
Bioengineering Unit, Wolfson Centre 

University of Strathelyde, Glasgow, United Kingdom 

CARBON DIOXIDE TRANSFER IN MEMBRANE 

OXYGENATORS AND ASSOCIATED 

MEMBRANES 

by 

Peter Wong, B.Se.,M.Se. 

Thesis submitted for the Degree of 

Doctor of Philosophy in Bioengineering 

October 1984 



To my parents and nanny 



i 

ABSTRACT 

A recently developed therapy for treatment of acute respiratory 

failure requires that the patient's metabolic carbon dioxide production 

be eliminated by a membrane oxygenator operated in an extracorporeal 

blood circuit. In conjunction with peripheral cannulation, the 

oxygenator should be optimised for CO2 removal at low blood flow 

rates of 1.5 l/min or less for adults. An extensive literature 

survey revealed that very few publications dealt with oxygenator CO2 

performance at low flow rates. 

Two commercial devices, the Terumo CAPIOX II (1.6 m2 and 3.3 m
2 

2 
membrane areas) hollow fibre oxygenator and the Travenol TMO (2.25 m 

membrane area) parallel-plate oxygenator were evaluated in relation 

to the new therapy. A theoretical model describing carbon dioxide 

transfer in membrane oxygenators was used to correlate the experimental 

data. The Terumo CAPIOX II 3.3 m2 unit was the only device capable 

of satisfying the carbon dioxide removal requirements necessary for 

the new therapy at the low blood flow rates stipulated. 

Effects of blood and gas flow maldistribution were also studied 

in the TMO and CAPIOX II units respectively. Non-uniform blood flow 

was not a major factor contributing to the decline in CO2 transfer 

performance compared with theory. This was confirmed in experiments 

with a modified TMO unit. Comparison with theory indicated that the 

membrane resistance was the controlling factor for CO2 transfer in 

the CAPIOX II device. 

A method was developed to assess the CO2 transmission rate 

(Gco ) through oxygenator membranes under gas-membrane-liquid 
2 

contact conditions. This forms the basis for the selection of 

suitable membrane materials for oxygenators. Although the GCO values 
2 



ii 

for homogeneous silicone rubber membranes were consistent with the 

results of previous workers, significantly higher values were obtained 

for microporous polypropylene membranes. For microporous membranes 

under liquid contact conditions a 5-fold reduction in GCO is 
2 

obtained in this study compared to gas-membrane-gas tests, indicating 

that micropore wetting imposes a significant resistance to CO2 

transfer. 



iii 

ACKNOWLEDGEMENTS 

I wish to take this opportunity to convey my warmest thanks to 

the staff and members of the Bioengineering Unit who have helped in 
• 

different ways during the course of this project. 

In particular to: 

DR. JOHN GAYLOR, my supervisor, for the considerable time and help he 

has given to me. His continual encouragement and guidance throughout 

this project is gratefully acknowledged. 

MR. DAVID SMITH, for his assistance in the collection of blood 

required for the experiments. 

MRS PAULINE TURNER and MRS GAIL CONNEL for the photographs taken in 

this study. 

MR. GRAHAM PHILLIPS for the linear regression program acquired for the 

analysis of results contained in Chapter 5. 

DR. PETER MAYES, DR. JAMES COURTNEY, MISS ZAHRA KOOCHAKI, MR. GUAN TAT 

KROO, ALEXIS ROSS, JOAN WILSON and MONICA McCOLL for their ready help 

and friendship. 

PROFESSOR JOHN P. PAUL for his support and providing the facilities 

for me to undertake this project. 

Further I extend my gratitude and appreciation to: 

MR. S. DENTON of Terumo Europe Inc., Belgium, for his generous supply 

of Terumo CAP lOX II hollow fibre oxygenators. 

DR. MILLS of the Glasgow Royal Infirmary for the loan of the Van Slyke 

equipment. 



MR. D. CRINGEAN of the Department of Natural Philosophy, University 

of Strathclyde for much of the glass repair work. 

PROFESSOR CH.R.H. WILDEVUUR and DR. JAKOB ENNEMA of the University 

Hospital Groningen, The Netherlands, for making my visit to the 

Department of Experimental Surgery possible. 

iv 

The Science and Engineering Research Council (SERe) for the two years 

funding of this project. 

I am also extremely grateful to: 

DR. LESLIE and MRS ROSE BARNARD for their understanding and kind 

assistance during the final stages of this project. 

my PARENTS and NANNY: their encouragement and financial support 

given me during my studies away from home. 

Finally, my special thanks to MRS LYNNE WESTWOOD for her competent 

and excellent typing of this thesis. 

