely on Pair 1, Figure 5.4 shows a comparison between the data 

presented in Figure 5.2 and Figure 4.21.  The theoretical model matches the 

experimental findings almost exactly.  All of the flow rates simulated fall well within 

the error limits calculated for the physical fibre.  Overall, Figure 5.4 shows a 

promising comparison, although the condition of the physical fibre must be kept in 

mind.  As stated in Chapter 4.3, the fibres in Pair 1 were constructed from material 

that was of an indeterminate age and may have suffered degradation.  This would 

give rise to the possibility of pore size increasing as the material degrades, which 

would allow the fluid within to reach an equilibrium state far sooner than younger 

material, but could also have adverse effects such as leakage and structural 

instabilities.    

 

Figure 5.5 shows the corresponding oxygen transfer rate comparison.  As expected 

based upon the partial pressures found in Figure 5.4, the theoretical and experimental 

data are very similar in nature.   

 

In Figure 5.6 is the comparison for Pair 2.  The visual agreement between theory and 

practice is not as close as that found for the previous oxygenator.  The partial 

pressures predicted by the model are higher at lower flow rates than those observed.  
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The difference is greatest at 1 ml min
-1
, where the model is 28% higher.  At 3 ml min

-

1
, the two data sets converge and give good agreement.  Recalling Figure 5.2, it can 

be noted that even within the simulations, the solutions for Pair 2 are higher initially 

than the other two devices, whereas from Figure 4.21 the practical Pair 2 fibre lies 

well within the error limits of the other units.  One possible explanation for the 

discrepancy is that the model is solving for the steady-state values, which the fibre 

did not reach in the laboratory environment.  Figure 5.7 shows the oxygen transfer 

rate comparison for Pair 2.  From the previous figure, the higher transfer predicted by 

the model is expected.  However, it can be seen that after the first point at 1 ml min
-1
, 

the theoretical transfer is within the error bars of the practical experiment, indicating 

that the model is within the limits of the ideal practical conditions.  Referring to 

Figure 5.3, it is evident that the oxygen transfer rate of Pair 2 follows that of Pair 3 

very closely.  Above this flow rate, the theoretical oxygen transfer matches the 

experimental values, suggesting that at the higher flow rates the oxygen transfer rate 

observed in the laboratory was at optimum levels.   

 

Figure 5.8 depicts the partial pressure comparison for the third device.  As with the 

results shown in Figure 5.6, for flow rates lower than 3 ml min
-1
, the theoretical 

values are higher than the experimental ones.  Above this flow rate, the simulation 

begins to match the observed values.  However, unlike the previous model, the 

lowest flow rate has reasonable agreement with the practical limits.  Despite this 

difference, the overall trend is the same, with partial pressure decreasing with 

increasing flow rate. 
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Figure 5.9 illustrates the oxygen transfer rate comparison for Pair 3.  Given the 

information shown in Figure 5.8, the disparity in transfer values at lower flow rates is 

expected. 

 

5.4.2 Mixing hollow fibre simulations 

 

Having modelled the water flow through a non-mixing tubular membrane to a level 

or reasonable accuracy, attention was turned to creating a model that would allow 

reproduction of the mixing device results.  In order to build this geometry, the 

standard COMSOL laminar static mixer was tailored to be of the necessary scale 

before being inserted in a representation of a oxygenating unit.  The properties of the 

membrane in this model were identical to those used in the non-mixing case; the 

mixer was designed to be a solid object, through which no flow or oxygen transfer 

rate could occur. 

 

The position of the first blade relative to the inlet was the same as that 

experimentally, approximately 160 mm from the inlet.  As before, the experimental 

conditions dictated the initial conditions of the model in an attempt to better simulate 

what had already been observed.  Due to the computational limits, the mixing units 

were constructed in blocks of three individual blades up to a maximum of twelve.  

As can be seen from Chapter 5.3.2, the results for the nine- and twelve-blade mixers 

are not included in the figures.  They have been omitted because these simulations 

had large instabilities presenting themselves even at the lowest flow rate.  There are 
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instabilities present in the three- and six-blade mixers, and these will be discussed in 

detail below. 

 

Figure 5.11 shows that the partial pressure results from the three-blade mixing 

simulations are reproducible, even with the changing inlet conditions between 

models.  The downward trend with increasing flow rate is also present, indicating 

that regardless of the numerical values generated and without the need for an in 

depth comparison,  the simulations are similar to the experimental findings. 

 

In Figure 5.12, the increasing oxygen transfer rate with increasing flow rate can be 

clearly seen.  The purpose of this figure and Figure 5.11 is to show that the 

mathematical models give reproducible results, and to that end, they succeed.  It can 

be noted that several of the values for the fibres coincide, indicating that the different 

initial conditions seem to matter little at the outlet.   

 

Figure 5.13 shows the partial pressures predicted by the six-blade mixing models.  

Considering a flow rate of 1 ml min
-1
, Pair 3 appears to be approximately 20% higher 

in partial pressure than either of the other fibres.  However, as the flow rate 

increases, this deviation vanishes to bring Pair 3 back into line with the other models.     

Recalling Figure 4.21, it has already been noted that the decreasing partial pressure at 

higher flow rates is greatly reduced.  Roughly comparing the experimental results 

and the six-blade models, it would appear that the simulations are having some 

difficulty resolving realistic values at the higher flow rates. 

 



 - 104 - 

This difficulty is more evident in Figure 5.14.  The behaviour noted in Figure 5.13 at 

higher flow rates is carried over when the oxygen transfer is calculated.  Looking 

specifically at 4 ml min
-1
, the simulations return an oxygen transfer far below that 

expected based upon the experimental transfer behaviours. 

 

Having reviewed both the three- and six-blade mixer simulations, and noted the 

difficulty both models have at higher flow rates, these values were discounted in 

further analysis.  In each figure, the line becomes broken above 3 ml min
-1
 to show 

the values, but because of their unreliability they will not be commented upon. 

 

Another general comment about the comparison figures is that the simulated partial 

pressures are lower than the experimental results.  The reason for this is self evident; 

the simulations are not modelling exactly the same situation as that found in the 

laboratory.  In the physical mixing devices, there are twenty-four individual mixing 

blades present; the models have been limited to three and six blades.  This reduction 

in element number results in a reduction in the amount of mixing the fluid undergoes 

as it travels through the tube, and therefore will reduce the effectiveness of the mixer.  

However, it is expected that the mixing models will still show an increase in partial 

pressures and oxygen transfer over the non-mixing fibres. 

 

From Figure 5.15, it can be seen that despite having a smaller number of mixing 

elements, the mathematical models generate the same pattern as the physical data.  

The three-blade model follows the experimental shape closer than the six-blade 

simulation.  As mentioned above, the outlet values for both models are lower than 
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that of the physical testing; this can be attributed to the lower number of elements.   

At 2 ml min
-1
, there is only a 6% difference in the partial pressure measured and 

simulated. 

 

Figure 5.16 shows the corresponding oxygen transfer rate values.  As expected, the 

six-blade mixing fibre lies close to the physical data, with the three-blade mixer 

falling at lower transfer values, but both following the same trend. 

 

Figure 5.17 displays some interesting characteristics.  Firstly, all of the data points 

for both the three- and six-blade mixers fall within the experimental error lines, 

indicating that the simulated results are already in agreement with the practical ones.    

At 2 ml min
-1
, the six-blade model even gives a higher partial pressure than that 

measured.  This would indicate that at this flow rate, some of the mixing blades used 

in the laboratory were redundant.  Alternatively, the experimental values may be 

reduced due to leakage past the mixing blades at the membrane boundary if the 

manufacturing process was less than ideal. 

 

In Figure 5.18, the oxygen transfer comparison for Pair 2 can be seen.  

Unsurprisingly, the three-blade mixing model follows the rising trend observed 

experimentally.  As with the partial pressure in the previous figure, despite only 

having one-eighth the number of blades the physical fibre contained, the three-blade 

model remains within the error limits, arguing that the full twenty-four may not be 

needed to achieve the same level of mixing.  The results of the six-blade mixer add to 

this point, with each of the points above the first lying very close to the experimental 
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results.  At 2 ml min
-1
, the oxygen transfer simulated with the six-blade model is 

higher than that seen experimentally.   

 

Figure 5.19 indicates the partial pressure comparisons of the theoretical and 

experimental results for the mixing fibre in Pair 3.  Concentrating on the three-blade 

mixer first of all, there is better matching between theory and experiment than in the 

previous units.  The gradient of the downward slope between 1 ml min
-1
 and 2 ml 

min
-1
 is exactly the same for both theory and practical data sets.  This shows that 

even the three-blade mixer is capable of simulating the experimental data 

approximately.  Or, at the very least, giving a rough estimate of what the practical 

value could be and also how this value changes with flow rate.  Beyond 2 ml min
-1
, 

the three-blade mixing model falls below the error limits, suggesting that more 

blades are required at the higher flow rates to maintain the same level of fluid 

mixing.   

 

For the six-blade model in Figure 5.19, there is almost perfect agreement with the 

physical situation at certain flow rates.  At 1 ml min
-1
, for example, there is only a 

1% difference in values between the theory and experimental partial pressures.  As 

with Pair 2, as the flow rate increases to 2 ml min
-1
, the theory overtakes the practical 

values, indicating that there are sufficient blades in the six-blade mixer to achieve the 

same results as the experimental twenty-four bladed mixer.  As the flow rate is 

increased further, this agreement begins to diverge as the six-blade model approaches 

the flow rate at which is becomes numerically unstable. 
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Finally, in Figure 5.20 the oxygen transfer for Pair 3 can be seen.  The three-blade 

mixer is able to follow the same shape as the experimental data for the entire data set, 

although the only time that any of the values are within error limits is at the slowest 

flow rate.    

 

Considering all of the simulations, it can be said with some certainty that using 

COMSOL Multiphysics, the experimental results can be reproduced with some 

degree, with 50% of the simulated points falling within a standard normal deviate.  

When concentrating on the non-mixing tubes alone, for the first fibre, there is an 

almost perfect correlation between theory and experiment.  This agreement is not 

carried across to the other fibres at low flow rates, but does appear once the fluid is 

moving at 3 ml min
-1
 or faster.  Given that the simulations are thought to be solving 

for the optimum conditions, it would appear that the physical Pair 1 non-mixing fibre 

reaches this stage more readily than the other fibres.  However, as has been 

mentioned earlier, Pair 1 was made from a different batch of material to the other 

two units, and may have suffered some degradation in the material.  If this is the 

case, and the pore size, for example, has increased, then the physical fibre will accept 

in the influx of oxygen more readily than the more robust material.  That said, 

despite possibly being more efficient at oxygen transfer, the older material may also 

be more liable to suffer fluid leakage during the oxygenation process, and as such 

would not make for a suitable material.  This may go some way to explaining why 

there is such good correlation between the theory and practical values for Pair 1, but 

not for the other devices.   
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The values generated for Pair 1 in the mixing units are also evidence that this 

material may not be suitable for use in any oxygenation device.  For the mixing 

devices simulated for Pairs 2 and 3, there is a definite indication that for certain flow 

rates, only six mixing blades may be needed to achieve the level of mixing observed 

experimentally.  For the theoretical Pair 1, whilst the oxygen transfer rate and partial 

pressure values of both the three- and six-blade mixers approached that obtained 

experimentally, neither model was able to gain the same agreement that Pairs 2 and 3 

were, especially with the six-blade mixers. 

 

On a general note, there is a definite increase between from the three-blade model to 

the six-blade one, which lends further support to the idea that both models fail to 

match the experimental data exactly due to having too few elements.  It is believed 

that if it were possible, perhaps in a future study, to increase the number of mixing 

elements within the simulations, the lines of theory and experiment would converge.  

In Pairs 2 and 3, this did occur for the six-blade mixer at the lower flow rates, but as 

was mentioned at the start of this discussion, as the flow rate increased, the models 

became more unstable.  Perhaps if these simulations were repeated on a more 

powerful computer, then there would be agreement from the six-blade mixer for all 

of the tested flow rates.   

 

Another point to be made is that it would not be challenging to alter the non-mixing 

model hollow fibre to simulate a different material.  As long as the material 

properties are known, then the models can be adjusted to simulate it.  Based upon the 

findings of this chapter, it is believed that a theoretical model has been developed 
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that can, to some degree of accuracy, model water flow through an oxygenating 

fibre, both with and without a helical static mixer.  Of the 36 simulations conducted 

in this study, 50% returned values within standard normal deviate of the 

experimental results. 

 

If another future study were to use a different material, then time could be saved on 

preliminary water testing by simply amending certain aspects of the model already 

developed. 
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Chapter 6 – Blood Experiments 

 

This chapter details the experiments conducted using Celgard 2500 tubes with bovine 

blood.  As with the distilled water experiments previously, the results described in 

this chapter provide the initial conditions for the subsequent mathematical modelling, 

discussed in Chapter 7.  In Section 6.1, the experimental procedure is described.  

Section 6.2 contains the results gathered and these will be discussed in Section 6.3. 

 

6.1 Materials and methodology 

 

The tubes used in this experiment were all constructed from Celgard 2500.  Twelve 

new oxygenating pairs, six with static mixers and six without, were created for the 

blood trials.  The material was from the same batch that Pairs 2 and 3 were made 

from as detailed in Chapter 4.  The static mixers in these experiments were coated 

with Sigmacote®
98
 in order to prevent blood clots forming on the mixer blades.  

Bovine blood was obtained from a local abattoir.  It was obtained from a local 

abattoir, anti-coagulated with 2 mg.ml
-1
 dipotassium EDTA and used within 48 hours 

of collection.  Before use in the experiments, the blood was filtered with a Medtronic 

Paediatric Arterial filter
99
, (pore size 30µm).  

 

The blood was heated to Co37  and the oxygen levels were raised to physiological 

venous levels.  At this stage, a blood sample was taken to record the haematocrit, 
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using a Hawksley Micro Haematocrit Centrifuge
100

.  The experimental setup was the 

same as that used in the preliminary water trials.  In addition to the setup detailed in 

Section 4.1.2, a Radiometer OSM-2 Haemoximeter was used to measure the oxygen 

saturation and haemoglobin concentration of the blood.  The oxygenator was 

ventilated with 100% 2O , at a flow rate of 30 ml min
-1
. 

 

As testing was performed on single tubes, blood flow rates remained at low levels.  

The blood flow rates was varied between 1 ml min
-1
 and 4 ml min

-1
 in 1 ml min

-1
 

increments. 

 

Measurements were taken both before and after the oxygenator in order to determine 

inlet and outlet 
2OP , O2 saturation and haemoglobin concentration.   