GLORIA ET HONOR DEO 



ABSTRACT 

ACKNOWLEDGEMENTS 

CONTENTS 

NOMENCLATURE 

CHAPTER 1 : INTRODUCTION 

1.1 Human Lung Function 

CONTENTS 

1.2 Blood Composition and Gas Transport 

1.2.1 Physical properties 

1.2.2 Oxygen transport 

1.2.3 Carbon dioxide transport 

1.3 Overview of Extracorporeal CO2 Removal 

1.3.1 Membrane oxygenator technique 

1.3.2 Alternative techniques 

1.4 Thesis Objectives and Layout 

CHAPTER 2 CARBON DIOXIDE TRANSFER IN MEMBRANE 

OXYGENATORS AND ASSOCIATED MEMBRANES 

2.1 Membrane Oxygenator Requirements for ECC02R-LFPPV 

2.1.1 Gas Transfer 

2.1.2 Priming volume 

2.1.3 Resistance to flow 

2.1.4 Blood trauma 

2.2 Membrane Oxygenator Configuration 

2.2.1 Tubular and para11e1-p1ate devices 

2.2.2 Secondary flow devices 

i 

iii 

v 

ix 

1 

6 

7 

7 

8 

9 

14 

14 

16 

18 

21 

21 

21 

26 

26 

27 

29 

29 

30 

v 



2.3 Carbon Dioxide Transfer in Membrane Oxygenators 

2.3.1 Sci-Med Kolobow 

2.3.2 Travenol TMO 

2.3.3 Hospal M32 

2.3.4 Terumo CAPIOX II 

2.3.5 Interpulse Oxygenator 

3~4 Summary of CO2 Transfer in Membrane Oxygenators 

2.5 Membrane Permeability 
I' 

2.5.1 Theory 

2.5.2 Review of literature 

2.5.3 Summary 

CHAPTER 3 : CARBON DIOXIDE TRANSFER MODELS 

3.1 Mass Transport 

3.2 Convective-Diffusion Equation 

3.3 Review of CO2 Transfer Models 

3.3.1 Benn's weak acid model 

3.3.2 Voorhees' model 

3.4 CO2 Transfer Theory Predictions 

3.4.1 Input parameter selection 

3.4.2 Effect of gas phase pC02 and wall resistance 

on CO2 transfer 

3.4.3 Design predictions for ECC02R-LFPPV 

CHAPTER 4 : IN VITRO EVALUATION OF MEMBRANE OXYGENATORS 

4.1 Introduction 

4.2 Membrane Oxygenators - Modifications and Test Modules 

4.2.1 Travenol TMO modification 

4.2.2 Hollow fibre test modules 

vi 

Page 

31 

32 

34 

37 

39 

42 

44 

47 

48 

51 

59 

62 

63 

63 

66 

70 

72 

76 

76 

78 

85 

87 

87 

88 

88 

88 



Vll 

Page 

4.3 In Vitro Test Circui~s and Procedures 91 

4.3.1 TMO, modified TMO and CAPIOX II oxygenator tests 91 

4.3.2 Hollow fibre module tests 93 

4.4 Results and Discussion 94 

4.4.1 Travenol TMO 94 

4.4.2 Modified Travenol TMO 95 

4.4.3 Terumo CAPIOX II 99 

4.4.4 Hollow fibre test modules 103 

MEMBRANE GAS TRANSMISSION RATE STUDIES UNDER 

GAS-MEMBRANE-LIQUID TEST CONDITIONS 

~ Requirements for the Membrane Evaluation System 

5.2 Dynamic Test Cell 

5.2.1 Membrane description 

5.3 Reaction Solution 

5.3.1 Reaction kinetics of CO2 absorption in NaOH 

solution 

5.4 Experimental Circuit and Procedure 

5.4.1 Test circuit 

5.4.2 Test procedure 

5.5 Results 

5.5.1 Calculation of gas transmission rate 

5.5.2 Effect of NaOH concentration 

5.5.3 Effect of solution flow rate 

5.6 Discussion 

109 

109 

111 

112 

112 

113 

116 

116 

118 

118 

119 

119 

121 

121 



CHAPTER 6 : CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

6.1.1 Oxygenator CO2 performance 

6.1.2 Membrane evaluation 

6.2 Recommendations For Future Work 

BIBLIOGRAPHY 

APPENDICES 

APPENDIX A FORMULAE FOR CALCULATING SOLUBILITY AND 

DIFFUSIVITY OF CO2 IN BLOOD 

APPENDIX B CORRECTION FOR ABNORMAL BASE EXCESS 

APPENDIX C BLOOD GAS AND ACID-BASE MEASUREMENTS 

APPENDIX D EXPERIMENTAL DATA FOR THO AND CAPIOX II TESTS 

APPENDIX E CORRELATION FOR TRAVENOL TMO 

APPENDIX F EXPERIMENTAL DATA FOR HOLLOW FIBRE MODULES 

APPENDIX G EXPERIMENTAL DATA FOR MEMBRANE EVALUATION 

viii 

Page 

130 

130 

130 

131 

132 

134 

148 

148 

151 

152 

157 

177 

181 

186 



NOMENCLATURE 

a half-height of semi-infinite parallel plate channel 

A area of membrane 

AI constant in Arrhenius equation 

C concentration 

C* concentration at equilibrium 

~B concentration of haemoglobin 

CT total CO2 content in blood 

CTi CT at tube or channel inlet 

CTo CT at tube or channel outlet 

CI concentration of dissolved CO2 in blood 

CI,i C1 at tube or channel inlet 

C2 concentration of reacted CO2 in blood 

D 

D. 
1 
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1 
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1. 

INTRODUCTION 

The first attempt to provide life support by oxygenating the 

lungs was described in a paper by Robert Hooke (1667) in which he 

wrote: 

"I propose to expose the blood of the animal to fresh 

air in a vessel and return the blood, to see if this 

will suffice for the life of the animal ••• and 

determine what benefit this may be to mankind." 

This description was the forerunner to the concept of an 

artificial lung (or blood oxygenator), where the idea of a device 

used for blood-gas exchange outside the body was first suggested. 

Efforts to construct such a machine date back to 188,5 when Von Frey 

" and Gruber designed a device capable of supplying oxygenated blood 

to an isolated organ preparation. A successful heart-lung bypass on 

a dog was reported by Gibbon in 1937, and by the 1950's the use of 

lung devices for total support of adults during open-heart su~gery 

was possible (Dennis et a1. 1951; Gibbon et ale 1954). 

Since that time numerous lung devices have been developed and 

can be classified into two main types: the bubble oxygenator with 

direct blood-gas contact, and the membrane oxygenator with separation 

of the blood from the gas by a membrane. Although the term 

"oxygenator" does not describe the CO2 function of the artificial 

lung it will be used as a synonym in this thesis. 