 

Figure 6.1 - Experimental Setup 
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6.2 Results 

 

The twelve oxygenators, six with helical static mixers and six without, were 

separated into six device pairs.  Each pair contained one of each oxygenator 

configuration.  Both tubes in a pair were tested with the same batch of bovine blood. 

 

The haematocrit of the blood used in the procedures was measured.  All haematocrit 

values are given as the average ± one standard deviation, with the sample set size as 

6.  The values measured are recorded in Table 6.1. 

 

Table 6.1 - Haematocrit values measured before procedure 

Haematocrit (%) 

 1 ml/min 2 ml/min 3 ml/min 4 ml/min 

Mixer 38.6 ± 2.32 38.8 ± 2.72 38.0 ± 1.90 40.5 ± 2.03 

No Mixer 39.0 ± 3.12 39.1 ± 2.74 39.4 ± 4.33 39.9 ± 3.19 

 

 

The inlet fractional saturation was measured at the start of each test.  The blood was 

brought to as close to physiological levels as possible.  All fractional saturation 

values are given as the average ± one standard deviation, with the sample set size as 

6.  For a flow rate of 1 ml min
-1
, the S was measured as 71.9% ± 5.6% for the mixing 

tubular membranes and 72.4% ± 3.2% for the non-mixing devices.  At 2 ml min
-1
, the 

mixing tubes had an S of 72.2% ± 5.2% and the non-mixing devices 72.5% ± 3.6%.  

The 3 ml min
-1
 tests had initial S of 72.6% ± 3.8%  and 70.5% ± 6.1% for mixing and 

non-mixing devices respectively.  At 4 ml min
-1
, the inlet S for the mixing tubes was 
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found to be 71.5% ± 3.1% and for the non-mixing cases it was 72.0% ± 2.4%.  

Whilst the majority of these values are higher than normal physiological venous 

return levels (S = 70.7%), it was felt that they were close enough to allow 

experimentation to continue. 

 

Using Equation (3.30), including dissolved oxygen as well as bound, the oxygen 

transfer for each fibre was calculated.  The values for the solubility of oxygen in 

blood, 
2

6 3 19.98 10 . .O x mol m Paα − − −=  and the maximum O2 binding capacity, 

2

2 15.98 10 .O x mol kgβ − −= .   

 

 

Figure 6.2 - Boxplot showing scattering in results recorded in bovine blood 

 

Figure 6.2 shows the scattering of the values calculated for the oxygen transfer.  For 

the individual flow rates, the comparison between mixing and non-mixing units is 
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shown in Figures 6.3 to 6.6.  In all figures, the mixing results are indicated in blue 

and the non-mixing fibres as red.  The average values for both mixing and non-

mixing cases are also shown as a solid line in their respective colours; the broken 

lines represent a single standard deviation in the average. 

 

In Figure 6.7, the average values of oxygen transfer for each fibre are shown against 

the flow rates tested.  The individual data points shown in this figure are those that 

fall within one standard deviation of the average, to give some context of the results. 

 

Figure 6.8 and Figure 6.9 show the absolute and relative values of the fractional 

saturation measured at the outlet for each oxygenator. 

  

 

Figure 6.3 – O2 transfer rate for Celgard 2500 oxygenators – bovine blood at 1 

ml min
-1

 and 100% O2 ventilation 
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Figure 6.4 – O2 transfer rate for Celgard 2500 oxygenators – bovine blood at 2 

ml min
-1

 and 100% O2 ventilation 

 

 

Figure 6.5 – O2 transfer rate for Celgard 2500 oxygenators – bovine blood at 3 

ml min
-1 

 and 100% O2 ventilation 
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Figure 6.6 – O2 transfer rate for Celgard 2500 oxygenators – bovine blood at 4 

ml min
-1

 and 100% O2 ventilation 
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Figure 6.7 – Average O2 transfer rates as a function of blood flow in Celgard 

2500 oxygenators – bovine blood and 100% O2 ventilation 

 

 

Figure 6.8 - Outlet O2 saturation with varying blood flow rate in Celgard 2500 

oxygenators – bovine blood and 100% O2 ventilation 
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Figure 6.9 – Increase in S across devices with blood flow rate in Celgard 2500 

oxygenators – bovine blood and 100% O2 ventilation 

6.3 Discussion 

 

The aim of this study is to ascertain if the inclusion of a helical static mixer within a 

hollow fibre lumen is beneficial to the oxygen transfer of the system.  Having already 

performed preliminary trials using distilled water and found the results to be 

promising, the logical progression was to conduct the experiments again using blood. 

 

In the preliminary water trials, detailed in Chapter 4, it was found that the 

oxygenators containing a static mixer were at least two-thirds more efficient at gas 

transfer than the non-mixing configuration.  Unlike water, blood contains 
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haemoglobin, which has a great affinity for binding oxygen molecules.  It was 

initially expected that the differences caused by the inclusion of the helical static 

mixer seen in the water trials would carry across into the blood study, but that the 

oxygen transfer of both types of fibre would be increased due to oxygen binding to 

haemoglobin. 

 

The mixing blades were coated with Sigmacote® to prevent clot formation around 

the mixers.  After each tubular membrane had been tested, it was washed through 

with 0.9% saline before being used again.  This wash was intended to remove any 

blood that remained within the tube, either on the walls or on the blades of the mixer. 

 

 

 

Table 6.2 - Oxygen Transfer Rate for mixing and non-mixing units at varying 

blood flow rates (values shown as Mean ± SD) 

  1 ml/min 2 ml/min 3 ml/min 4 ml/min 

Mixer JO2 (mol.s
-1
) 

1.33x10
-8
 ± 

3.41x10
-9 

1.75x10
-8
 ± 

9.94x10
-9 

1.80x10
-8
 ± 

5.32x10
-9 

1.37x10
-8
 ± 

3.20x10
-9 

No 

Mixer JO2 (mol.s
-1
) 

8.41x10
-9
 ± 

4.38x10
-9 

8.20x10
-9
 ± 

5.83x10
-9 

7.45x10
-9
 ± 

4.86x10
-9 

1.67x10
-8
 ± 

1.33x10
-8 

 

 

Comparing the findings in Table 6.2, the units with helical static mixers produce 

significantly higher oxygen transfer rates than those without except at a flow rate of 
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4 ml/min.  For each of the other flow rates, p » 0.05, indicating that the inclusion of 

the mixer produces a significant benefit to the oxygenation process; however at a 

flow rate of 4 ml/min, the difference between the two configurations is not 

statistically significant, indicating that the mixer does not have any affect on the 

oxygenation. 

 

The oxygen transfer rates found in bovine blood can be compared with those 

previously mentioned for the water trials to illustrate the effect haemoglobin has on 

oxygen transfer.  Table 6.3 clearly shows that the oxygen transfer rate in blood is 

higher than in water, indicating that the presence of haemoglobin enhances the O2 

uptake. 