Essentially, oxygenators are blood-gas exchangers which 

temporarily replace or supplement the respiratory function of the 

natural lungs. Application of cardiopulmonary bypass (CPB) 
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procedures are required tn two main areas of clinical medicine: 

firstly, they are used for open-heart surgery e.g. hole-in-the-heart 

congenital defects in the newborn, valve replacements and total heart­

lung transplantation of the adult (Ionescu, 1981; Jamieson et a1. 

1983). The duration of CPB may range from 1 to 4 hours depending on 

the type and extent of the operation. The second area is for 

partial lung support e.g. acute respiratory failure. In this 

application the duration of partial bypass using an artificial lung 

may be from 8 hours to several days. Most of the short-term 

(1-4 hours) CPB's are conducted with bubble oxygenators because of 

their ease of operation. Although adequate for the short-term, 

progressive damage to blood is a limiting factor in long-term (8 hours 

or more) applications. Therefore, for long-term support membrane 

oxygenators are used exclusively. 

In a typical CPB circuit for open-heart surgery (Figure 1.1) 

blood is removed from the venae cavae of the patient and by cardiotomy 

suction from the heart chambers into a reservoir. As blood passes 

through the artificial lung, O2 is added to and CO2 is removed from 

the blood. A heat exchanger in the circuit enables normothermia 

(37oC) or hypothermia (20-30oC) to be employed during CPB. Online 

filters remove emboli in the circuit and circulation of the blood in 

the extracorporeal system is maintained by a roller pump. The main 

function of each bypass component is shown in Table 1.1. It should 

be noted that hypothermia lowers the patient's O2 metabolism and 

hence the gas requirement of the artificial lung. This is a useful 

teChnique if haemodilution occurs due to priming of the CPB circuit 

wi th aqueous physiological solutions. Each year at least 100,000 
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aortic arch vena cavae r---...--
cardiotomy ,blood 
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heat exchanger 
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F'ig~r:e 1.1"- Total heart-lung bypass In open heart surgery. 
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circuit. 
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~ .. . -:.', " 

~eat exchanger 

Filters 

,.,'." 

FUNCTION 

Oxygen uptake 
Carbon diox ide rernoval 

Circula te blood 

Control body temperature 
(hypothermia or normothermia) 

Remove foreign particles 
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CPB operations are carried out in the USA, and between 200,000 and 

250, 000 worldwi de (Galletti, 1980). 

In the past ten years, application of long-term membrane 

oxygenator support for the treatment of acute respiratory failure 

(ARF) has been investigated (Zapol and Qvist, 1976; NIH Report, 1979). 

ARF is widespread and affects about 150,000 adults each year in the 

USA with an average mortality of 40%. 

The aetiology of adult ARF is virtually Gnknown. However, the 

prominent feature of ARF is an increasingly inadequate oxygenation 

of the blood, often combined wiUI a gradual accumulation of carbon 

dioxide. Therefore, a functicnal guideline based on bloud gas 

levels has been adopted to define ARF, viz. when arterial pC0 2 is 

greater than 49 mrnHg and/or when p02 is less than 60 rnmHg and with 

the subject breathing air (Saunders, 1977). 

Conventional mechanical ventilation therapy 1S the most common 

approach for ARF. Ho\o.'ever, in certain cases where all conserv3tive 

methods of tre3tment have failed, membrane lung support may be 

warranted. Earlier therapies concentrated on supplying the body's 

oxygen needs and hence required relatively high blood flows (2.5 to 

4.0 l/min for adults) through the membrane lung (Bartlett and 

Gazzaniga, 1978). These therapies were known collectively as 

extracorporeal membrane oxygenation (ECMO). 

Multi-centre clinical trials were set up 1n the USA between 

the period 1973 to 1979 to assess ECMO support for the treatm~nt of 

ARF. The trials aimed to compare patients treated by conventional 

therapy with the patients treated with a combination of conventional 

therapy and E~O. The conventional therapy consisted of m~chanical 
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ventilation with positive end-expiratory pressure (PEEP) and high 

inspired oxygen concentrations (ri0
2
). The two patient groups were 

referred to as the "control treatment patients" and the "ECMO tre:J.t-

ment patients" respectively. Of the 90 patients treated 42 were 

randomly allocated to the control group and the remainder to the ECMO 

group. The results of the trial were inconclusive with only 4 

patients 1n each group surviving (NIH Report, 1979). In a reV1ew, 

Hill et a1. (978) stated that ECMO was highly effective 1n providing 

temporary long-term life support, and that EC1'IO patients lived an 

average of two days longer. However the value of ECMO therapy was 

not properly assessed since the ARF patients were 1n their terminal 

stage of the disease with an associated mortality of about 90%. 

Further work rema1ns to define those groups of ARF patients who 

might benefit from ECMO therapy, particularly if applied at an 

earlier stage. 

As an alternative to ECMO a new approach has been proposed by 

Kolobow (1977a). It is based on the hypothesis that the most 

conducive environment for recovery can be obtained by immobilising 

the natural lungs and improving the ventilation-perfusion mis­

matching using low ventilation rates. These conditions may be 

obtained by reducing the rate of spontaneous breathing through the 

extracorporeal removal of metabolic CO
2 

with a membrane oxygenator 

together with low frequency positive pressure ventilation 

(ECC0 2R-LFPPV). Since CO 2 is present in high concentrations 1n 

blood its removal may be achieved with efficient membrane lungs 

operating at low bypass flow rates (0.5 to 1.5 l/min). The 

attendant advantage is a simplified cannulation technique compared 



to that used for ECMO. To satisfy the patient's oxygen needs the 

natural lungs are supplied wi th 100% oxygen ini tially and the Fi0 2 

is progressively reduced with clinical improvement. As oxygen is 

absorbed by the natural lungs, the gas is replenished via a small 

catheter placed near the tracheal birfurcation (carina). The 

natural lungs are ventilated once or twice a minute, while at the 

same time kept almost immobilized 1n a neutral inflated state 

5 

(Gattinoni et al. 1980). The advantages of ECC0 2R-lfPPV include a 

reduction in barotrauma and in haemodynamic disturbances compared 

with ECMO and conventional v~ntilation management. 