 

 

 

 

 

Table 6.3 - Comparison of oxygen transfer rates between bovine blood and 

distilled water 

Flow Rate (ml 

min
-1

) 

Blood transfer rate (mol.s
-1
) Water transfer rate (mol.s

-1
) 

 Mixing Non-mixing Mixing Non-mixing 

1 

1.33x10
-8
 ± 

3.41x10
-9 

8.41x10
-9
 ± 

4.38x10
-9 

8.92x10
-9
 ± 

1.08x10
-10 

5.29x10
-9
 ± 

4.78x10
-10 



 - 121 - 

2 

1.75x10
-8
 ± 

9.94x10
-9 

8.20x10
-9
 ± 

5.83x10
-9 

1.24x10
-8
 ± 

9.01x10
-10 

7.55x10
-9
 ± 

8.01x10
-10 

3 

1.80x10
-8
 ± 

5.32x10
-9 

7.45x10
-9
 ± 

4.86x10
-9 

1.71x10
-8
 ± 

3.57x10
-10 

9.51x10
-9
 ± 

9.09x10
-10
 

4 

1.37x10
-8
 ± 

3.20x10
-9 

1.67x10
-8
 ± 

1.33x10
-8 

2.16x10
-8
 ± 

3.03x10
-9 

1.14x10
-8
 ± 

6.06x10
-10
 

 

 

Figure 6.7 shows the average O2 saturation plotted against the blood flow rates 

tested.  It details the information stated in the explanation of the previous group of 

figures; that at all blood flow rates, the tubular membrane with static mixer included 

has higher oxygen transfer than the non-mixing counterparts.  This is especially true 

at a blood flow rate of 2 ml min
-1
, where there is the largest difference between the 

device types. 

 

Figure 6.8 depicts the O2 saturation measured at the outlet of each oxygenator.  The 

solid line shows the average value for each fibre type.  Evident from the average 

lines, the fibres with static mixers tend to have a higher outlet O2 saturation, 

indicating that more of the blood contained within the sample has been oxygenated.  

As the blood flow rate increases, for both types of unit, the O2 saturation decreases, 

although greatly.  This may be due to the blood spending less time within the tube 

lumen as the blood flow rate increases, resulting in the haemoglobin being unable to 

bind oxygen at the same rate it does at lower flow rates. 
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Another point to note from Figure 6.8 is that for all oxygenators, the blood does not 

reach full oxygen saturation.  This could be achieved by increasing the residence 

time either by reducing the blood flow rate to below 1 ml min
-1
 or by increasing the 

tube length. 

 

Figure 6.9 illustrates the relative fractional saturation across the devices.  When one 

considers the increase of O2 saturation in each device type, the mixing units appear to 

have the greater rise.  This would indicate that despite the absolute values being 

similar for both mixing and non-mixing cases, the mixing devices are better at 

increasing the O2 saturation across the length of the device. 

 

Plotting the residence time on top of the data shown in Figure 6.9, it can be shown 

that there is a strong correlation between the residence time and the O2 saturations 

achieved by the non-mixing tubes. 
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Figure 6.10 - Residence time shown on Figure 6.8 

 

Both the residence time and the average O2 saturation of the non-mixing oxygenators 

share a similar profile.  This suggests that there is a relationship between the two.  

This would make sense, as the longer the blood remains within the oxygenating tube, 

the more likely the O2 saturation is to increase as dissolved oxygen has more time to 

bind to the haemoglobin.  The average O2 saturation for the mixing tubes does not 

follow the residence time profile as closely due to the effect the mixer has on the O2 

saturation value.  As seen in Figure 6.9, the mixing devices are able to attain higher 

relative O2 saturation levels than the non-mixing case, suggesting that the 

relationship between the mixing units and the residence time may not be as obvious 

as that for the non-mixing configuration. 
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Unlike the water trials detailed previously, the bovine blood experiments do not 

appear to have a constant increase in oxygen transfer.  In the water study, there was a 

clear correlation between the water flow rate and the oxygen transfer; in the figures 

shown in this chapter, that correlation is not evident.  Considering the non-mixing 

device only, when the blood flow rate is increased, the oxygen transfer appears to 

drop before climbing again as the blood flow rate is raised further.   

 

This can also be seen in the mixing devices, but in a different form.  As the blood 

flow rate is increased above 2 ml min
-1
, the oxygen transfer begins to drop, although 

not greatly.  

 

Of the six tubular membrane pairs, 58% suffered some form of leak (three mixing 

tubes and four non-mixing ones).  The majority of these leaks occurred on the final 

testing run – from the seven fibres that experienced leaking, four occurred after three 

tests.  Five of the leaks occurred at a flow rate of 3 ml min
-1
 or higher.  Any results 

gathered during the run when the leak occurred was discarded, although data from 

previous tests was kept.  Based upon this information, it would be reasonable to 

assume that the construction method used in these trials is not suitable for prolonged 

periods of testing. 

 

Considering all of the data discussed above, it is possible to state that the inclusion of 

a helical static mixer within the tube lumen greatly assists oxygen transfer.  The 

increases in oxygen transfer noted previously in Chapter 4 were observed in the 

blood trials.  It is evident that at all blood flow rates tested, the oxygenators with the 
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static mixer included were able to produce higher oxygen transfer rates than those 

without.  The smallest difference observed was still a 81% increase when the mixer 

was used, indicating that this configuration is beneficial to the oxygenation process.  

At a flow rate of 3 ml min
-1
, the oxygen transfer of the mixing tubes were noted to be 

241% higher than the non-mixing ones.  The static mixer is thought to be aiding the 

oxygenation process by transporting deoxygenated blood from the central region of 

the lumen to the walls where it becomes oxygenated.  This does not occur in the non-

mixing tube and as such, only the blood flowing at the membrane walls becomes 

oxygenated.  Diffusion is the only mechanism that the blood in the non-mixing unit 

becomes oxygenated, relying solely on the diffusivity of oxygen within the blood; 

with the introduction of the static mixer, convective oxygenation is allowed to 

happen, making the mixing devices better at the transfer of oxygen than the non-

mixing units. 

 

As noted above, there are several factors that need to be addressed in any future work 

based upon this study.  The first of these would be the construction method.  Given 

that over half of the devices tested, of both types, were destroyed during the 

experiments, this may be indicative of a problem in the manufacturing of the fibres.  

It stands to reason that if work were to continue, then different manufacturing 

methods should be investigated.  Another factor limiting the study is the residence 

time of the blood within the tube, not allowing the blood to become fully saturated at 

any point.  This can be rectified by either increasing the fibre length or reducing the 

blood flow rate.  Alternatively, the oxygenators could be constructed with an array of 

parallel connected membrane tubes. 
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Overall, the mixing oxygenators have been shown to be better at oxygen transfer 

than the non-mixing devices.  As before with the water trials, the data gathered in 

this study will form the basis for a mathematical model described in Chapter 7. 
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Chapter 7 – Blood Simulations 

 

This chapter discusses the mathematical modelling based upon the experimental 

results found in Chapter 6.  The model used in this chapter is a modified version of 

that detailed in Chapter 5, reworked to simulate blood instead of distilled water.  In 

Section 7.1, the boundary and initial conditions are described, along with a note of 

the major constant terms.  Section 7.2 describes the methodology of the models.  

Section 7.3 contains the results and Section 7.4 is a discussion of this model. 

 

7.1 Boundary and initial conditions 

7.1.1 Boundary conditions 

 

The boundary conditions for the blood simulations are exactly the same as those for 

the water model.   

 

7.1.2 Inlet conditions 

 

The inlet oxygen partial pressure for the models will be the average inlet partial 

pressures measured experimentally.  For flow rates that were not examined 

experimentally, the inlet value for the flow rate immediately preceding it will be 

used.   
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Table 7.1 - Convection-diffusion constants 

Blood    

 

Diffusion of oxygen in blood
68
 

 

2OD  

 

91.191 10x −  

 

m
2
 s
-1 

 

Solubility of oxygen in blood
81
 

 

2Oα  

 

69.98 10x −  

 

mol (STP) m
-3
 Pa

-1
 

 

The parameters used in the blood simulations are the same as those listed in 

 

Table 5.1, and are therefore not repeated. 

 

The fluid velocity shall range from 1 ml min
-1
 to 4 ml min

-1
 in 1 ml min

-1
 increments.    
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7.2 Materials and methodology 

 

Using COMSOL Multiphysics, the equations described in Chapter 3, as well as the 

conditions detailed in Section 7.1, were evaluated.   

 

The mathematical models were created to simulate the experiments conducted in the 

laboratory.  To this end, the input conditions of the models were chosen to closely 

mimic the inlet conditions recorded experimentally. 

 

The non-mixing, three- and six blade models were modified from Chapter 5 to 

include a reaction equation to simulate the removal of oxygen from the system as it 

binds to haemoglobin.  Recalling Equation (3.21): 

 












∂
∂

+
∂

∂
=















∂

∂
+

∂

∂

22

2222 1
2

2

2

2

OO

HbOO

z

OO

P

SC

z

P
u

y

P

x

P
D

α

β
,    (3.21) 

 

the binding reaction is defined as: 
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The experimental initial conditions were used as the initial conditions for the 

simulations.  As the non-mixing, three- and six-blade models had already been 

developed, each pair was solved for in sequential order, i.e. non-mixing Pair 4 

followed by mixing Pair 4; non-mixing Pair 5 followed by mixing Pair 5 etc. 

 

As a result of computational limitations, the three-dimensional models were unable 

to resolve the oxygen uptake by the blood.  In an attempt to remove some of the 

computational strain, a two-dimensional, axial symmetric model was investigated 

again.  Previously, in the water simulations detailed in Chapter 5, the two-

dimensional model had only been able to give an approximate indication of the 

experimental values for the non-mixing tube and unable to reproduce the mixing 

devices.  However, an approximate model would be adequate for this study, and a 

solution to the mixing problem was conceived. 
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Based upon the three-dimensional mixing simulations, the average radial velocity for 

each flow rate around the six-blade mixer can be calculated.  Using this velocity in 

the two-dimensional models, the effect of the mixer could be simulated without 

having to alter the fibre geometry from that of the tube. 

 

Despite the modifications to the model, the simulations remained unable to resolve 

the oxygen transfer into blood.  Further investigation revealed the mathematical 

model was struggling to calculate ϕ  close to the fibre wall at the experimental value 

for the haemoglobin concentration. 

 

Further amendments to the model were made.  In order to find exactly where the 

simulation was experiencing difficulty, the value of ϕ  was decreased.  This was 

done by reducing the haemoglobin concentration in the system to very low levels 

( 4 3 1 31.40 10 1.40 10HbC x kg m x kg m− − − −≈ − ).  This change allowed the model to be 

solved, as effectively the fluid in the simulation became plasma with a small number 

of red blood cells. 
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7.3 Results 

 

The three-dimensional models for both the mixing and non-mixing cases were unable 

to provide solutions.  The cause of this was determined to be the inclusion of 

haemoglobin in the models; even lowering the levels of haemoglobin present did not 

relieve this problem. 

 

A two-dimensional, axially symmetric model was therefore created.  This simulated 

both the non-mixing and the mixing configurations.  Given the relative accuracy of 

the water simulations, both mixing (specifically the six-blade mixer) and non-

mixing, the values obtained for the radial velocities in those models were taken from 

the three-dimensional mixing models for the various flow rates and used in the two-

dimensional model to attempt to simulate the effects of a mixer in the tube. 

 

As part of the investigation into the model’s instability, the value of ϕ  was adjusted 

by varying the haemoglobin concentration.   

 

Modelling a non-mixing device, the O2 saturation for each haemoglobin 

concentration was measured at various points up the device length.  Figure 7.1 shows 

the O2 saturation measured solely across the device outlet and Figure 7.2 shows the 

O2 saturation at three equidistant points on the device length, taken across the tube’s 

radius (3cm, 6cm, and the outlet at 9cm). 
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Figure 7.1 – O2 Saturation, S, measured at the outlet of a non-mixing 

oxygenator.  The legend shows the varying levels of haemoglobin concentration 

(kg m
-3

). 
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`  

Figure 7.2 – O2 Saturation, S, measured at different axial positions along a non-

mixing oxygenator.  The legend shows the varying levels of haemoglobin 

concentration (kg m
-3

). 

 

In Figure 7.3, the radial 
2OP  profile at the outlet of a non-mixing oxygenator is 

shown.  Figure 7.4 details this varying with device length.  The axial positions are 

the same as those for Figure 7.2. 
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Figure 7.3 – Radial profile of 
2OP  at the non-mixing device outlet.  The legend 

shows the varying levels of haemoglobin concentration (kg m
-3

). 
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Figure 7.4 – Radial profile of 
2OP  measured at different axial positions along 

non-mixing device.  The legend shows the varying levels of haemoglobin 

concentration (kg m
-3

). 

 

Figure 7.5 depicts the effect of varying haemoglobin has on ϕ  at the outlet of the 

non-mixing unit and Figure 7.6 shows this effect along the device length. 
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Figure 7.5  - ϕ  predicted at non-mixing device outlet.  The legend shows the 

varying levels of haemoglobin concentration (kg m
-3

). 
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Figure 7.6 - ϕ  predicted at different axial positions along the non-mixing device.  

The legend shows the varying levels of haemoglobin concentration (kg m
-3

). 

 

Using the different values of haemoglobin concentration in Equation (3.19), along 

with the O2 saturations calculated for those values, the concentration of bound 

oxygen was calculated.  The Cb calculated for two pairs, non-mixing and mixing, is 

shown in Figure 7.7 and Figure 7.8.   
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Figure 7.7 – Cb dependence on CHb: Example One 

 

 

Figure 7.8 – Cb dependence on CHb: Example Two 



 - 140 - 

7.4 Discussion 

 

Initially, the reasoning behind the creation of the mathematical model is the same as 

described in Chapter 5; to reduce the amount of time spent in the laboratory.  In this 

portion of the study, it was hoped that the mathematical model would be able to 

simulate the results presented in Chapter 6 with a similar degree of accuracy as the 

water simulations in Chapter 5.  As stated previously, it was apparent early in the 

study that computational power would be limited and may become a factor in the 

creation of a suitably accurate model.   

 

The models used in Chapter 5 were amended to better reflect the removal of oxygen 

from the system by binding to haemoglobin.  However, none of the simulations ran 

to completion; all failed to return results.  This was believed to be as a result of 

insufficient computational power. 

 

In order to investigate the problem further, a two-dimensional model was devised.  

The limitation with working in only two-dimensions was the difficulty in creating an 

effective static mixer.  However, when the two-dimensional model was originally 

conceived, there had been no work conducted on the three-dimensional simulations.  

Based upon the work carried out previously discussed, the average radial velocity 

from the three-dimensional six-blade mixing model was taken and used in the two-

dimensional model to simulate the effect, although not the physical geometry, of the 

static mixer. 
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Figure 7.9 – The mixing and non-mixing two-dimensional models shared a 

geometry shape.  To simulate the effect of the mixer within the fibre, the mixing 

model had radial velocity, whereas the non-mixing model did not. 