The require~~nts of the new technique have initiated the 

optimisation of nembrane lungs for carbon di oxide remO\"al. In vi tro 

evaluations are necessary together with theoretical models of the 

mass transfer process. Both are useful for design purposes. Oxygen 

transfer has b~en studied extensively in two of the most common 

membrane lung geOI:1etries; the parallel-plate and tubular 

configurations. The various models have been reviewed by Spaeth 

(1970), Colton (1976) and Eberhart et a1. (1978). Relatively fewer 

studies have been reported in the literature on carbon dioxide 

transfer in membrane lungs. The carbon dioxide transfer models by 

Benn (1974) and Voorhees (1976) are the most comprehensivE avai lable 

and are reviewed in greater detail in Chapter 3. 

This thesis lS concerned with the CO 2 transfer evaluation of 

membrane oxygenators 1n relation to the new therapy. The 

experimental results will be compared with theoretical predictions 

obtained from Voorhees' model. As the CO 2 efficiency of these 

devices is partly dependent on the membrane CO 2 resistance, the 

thesis is also concerned with the evaluation of membrane transmission 
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rates under liquid contact conditions. 

To establish the basis for the analysis of membrane oxygenators 

for carbon dioxide transfer, descriptions of human lung function and 

gas transport in blood are given in sections 1.1 and 1.2 respectively. 

An overview of developments in extracorporeal carbon dioxide removal 

are presented in section 1.3. This chapter concludes with the 

objectives and layout of the thesis. 

1.1 Human Lung Function 

Detailed anatomy and physiology of the human lungs are described 

In many standard medical texts such as Bell et al. (1976) and PassDore 

and Robson (1968). Therefore, no attempt will be m3de to reproduce 

such detailed reviews in this thesis. Only the salient points, 
\ 

relevant to the development of artificial lungs will be ~entioned. 

The human lungs contain about 700 million tiny sacs called alveoli. 

These are surrounded by a vast network of capillaries. Blood and air are 

separated by the endothelium of the capillaries and the very thin 

epithelium of the alveolar walls which comprise the respiratory 

membrane (Figure 1.2). The short diffusion distances (0.3 to 0.7 urn) 

2 and the large surface area (about 70 m ) make the lungs highly 

effective gas exchangers. The narrow capillaries with an average 

diameter of 3 f.1m force the larger red blood cells to pass through 

in single file, creating good blood side mixing (Cooney, 1976; 

Folkow and Neil, 1971). This effect further assists gas exchange 

in the lungs. 

The transfer of oxygen and carbon dioxide into and out of the 

blood is governed by the physical law of diffusion. One of the main 

factors that determines the rate at which the gas will diffuse through 

the respiratory membrane is the difference between the partial 
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pressure of the gas on the two sides of the membrane. 

Carbon dioxide 1S about 20 times more soluble than oxygen in 

blood plasma and the flux 1S 20 times more rapid since the diffusion 

coefficients are similar. This advantage is partly offset by a 

smaller partial pressure difference from mixed venous blood to the 

alveolar air. As blood passes through the lungs, the partial 

pressure difference of carbon dioxide between venous blood and 

alveolar air is about 6 mmHg, while for oxygen the difference is 

55 nnnHg. In artificial lungs the partial pressure differences are 

considerably greater since pure oxygen may be used 1n the gas phase. 

For accurate representation of the exchange processes ln membrane 

oxygenators it is important to take into account the various 

transport mechanisms of the respiratory gases in blood. 

1.2 Blood Composition and Gas Transport 

1.2.1 Physical properties 

Blood 1S usually described as being a suspension of cellular 

elements in a faintly yellowish, transparent fluid kno~~ as the 

plasma. The plasma constitute about 55 per cent of the total blood 

volume. The cellular components of the blood are of three types: 

Ce 11 Type Number (per rom3) Specific Function 

Red blood cell 5,000,000 Gas transport 

White blood cell 8,000 Anti-infection 

Blood Platelets 300,000 Anti-bleeding 

By far the most abundant are the red blood cells; often 

described as biconcave (doughnut-like) in shape and enclosed by a 

thin flexible membrane. Their diameter varies between 7 to 8 ~m 
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and are approximately 2 ~m thick. Red blood cells contain a 

concentrated solution of an iron-containing protein, haemoglobin 

which is a major carrier for oxygen. The volume percentage of red 

blood cells in the blood is known as the haematocrit. This is 

approximately 40 to 45% in healthy adults. 

The plasma is composed mainly of water (90 to 92 per cent) with 

various proteins such as serum albumin, serum globulin, fibrinogen, 

prothrombin and heparin. Mineral salts, nutrient materials, organic 

waste products, hormones, enzymes, antibodies and antitoxins, in 

addition to dissolved respiratory gases make up the remainder. 

1.2.2 Oxygen transport 

Oxygen is carried in blood mainly in the combined form as 

haemoglobin (Hb) to give a loose compound known as oxyhaemoglobin 

This reaction in the blood can be represented simply as: 

The forward and reversible reactions are equally rapid, taking less 

than 0.01 seconds to complete, as compared to 0.3 to·0.75 seconds for 

the blood to traverse the lung capillaries (Yang, 1979). 

The characteristics of the oxygen-h~emoglobin combination 'vary 

with physiological conditions. Figure 1.3 show the non-linear 

equilibrium relationship between the bound and dissolved oxygen in 

blood which is called the oxygen dissociation curve. The curve 

shows the percentage saturation of haemoglobin at each oxygen 

pressure level in the physiological range, at different pC02 levels 

and at a temperature of 37oC. Oxygen combines with haemoglobift in 

the ratio of 1.34 ml O2 (STPD) per gram of haemoglobin, while other 
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investigators use 1.39 for the oxygen combining factor. The 

difference is due to the value taken for the molecular weight of 

haemoglobin (Kelman and Nunn, 1968). 