 

All of the figures presented in Section 7.3 were taken from the two-dimensional 

models.  Figure 7.1 shows the O2 saturation of a two-dimensional non-mixing tube at 
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the outlet for varying values of the haemoglobin concentration.  The blue line, 

furthest to the left of the graph, represents the fractional saturation form when 

6 31.23 10 .HbC x kg m− −= .  When the haemoglobin concentration is increased, the line 

shifts towards the right.  The reason behind this shift is that oxygen molecules are 

getting bound to haemoglobin more readily when there is more haemoglobin present; 

this means that oxygen molecules are more likely to encounter a haemoglobin 

molecule before diffusing into the fibre lumen.  As such, one would expect the 

region of diffuse oxygen to become increasingly smaller as the haemoglobin 

concentration rises. 

 

An indication of the source of the instabilities in the models can be seen in Figure 

7.2.  Examining the line furthest the right, taken at 3cm along the device length, the 

highest haemoglobin concentration for the first sample point, noise can be detected at 

the bottom of the curve, where it turns to an almost vertical line.  This noise is 

indicative of the trouble the software has computing the ϕ  factor.  COMSOL is 

unable to resolve 
S

P

∂
∂

 as the gradient becomes larger, which it evidently does as the 

haemoglobin concentration is increased.  As some values of HbC  did solve, the 

continued failure of the simulations is believed to be solely a computational one. 

 

Figure 7.3 shows the oxygen partial pressure measured at the outlet for the various 

haemoglobin concentrations.  As with the O2 saturation in Figure 7.1, the line 

representing the lowest haemoglobin concentration is the one furthest to the left.  As 

the haemoglobin concentration increases, the line shifts towards the right.  As before, 
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this represents the dissolved oxygen molecules not infiltrating far into the tube lumen 

before they bind to a haemoglobin molecule.   

 

Figure 7.4 depicts the oxygen partial pressure at the sample points along the device 

length.  Like the groups of data shown in Figure 7.2, the group furthest to the right 

shows the oxygen partial pressured simulated at the sample point closest to the inlet.  

As the sample point moves further along the device length, the oxygen diffuses 

further into the lumen. 

 

Figure 7.5 describes the dependence ϕ  has upon the haemoglobin concentration.  As 

the haemoglobin concentration rises, ϕ  increases.  Experimentally when 

3140 .HbC kg m−≈ , then 70ϕ ≈ .  Figure 7.5 shows that there is a central region in the 

fibre lumen where ϕ  is high.  When this figure is compared with Figure 7.1, the turn 

in the fractional saturation curve closest to the fibre wall (radial position of 

approximately 0.8x10
-3 

m) corresponds to the first turn in ϕ .  Again, the next turn in 

S, at approximately 0.5x10
-3 

m, matches with another turn in ϕ .  As 
S

P

∂
∂

 changes, ϕ  

increases accordingly; therefore if the haemoglobin concentration increases, the 

gradient of the curves in Figure 7.1 steeper, the more computational power will be 

required to resolve the model.   

 

Figure 7.6 shows ϕ  at the same axial sample points.  On closer examination of the 

red curve representing the highest haemoglobin concentration, the line furthest to the 

right (closest to the inlet) does not have a completely smooth second turn unlike what 
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was seen only at the inlet.  It is believed that as the haemoglobin concentration is 

increased, this instability also increases; at experimental values, the model is unable 

to adequately resolve this problem. 

 

The data presented in Figure 7.7 and Figure 7.8 is based upon the two-dimensional 

simulations of two fibre pairs.  The figures show how the bound oxygen 

concentration varies with increasing haemoglobin concentrations.  As can be seen, 

the variance is linear; using the equations in the figures, substituting in the 

experimental values for the haemoglobin concentrations (Figure 7.7:  non-mixing = 

137 kg.m
-3
; mixing = 141 kg.m

-3
.  Figure 7.8:  non-mixing = 126 kg.m

-3
; mixing = 

137 kg.m
-3
), then the bound oxygen concentrations calculated fall within ± 1.3% of 

the experimental values.  As the experimental values can be predicted via 

extrapolation of the data gathered from the two-dimensional models, it could be 

argued that although the simulations do not model the experimental results, they can 

be used to predict the approximate values as long as certain information is already 

known, chiefly the haemoglobin concentration. 

 

Many of the problems arising when trying to simulate oxygen transfer to blood can 

be attributed to insufficient computing power.  As the models can be resolved at low 

levels of haemoglobin, and therefore low values of 
S

P

∂
∂

, but develop instabilities as 

these values increase, it is believed there is nothing wrong with the models 

themselves, just with the computational power of the resources available.  With a 
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more powerful computer, it is thought that the three-dimensional models will be 

resolved. 

 

It is regrettable that after simulating the water experiments, COMSOL Multiphysics 

was unable to solve the blood simulations.  An alternate solution to this problem, 

rather than using a more powerful computer system, would be to investigate the use 

of a different software package.   
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Chapter 8 – A Comparison of Findings  

 

This chapter brings together all of the evidence presented in the previous chapters 

and compares the findings.  Section 8.1 looks at the distilled water experiments and 

simulations and compares the findings.  In Section 8.2, the blood experimentation 

and simulations are discussed.  Section 8.3 will consider the effect the helical static 

mixer has on oxygen transfer.  Section 8.4 discusses the limitations of the study. 

 

8.1 Comparison of water experiments 

 

The purpose of this current investigation is to ascertain if the inclusion of a helical 

static mixer in a hollow fibre would have a beneficial effect on the oxygenation of 

blood.  In the preliminary results reported, distilled water was used instead of 

deoxygenated blood.  This chapter will consider only the Celgard 2500 fibres 

ventilated with 100% oxygen. 

 

8.1.1 Practical 

 

The experimental findings for distilled water are presented in Table 8.1 and Table 

8.2.   
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Table 8.1 - Water Experimental Results (O2 Partial Pressure) with values = 

mean ± SD 

 Outlet 
2OP  (kPa) 

Flow Rate (ml min
-1
) Non-mixing Fibres Mixing Fibres Difference (%) 

1 37.0 ± 1.7 59.5 ± 0.7
 

61 

2 28.3 ± 2.6 43.3 ± 2.6 53 

3 23.9 ± 1.7 39.2 ± 2.0 64 

4 21.8 ± 1.2 37.3 ± 2.0 71 

 

Considering the results in Table 8.1, it is clear that as the flow rate increases the 

oxygen partial pressure in both fibre types decreases.  This is as a result of the time a 

specific volume spends within the fibre has decreased at the faster flow rates and is 

to be expected.  Thus, the faster the flow rate, the lower the outlet partial pressure for 

a given inlet 
2OP . 

 

Another point raised by Table 8.1 is the difference between the two configurations of 

oxygenator.  At each of the four flow rates tested, the mixing fibres had higher outlet 

oxygen partial pressure compared to their non-mixing counterparts.  At a flow rate of 

2 ml min
-1
, the difference between the two fibres is the lowest observed, suggesting 

that there may be some limiting factor at this flow rate in the mixing fibres.  

However, this difference may also be attributed to experimental error. 
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Despite the respective outlet partial pressures decreasing overall, the final column in 

Table 8.1 shows that the drop in non-mixing fibre is larger than that observed in the 

mixing fibres.  Thus, the mixer appears to assist the fibre in keeping the partial 

pressure higher than it ordinarily would be at varying flow rates.   