Oxygen dissociation curves are affected by changes in temperature, 

pressure, pH, inorganic phosphates and pC02. 

1.2.3 Carbon dio~ide transport 

Most of the carbon dioxide in blood is carried in the combined 

: form as bicarbonate ions (HCO;) and carbaminQ compounds (resulting 

, from reactions with plasma proteins and haemoglobin) '. The remainder 

is in the form of dissolved CO2• Table 1.2 shows the relative 

proportions of these forms in the plasma and in the red cells. 

The equilibrium relationship between the dissolved and the total 

CO2 is given by the carbon dioxide dissociation curve. These are 

shown for oxygenated and deoxygenated blood in Figure 1.4. 

The plasma contains about 65 per cent and the red cells about 

35 per cent of the total CO2 content. in contrast to oxygen which 

is carried mainly as oxyhaemoglobin (typically 98 per cent). 

The transport and elimination of carbon dioxide in membrane 

lungs are similar to the process that occurs in the natural lungs 

and follow the following sequence of events: 

(a) Blood enters the membrane lung at the venous conditions 

such as those given in Table 1.2. As it passes through the 

membrane lung, carbon dioxide diffuses from the plasma, through the 

gas-permeable membrane and into the surrounding gas atmosphere. The 

carbon dioxide is continually released by the reversible reactions 

occuring in both the plasma [reaction (3)J and the red blood cell 

shown in Figure 1.5. 
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Table 1.2 Carbon dioxide carriage in blood 
( modified from Nunn, 1971). 

Whole blood 

pH 

pC0 2 mmHg 
'_ .. " 

O2 saturation 

Red cell 

Bicarbonate ion 

Carbamino - (0 2 

Dissolved CO 2 

Plasma 

Bicarbonate Ion 

Dissolved CO 2 

% 

Venous Ar teri al 

7.367 7.40 

46.0 . 40.0 ~ 

. '. .. 

70 95 

concentra tion ex press as % of 
total blood content· 

25.5 

7.3 

2.2 

61. S 

3.2 

2.1 

27.3 

5.1 

62.4 

3.1 

Total CO 2 (all forms) 

Red cell 

Plasma 

35 

6S 

34.5 

65.5 

-
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plasma 

RNHCO"3 + H+ -.=-- RN Heo H 
2 

weClk Clcids : proteins , 

amino acids . 

I (3) 

alveolar membrane 

+ 

~~--------------------- (°2 

-t------------------~ .. ~ O2 + Hb -+ Hb02 , 

.. ..--- (02 (dissolved) 

(1 ) 

red blood cell 

CI .. (I 

Hamburger shift HbNHCO-2 + H+ 

Jt carbaminohaemoglobin 

HbNHC0
2

H (2) 

Jt 
... ( 02 + HbNH

2 
+ H+~ HbNW3 

Figure 1. 5 The major reactions which take pla ce when 
gas exchange occurs between blood and alveolar gas . 
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(b) In the plasma, ~arbon dioxide is released by the reversal 

of the ionic carbonate and bicarbonate reactions producing carbonic 

acid. Carbonic acid then dehydrates slowly producing carbon 

dioxide. This reaction is much slower due to the absence of 

carbonic anhydrase. 

(c) Most of the carbon dioxide, however is produced in the red 

blood cell by two main reaction schemes: the decomposition of 

carbamino haemoglobin [reaction (2)] and the diffusion of 

bicarbonate into the red cell where it reacts with hydrogen ion 

to form carbonic acid [reaction (1)]. Carbonic acid then 

dehydrates rapidly under the influ~nce of the enzyme carbonic 

anhydrase to form carbon dioxide. The carbon dioxide generated in 

the red blood cell then diffuses through the cell membrane into the 

plasma and is eventually removed via the oxygenator membrane. 

Since the reactions in the red blood cell are fast 

(only a few milliseconds), the internal hydrogen and bicarbonate ion 

concentrations decrease rapidly. This sudden decrease initiates 

the Hamburger (or Chloride) Shift, in which bicarbonate diffuses 

into the red blood cell from the plasma. At the same time, chloride 

ions diffuse out of the red cell in order to maintain electro­

neutrality. 

It is important to note that the Hamburger Shift takes place 

with a half-time in the order of 0.1 seconds. This means 

that carbon dioxide is removed more rapidly via the bicarbonate­

chloride shift process, than by direct dehydration in the plasma 

(Sirs, 1970). 



As a result of carbon dioxide and oxygen exchange, two phenomena 

occur which lead to effects of carbon dioxide on oxygen transport and 

vice-versa. When carbon dioxide is removed, thus lowering the pC02, 

the haemoglobin has a greater affinity for oxygen uptake. This effect 

is known as the Bohr Shift. The decrease in pC02 causes a shift to 

the left of the'dissociation curve (Figure 1.3). A more important 

phenomenon which promotes carbon dioxide release from the 

carbaminohaemog10bin is the Haldane Effect. This is the decreased 

affinity of haemoglobin for carbon dioxide due to oxygen uptake. 

Oxyhaemoglobin is a stronger acid than Hb. The increased acidity 

favours the conversion of more bicarbonate into carbonic acid, which 

then dissociates, releasing CO2• The combined Bohr and Haldane 

Effects enhance transport rates of oxygen and carbon dioxide in the 

blood (Colton, 1976). 

It is important also to identify the rate-limiting steps to 

carbon dioxide removal from blood. The chemical kinetics of the 

various CO2 reactions and the rate of bicarbonate-chloride exchange 

have been studied (Calkins, 1971; Forster et al., 1980). Complete 

equilibrium of blood with CO2 does not occur during the short 

residence time (0.1 to 1 s) in the natural lungs. On this pre~ise, 

Calkins (1971) developed a non-equilibrium model for carbon dioxide 

transfer. 

A review paper by Forster et al. (1980) on Cl- and HCO; 

movements across the red blood cell membrane indicates the half-

times of the Hamburger Shift to be between 0.16 to 0.3 s. If 

the resistance offered by the red blood cell membrane to RCO; ion 

and H+ ion diffusion was substantial, a local equilibrium assumption 
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may be invalid for the analysis of CO2 exchange in membrane 

oxygenators (Voorhees, 1976). However, the local equilibrium model 

may be used if the oxygenator membrane possesses a significant 

resistance to CO2 transport, the changes in CO2 content are small, 

and the residence times with oxygenators are large compared to the 

reaction times in blood. 

It is important to note that carbon dioxide is not only removed 

via the lungs but also by the kidneys. The lungs being responsible 

for the volatile part (the CO2 of carbonic acid) and the kidneys for 

the involatile part (the bicarbonate ions). Both the lungs and the 

kidneys work to maintain the blood gas and acid-base levels in man. 

Comroe (1965) stated that the lungs are the most important 

organ in the body for acid excretion. In man at rest, the kidneys 

remove between 40 to 80 mEq per day and the lungs excrete about 

13,000 mEq per day of CO2• The equation which relates the blood 

acid-base levels in man is given by the Henderson-Hasselbalch 

relationship which is written as follows: 

[base] 
pH = pK + log [acid] (1.1) 

where pH is the negative logarithm 6f the hydrogen ion concentration. 

pK is the negative logarithm of the dissociation constant of 

the acid. 

In the case of the carbonic acid-bicarbonate system, equation 1.1 

becomes: 

(1.2) 
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The case when [HCO;] equals [H2C03] is of interest because then 

the log term is zero. Since the pH of such a solution is 6.1 we 

have pH D pK D 6.1 for carbonic acid. In an actual sample of plasma, 

the pH is normally about 7.4, and hence pH - pK - 1.3. Therefore, 

the ratio of [HCO;J to [H2C03] is about 20 to 1 for plasma. 

The fact that bicarbonate ions are by far the most abundant CO2 

species in blood has prompted some investigators to remove CO2 by 

artificial kidneys as an alternative technique. This is discussed 

in section 1.3.2. 

1.3 Overview of Extracorporeal CO2 Removal 

1.3.1 Membrane oxygenator technique 

The early studies of using an extracorporeal membrane lung for 

carbon dioxide removal in order to control respiration have been 

developed to the stage of successful clinical application. The 

landmarks are highlighted below: 

1977 - Kolobow et al. (1977a) proposed the concept of extracorporeal 

CO2 removal with either an artificial kidney or membrane lung. 

Kolobow et ale (1977b) described a spiral coil membrane lung 

designed for efficient CO2 removal. Two main areas 

investigated were (1) membrane envelope geometry to increase 

the CO2 transfer and (2) selection of membranes with high CO2 

transfer properties. 

1978 - Gattinoni et al.(1978) showed in animal studies that breathing 

could be arrested in the natural lung by removing all 

metabolic CO2• The duration of bypass was about 24 hours 

during which good respiratory support was maintained. 
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1979 - Clinical trials were undertaken by Gattinoni et al. (1979) at 

the University of Milano, Italy. 

It should be noted that two SCI-MED Ko10bow membrane lungs 

(total membrane area of 7 m2) were linked in series to 

provide adequate CO2 removal at the low blood flows (1.0 to 

1.4 l/min) obtained by veno-venous cannulation (Figure 1.6). 

The carbon dioxide removal by the membrane lungs ranged 

between 190 and 210 ml/min. About 20 per cent of the oxygen 

needs of the patient were supplied by the membrane lung and 

the rest was provided by LFPPV via the natural lungs at a 

ventilation rate of about 3 breaths/min. 

1980 - Gattinoni et a1. (1980) reported clinical results on three 

patients with terminal ARF. Two of these patients were 

successfully treated. 

1981 - Further clinical trials were carried out by Gattinoni et al. 

(1981). In eleven patients with ARF, seven were treated 

successfully with ECC02R-LFPPV. 

1982 - Presenti et a1. (1982) reported the development of a doub1e-

lumen catheter to allow simpler blood access. The catheter 

was connected in veno-venous mode via the femoral vein., 

Blood flows of about 1.85 l/min were obtained which gave 

complete metabolic CO2 removal while maintaining pe02 in the 

normal range of 35-45 mmHg. 

- Barthelemy et a1. (1982) reported CO2 removal in ~ pumpless 

artery-to-vein perfusion circuit. A 2 m2 HOSPAL M32 membrane 

oxygenator was used in the study. 

- Peacock et a1. (1982) evaluated CO2 removal in a paediatric 

vortex-mixing membrane lung. The membrane surface area of 
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2 
0.39 m gave a CO 2 removal of 120 ml/min at a blood flow 

rate of 1.S l/min. The CO2 removal rate was reported to be 

sufficient for the treatment of ARF in children up to the age 

of 4 years. 

1983 - Mook et a1. (1983) reported CO
2 

transfer characteristics of 

microporous polypropylene membrane lungs. The in vitro and 

in vivo studies were correlated with an existing CO 2 transfer 

theory in order to make performance predictions. 

Schulte et al. (1983) applied ECC0
2

R-LFPPV technique in two 

patients with ARF. Pulmonary support for ten days or more 

was demonstrated with one patient surviving. 

1.3.2 Alternative techniques 

The human lungs and kidneys are the two main organs which work 

together to maintain the blood gas and acid-base status of the body. 