 

Table 8.2 - Water Experimental Results (Oxygen Transfer) with values = mean 

± SD 

 O2 transfer rate (mol s
-1

) 

Flow Rate (ml min
-1
) Non-mixing Fibres Mixing Fibres Difference (%) 

1 5.29x10
-9
 ± 

4.78x10
-10 

8.92x10
-9
 ± 

1.08x10
-10 

69 

2 7.55x10
-9
 ± 

8.01x10
-10
 

1.24x10
-8
 ± 

9.01x10
-10
 

64 

3 9.51x10
-9
 ± 

9.09x10
-10
 

1.71x10
-8
 ± 

3.57x10
-10
 

80 

4 1.14x10
-8
 ± 

6.06x10
-10
 

2.16x10
-8
 ± 

3.03x10
-9
 

89 

 

Table 8.2 is concerned with the calculated oxygen transfer, based upon the results in 

Table 8.1.  It is expected that the mixing fibres will achieve higher oxygen transfer 

than the non-mixing ones, given that the oxygen partial pressures were consistently 

higher, and this is confirmed in the values presented above. 
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As the flow rate increases, the oxygen transfer for both fibres also increases.  

Recalling Equation (3.31), the reason for this increase is that the oxygen transfer rate 

is proportional to 
2OP∆  and the fluid flow rate.  Although residence time will 

decrease with higher fluid flow rate, more fluid at low 
2OP is  transported to the 

region near the tube wall where a higher 
2OP driving force is being maintained, 

leading to a higher oxygen transfer rate with increasing fluid flow rate. 

 

Considering the evidence presented above, the inclusion of a helical static mixer has 

a beneficial effect on oxygen transfer.  Even though the fluid used in this preliminary 

study was only distilled water and not blood, it was believed that the benefits of the 

static mixer would be carried across when testing with bovine blood.  This will be 

discussed further below. 

 

8.1.2  Theory 

 

The mathematical models used the inlet conditions recorded experimentally.  Three 

three-dimensional models were created to simulate the results presented above:  a 

simple hollow fibre; a three-bladed mixer; a six-bladed mixer.  The boundary, initial 

and inlet conditions were all tailored to meet those present in the laboratory 

environment.   

 

Considering the non-mixing fibre models first, it can be stated that the experimental 

conditions were successfully reproduced theoretically.  Concentrating on the oxygen 
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partial pressure figures presented in Chapter 5, the mathematical models all follow 

the same trend as the experimental results – all outlet partial pressures decrease as 

the flow rate is increased.  The corresponding oxygen transfer figures show again 

that the experimental results can be reproduced, as the oxygen transfer modelled 

theoretically increases as the flow rate rises, and the majority of the data points 

generated fall within experimental limits. 

 

Considering the theoretical three-blade mixer models, the outlet partial pressure 

figures show the familiar decrease with increasing flow rate.  However, the 

theoretical model does not match the experimental results as closely as the hollow 

fibres did because the model is not simulating exactly the laboratory experiment.  

Practically, two units of twelve blade elements were placed inside the lumen of each 

fibre; in this model, only three blade elements have been modelled.  Despite this 

departure from reality, the model is encouraging in the sense that the partial pressure 

values are not too dissimilar to the experimental ones.  Any difference between 

experimental and theory can be attributed to the low number of blades in the 

mathematical model.  The oxygen transfer for the three-blade mixers were also lower 

than those measured experimentally; the trend of the figures show that overall the 

same behaviour was modelled, and again any difference between reality and 

simulation is generally believed to be due to the difference in the number of blades 

modelled. 

 

When the mixing model was altered to represent six blade elements, both the outlet 

partial pressures and the oxygen transfer began to match the experimental values 
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closer than the three-blade mixer.  The most surprising aspect of the six-blade figures 

is the distinct similarity between the model and the experimentally measured values.  

The implication of this similarity is only apparent when considering the 

mathematical model as a device-optimisation tool; there are times in the simulations 

where the theoretical partial pressure and oxygen transfers match or surpass the 

practical values, indicating that although twenty-four blade elements used in the 

laboratory, there may be a degree of redundancy in the practical fibres.  The 

theoretical models have proven to be relatively accurate when compared to the 

experimental findings, giving confidence to any device alteration based upon the 

mathematical results. 
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8.2 Comparison of blood experiments 

 

Having completed the preliminary water experimentation, and having confidence in 

the mathematical models’ ability to reproduce the findings, the follow-up work used 

bovine blood. 

 

8.2.1 Practical 

 

Table 8.3 shows the experimental oxygen transfer results. 

 

Table 8.3 – Bovine Blood Experimental Results (Oxygen Transfer) with values = 

mean ± SD 

Flow Rate (ml min
-1

) Blood oxygen transfer rate (mol.s
-1
) 

 Mixing Non-mixing Difference (%) 

1 

1.33x10
-8
 ± 

3.41x10
-9 

8.41x10
-9
 ± 

4.38x10
-9 

158 

2 

1.75x10
-8
 ± 

9.94x10
-9 

8.20x10
-9
 ± 

5.83x10
-9 

214 

3 

1.80x10
-8
 ± 

5.32x10
-9 

7.45x10
-9
 ± 

4.86x10
-9 

242 

4 

1.37x10
-8
 ± 

3.20x10
-9 

1.67x10
-8
 ± 

1.33x10
-8 

82 
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From Table 8.3 it is clear that the fibres with static mixer have a distinct advantage 

over the hollow fibres.  Before, in the water experiments, whilst the mixing devices 

achieved higher oxygen transfer than the non-mixing units, the difference was not as 

large as with the bovine blood at certain flow rates.  The reason for this is that the 

oxygen can exist within the blood in both a bound state and a dissolved one, unlike in 

the water where there is no haemoglobin present to actively bind to the oxygen. 

 

The most important point to note from Table 8.3 is the difference between the non-

mixing and mixing fibres.  The mixing fibres are all substantially higher in oxygen 

transfer than the non-mixing ones, except at the highest flow rate.  At flow rates of 2 

ml min
-1
 and 3 ml min

-1
, the mixing fibres attain over triple the non-mixing oxygen 

transfer for the same flow rates.  Clearly at these flow rates, the blood behaves in 

such a fashion to allow for greater oxygen transfer; at the same flow rates, the non-

mixing fibre oxygen transfer has actually reduced from that of the lower flow rate, 

which was not expected. 

 

The mixers were each coated with a siliconising solution to prevent thrombosis 

formation on the blades.  Encouragingly, after testing no thrombi were observed.   
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8.2.2 Theory 

 

As stated in Chapter 7, the three-dimensional simulations based upon the blood 

experiments were unable to be completed due to the limitations of the resources 

available.   

 

Axisymmetric models were constructed in an attempt to resolve this issue.  Despite 

only being able to simulate very low levels of haemoglobin, the two-dimensional 

models were able to produce results that can be compared with the experimental 

findings.  An approximation of the experimental bound oxygen concentrations could 

be extrapolated using the equation of the trend line generated by the mathematical 

model.   
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8.3 Evaluation of static mixer 

 

The aim of this study is to ascertain if the inclusion of a helical static mixer within 

the fibre lumen is beneficial to oxygen transfer.  From the experimental results, both 

in distilled water and bovine blood, it can clearly be seen that the static mixer 

facilitates the oxygen transfer.   