The kidneys will maintain plasma bicarbonate concentration in the 

range of 25 to 28 mEq/~. If plasma pC02 is altered as a result of 

impaired respiratory function, plasma bicarbonate concentration will 

be compensated by the kidneys to maintain the blood pH within normal 

range (about pH 7.4). 

Therefore, artificial kidney devices operating on the 

haemodialysis principle have been investigated for extracorporeal 

CO2 removal. It is well known that patients undergoing 

haemodialysis for renal failure experience a transient, mild 

hypoxemia. It has been suggested that the hypoxemia is the result of 

carbon dioxide removal during haemodialysis producing hypoventilation. 

Ko1obow et al. (1977a) have reported that artificial kidneys 

may be used to remove carbon dioxide. as bicarbonate ions (HCO;). 
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However, in order to control breathing in man, the artificial kidney 

devices would have to be scaled up considerably. 

Nevertheless, the application of haemodialysers for carbon 

dioxide removal has been pursued extensively. The well established 

haemodialysis technique and easy blood access with low b~ood flow 

(about 250 ml/min) makes the artificial kidney an attractive method 

for ~02 removal. It is important to note that the bicarbonate-

carbonate ions in blood act as buffers. The bicarbonate-carbonate 

system is the main buffer for excess hydrogen ions (H+) , hence 

maintaining normal blood pH (about 7.4). When the bicarbonate-

carbonate system is used up, the other buffer systems in the body 

2-come into action, these are the phosphates (HP0
4 

) and the various 

plasma proteins (such as RNHCO;, HbNHCO;). Therefore the main 

problem with using the artificial kidney for extracorporeal CO 2 

removal via the HC03 ions, is to buffer the excess H+ ions. 

To correct this imbalance in the artificial kidney approach, 

the dialysate has to be modified by adding an alkali. 

Updike and Schults (1973) reported the addition of sodium hydroxide 

and calcium hydroxide to buffer the excess hydrogen ions while 

others have tried acetate dialysis (Tolchin et al., 1978; Fleming et 

al., 1981?,198lb). Chang and Garella (1982) investigated the 

feasibility of systematic alkali infusion using sodium hydroxide 

together with dialysis in animal studies. 

Another approach has been to use the artificial kidney and an 

artificial lung for metabolic CO2 removal. In some patients with 

ARF the kidneys may also fail (Gattinoni et al., 1983; Martin, 1983). 

Hence, a combined artificial kidney and artificial lung system would 
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be helpful to provide long-term respiratory and metabolic support. 

The combined system would involve higher priming volume and an 

extra roller pump to be included in the extracorporeal circuit. 

1.4 Thesis Objectives and Layout 

In the previous developments, the artificial lungs used have been 

commercial devices which are designed for total CPB procedures. 

As will be shown in the critical review of CO2 removal of 

commercial membrane oxygenators (Chapter 2), little data exists for 

low blood flow operation pertinent to ECC02R-LFPPV therapy. 

Furthermore, there have been few attempts to relate the experimental 

CO2 removal with theoretically predicted performance. One of the 

major difficulties in this context is the need to know a priori the 

membrane transmission rate for CO2, At present no satisfactory 

method exists for determination of CO2 gas transmission under gas­

membrane-liquid conditions. 

The objectives of the thesis are to: 

(1) Evaluate in vitro two commercial membrane lungs in an 

oxygenator-de oxygenator closed-loop test circuit at low 

blood flow rates and venous input conditions appropriate 

to ECC02R-LFPPV therapy. The membrane lungs are: 

(a) Traveno1 TMO 2.25 m2 parallel-plate membrane lung 

(Travenol Inc.) 

(b) Terumo CAPIOX II 1.6 m2 and 3.3 m2 hollow fibre 

oxygenator (Terumo Corp.) 

It has been noted that blood flow maldistribution may occur in 

the Travenol TMO device at low blood flow rates (Bartlett et ale 

1975). To investigate this effect several membrane lungs were 



19 

modified to reduce the number of parallel-connected blood paths (with 

consequent increase in path length). 

are-reported in Chapter 4. 

The details of the modification 

In the Terumo CAPIOX II membrane lungs, scaling (number of 

fibres) effects on carbon dioxide transfer were investigated. Gas 

flow maldistribution may occur in the full-size devices containing 

20,000 and 38,000 fibres in the 1.6 m2 and 3.3 m2 membrane lungs 

respectively. To study the influence of scaling on carbon dioxide 

transfer, small test modules containing 35 or 70 fibres with an 

active length of 24 em were evaluated. 

(2) Compare the experimental data with the performance as 

predicted by a carbon dioxide transfer model. On the 

basis of the analysis, limiting parameters to gas transfer 

may be identified in membrane lungs. 

(3) Develop a suitable gas-membrane-liquid test method to 

determine carbon dioxide gas transmission through micro­

porous membranes in sheet form. Established gas-membrane­

gas test conditions are not suitable for evaluation of 

microporous membranes. The presence of the blood-membrane 

interface alters the permeability characteristics of the 

membrane (Keller and Schultis, 1979; Schultis, 1980). 

Adjacent to the membrane is a liquid boundary layer, which 

offers an additional resistance to gas transfer. Therefore, 

in the test system, liquid boundary layer resistance must 

be reduced. The test method would also be suitable for 

nonporous membranes (silicone rubber). The data obtained 

may assist membrane selection for artificial lung 

applications. 



Chapter 2 presents the review on CO2 removal of commercial 

membrane oxygenators and associated membrane evaluations. 
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Chapter 3 gives the form of the comprehensive CO2 transfer 

models developed by Benn (1974) and Voorhees (1976). The analysis of 

Voorhees was adopted for subsequent correlation with experimental 

data obtained in the thesis. Accordingly fuller details of this 

model are presented. 

Chapters 4 and 5 contain the in vitro oxygenator and membrane 

evaluations respectively. 