 

At all of the flow rates tested, the fibres with the static mixer included were able to 

produce higher oxygen transfer rates than those without.  The purpose of the static 

mixer is not to increase the oxygen within the tube; it is there to aid the transport of 

the blood from the central region where diffusing oxygen will not reach to the fibre 

walls where the oxygen is entering the system.  However, as deoxygenated blood is 

moved from the centre region to the membrane boundary, the local oxygen partial 

pressure in the blood is reduced, increasing the driving force from the gas side, 

which in turn increases the concentration of oxygen entering the system.  Thus, the 

oxygen transfer for the mixing fibres is considerably higher at all of the flow rates 

than the non-mixing fibres as the hollow oxygenators are reliant upon the diffusion 

process only for oxygenation, whereas the static mixer introduces convective 

processes as well, increasing the amount of blood available in the wall region to bind 

oxygen. 

 

Overall, this study has shown that fibres with static mixers included in their design 

have higher oxygen transfer than those without.  Through the use of mathematical 
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modelling, any device using this design could be tested rigorously before practical 

work was undertaken. 
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8.4 Limitations of the study 

8.4.1 Practical limitations 

 

During this study, a great deal of time was spent investigating different materials to 

construct the fibres from.  As stated in Chapter 4, initially silicone rubber was used.  

Once the results had been analysed and the oxygen transfer calculated, this material 

was deemed unsuitable. 

 

Once Celgard 2500 had been selected as the material to be used, another of the 

limitations in this study was the method of construction of the hollow fibres.  Manual 

construction of the individual fibres and placing the mixers inside was a very time 

consuming process.  Another problem with the construction method was the 

propensity for the thin-walled material to tear when putting the mixer in place.  

Unfortunately, tears were not always obvious, and subsequently some fibres were 

sealed within the test casing and had fluid flowing through them before the structural 

instabilities became evident.  This meant having to rebuild another fibre to replace 

the torn one, limiting the amount of time spent testing. 

 

Once the practical aspect of this study was completed, it was discovered that the fibre 

length was a limiting factor in the oxygenation process.  None of the fibres tested, 

non-mixing or mixing, achieved 100% saturation.  The reason for this is believed to 

be that the fibres were not of sufficient length to allow enough oxygen into the 
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system.  Whilst it has been shown that the static mixer greatly enhances the oxygen 

transfer, in a future study the fibres will need to be longer in order to increase the 

blood residence time, and hence outlet O2 saturation, for a given fluid flow rate.  

Alternatively, a parallel array of oxygenating tubes could be considered in order to 

increase the residence time. 

 

Another limitation was the fluid flow rates that were selected for testing.  If the fluid 

flow rate was sufficiently reduced, then 100% saturation could be achieved; 

however, the flow rates that were chosen were done so to allow sampling of the fluid 

at the oxygenator outlet to occur over a practical timescale.  

 

As the membrane tubes were manually constructed, there remains the possibility that 

the contact between the static mixer and the membrane wall was imperfect.  In this 

event, there would be channels forming between the mixing blades and the 

membrane wall, reducing the oxygen transfer in these regions. 

 

A final issue that was raised at the end of the study was the subject of haemolysis.  It 

is unknown if the static mixer damages the red blood cells as they pass the blades 

and therefore no comment can be made on the long-term usage of the mixing fibre 

configuration. 

 

These comprise a list of the major practical limitations of the project. 
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8.4.2 Theoretical limitations 

 

The majority of the problems experienced in the theoretical aspect of this study can 

be attributed to insufficient computing power.  The most obvious case is the inability 

to simulate the bovine blood experiments after so accurately simulating the water 

trials.  The major difference between the two models was the inclusion of the 

reaction term when the model was adapted to simulate blood; the computer used was 

able to solve the two-dimensional blood problem for very low levels of haemoglobin, 

implying that it is not the introduction of the haemoglobin that is the problem, just 

that a more powerful computer is needed. 

 

The same can be said for the water trials’ inability to solve for mixers comprised of 

any more than six blades.  If more computational power was available, then perhaps 

more blades could have been modelled.  However, having discussed the six-blade 

mixing model previously, modelling more blades may only be an exercise in device 

optimisation. 

   

A final limitation in the theoretical aspect of this study is the limited resources 

available.  Any further work to this report must certainly investigate the use of a 

more powerful computer system or an alternative software package. 
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8.5 Conclusions 

 

The aim of this project has been to investigate a method of improving the oxygen 

transfer in a prototype membrane oxygenator.  This was done by inserting a 

commercially available helical static mixer in custom made hollow fibres.  The 

majority of the study was taken up with trying to find a suitable material to construct 

the fibres from and then building them. 

 

The study found that when a helical static mixer is included in the fibre design, the 

oxygen transfer in bovine blood is greatly enhanced.  This was found to be most 

obvious at a flow rate of 3 ml min
-1
, at which a hollow fibre with no mixer was found 

to have an oxygen transfer of 7.45x10
-9
 ± 4.86x10-9 mol.s

-1
.  When the fibre with 

mixer was tested, this transfer was observed to have increased to 1.80x10
-8
 ± 

5.32x10
-9
 mol.s

-1
, which is a 242% rise in favour of the mixing fibre.  Other flow 

rates were also tested, and at each the mixing fibre was found to have higher oxygen 

transfer, leading to the conclusion that the helical static mixer has a beneficial effect 

on oxygen transfer within bovine blood. 

 

During the study, a series of two- and three-dimensional mathematical models were 

created to simulate the oxygen transfer within the device.  When the fluid being 

reproduced was distilled water, the theoretical findings had good correlation with the 

experimental results.  This indicated that the model was accurate in its design and 

implementation.  However, when simulating bovine blood, the models were unable 
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to cope with the inclusion of haemoglobin, resulting in the breakdown of the 

numerical code.  Despite this setback, work was undertaken to create an 

axisymmetric model which could simulate the experimental data at low levels of 

haemoglobin; the findings of this model was that the experimental conditions could 

be extrapolated from the model, suggesting that the theoretical reproduction was able 

to model reality in an abstract fashion. 
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8.6 Future work 

 

There are a number of logical continuations to this study.  Firstly, an alternative 

method of device construction would need to be investigated; the majority of the 

units used in this study failed due to leakage.  This problem would need to be 

addressed before any further work could continue.  As the membranes were 

constructed manually, there remains the possibility that the static mixers inserted into 

the tubes did not fit perfectly, leading to the formation of channels between the 

blades and the membrane wall, removing the convective aspect of the oxygenation 

process. 

 

Another way that this study could be improved upon would be to investigate the 

residency time of the blood within the fibre.  At no point in the course of this trial did 

the blood become wholly saturated, indicating that the blood was not within the fibre 

for long enough.  Increasing the residence time would ensure that the blood would 

become fully saturated.  This could be tackled by either increasing the fibre length or 

by reducing the flow rate.  This could be investigated by the development of a 

theoretical model that was able to simulate blood flow and the oxygen transfer to it. 

 

Finally, whilst it is apparent that the helical static mixer had a beneficial effect on the 

oxygen transfer to the blood, the effect the mixer had upon the blood itself was not 

studied.  A priority for any future work should be to investigate possible haemolysis 

arising from red blood cells interacting with the leading edges of mixing blade 
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elements in addition to any microscopic thrombus formation on the blades of the 

static mixer.  Further research would also be required into the inflammatory response 

this configuration of device would have upon the immune system. 
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