Chapter 6 presents conclusions and recommendations for further 

work. 
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CARBON DIOXIDE TRANSFER IN MEMBRANE 

OXYGENATORS AND ASSOCIATED MEMBRANES 

"Of the artificial systems, the most attractive is that 

where, in imitation of the natural pulmonary anatomy, 

a membrane separates blood from gas" 

(Melrose, D.G. 1959) 
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The use of a membrane to separate the blood and ventilating gas 

phases is a logical approach to artificial lung design because of its 

resemblance to the structure-function relationship in the human lungs. 

Although membrane oxygenators have been in use over the last thirty 

years, it has only been recently that efforts have been made to 

standardize the performance evaluation of such devices. An 

International Standards Organisation draft proposal (1981) gives 

requirements for gas exchange for total bypass. However, desirable 

values for such parameters as priming volume, flow resistance and 

level of blood trauma are not specified as these are largely dependent 

on the bypass application. 

In this chapter, the protocol for evaluating membrane oxygenator 

performance is presented in relation to ECC02R-LFPPV. For this 

application the design criteria of the oxygenator and associated 

bypass circuit are based upon (1) optimal carbon dioxide exchange 

(2) low priming volume (3) low blood flow resistance for potential 

pumpless bypass and (4) maintenance of shear stresses below threshold 

values associated with blood trauma. 

2.1 Membrane Oxygenator Requirements for ECC02R~LFPPV 

2.1.1 Gas transfer 

In man, oxygen and carbon dioxide gas exchange are dependent 
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on several factors. These include the patient's body surface area, 

temperature, age, haemoglobin content, and blood gas conditions of 

the venous blood (Gaylor, 1980, Melrose, 1976). The venous 

conditions may deviate considerably in the event of acute respiratory 

failure. 

In the new th~rapy, metabolic CO2 removal is the most important 

factor. The minimum metabolic CO2 removal that is required of a 

membrane oxygenator can be calculated from Table 2.1 which shows 

typical blood gas conditions in an adult male under normothermic 

conditions and at rest. Assuming a cardiac output of 5 t/min, the 

carbon dioxide removal rate is 200 mt(STPD)/min, while oxygen uptake 

is 250 mt(STPD)/min. These rates are obtained by multiplying the 

blood flow rate by the appropriate arterial-venous gas concentration 

difference. 

On the basis of the physiological functions of the natural lung, 

Galletti et a1. (1972) introduced the "rated flow" concept. This is 

defined as the flow rate of blood through the oxygenator which will 

raise the oxygen saturation from 65% at inlet to 95% at outlet when 

operated at a temperature of 370 C, blood haematocrit of 40% and base 

excess at zero. Simultaneously the partial pressure of carbon 

dioxide at outlet blood must be reduced to 40 mm Hg or less. 

More recently, the "rated flow" concept has been superseded 

by the "oxygen reference blood flow rate" and the "carbon dioxide 

reference blood flow rate" specified in Draft Proposal DP7199 

(International Standards Organisatio~, 1981). The oxygen reference 

blood flow rate is that which will result in an increase in oxygen 

content of 45 mt(STPD) per litre with passage through the oxygenator. 
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-
Similarly the carbon dioxide reference blood flow rate should 

result in a decrease in carbon dioxide content of 38 mt(STPD) per 

litre. These flow rates are obtained for reference blood inlet 

conditions as given in Table 2.2. 

02 saturation 

Hb content 

base excess 

temperature 

65 + 5% 

12 ! l:g% 

45 ! 5 mmHg 

° ! 5 mEq/t 

37 + 2°e 

Table 2.2 Reference blood inlet conditions (mean ~ tolerance). 

Although the inlet conditions are similar to those proposed by 

Galletti et al. (1972) the main difference is the specification of 

the haemoglobin content which facilitates the calculation of 02 

transfer rates. The transfer rates obtained at the reference blood 

flows are similar to those achieved under normal physiological 

conditions. For a device with a reference blood flow rate of 

5 t/min the 02 and CO
2 

transfer rates are 225 and 190 m1{STPD)/min 

respectively. For routine CPB operations under normothermic 

conditions an extracorporeal blood flow rate of 2.4 t/min per square 

metre of body surface area is considered adequate (Bartlett and 

Gazzaniga, 1981). 

In the ECC02R-LFPPV therapy the oxygenator must be optimised 

for CO2 removal as the bulk of the 02 needs are met by apneic 

diffusion via the trachea. If the oxygenator were 100% efficient 

in CO2 removal (i.e. outlet CO2 content is zero) then the patient's 
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C = (QS'CTi + QLCTo) + (Qr-QL)CTi 
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QL = blood flow rate through membrane lung 

QT ~ cardiac output 

Figure 2.1 Concept of low flow veno-venous partial 

bypass in ECC02R-LFPPV therapy. 
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metabolic CO 2 may be elim!nated at relatively low blood flow rates. 

Given an inlet CO2 content of approximately 53 mt(STPD)/lOO mt 

corresponding to the conditions listed in Table 2.1 a blood flow rate 

of 0.38 t/min would be required to achieve a CO2 transfer rate of 

200 mt/min. It should be noted that when the blood from the 

oxygenator is admixed with the patient's venous blood the resultant CO2 

content leaving the right side of the heart wi 11 be at normal "arterial" values 

i.e. 49 mt(STPD)/lOO mt for this case. The appropriate calculations 

are shown in Figure 2.1 for a cardiac output of 5.0 t/min. 

However, in practice, there are limiting factors to gas transfer 

which reduce the efficiency. The membrane and the adjacent blood 

side concentration boundary layer are the two main resistances, ~ 

and ~ respectively, to gas transfer. The gas side boundary layer 

resistance, RG, can be considered negligible because the diffusion 

coefficients are approximately 104 greater in a gas phase compared 

to a liquid phase. However if water vapour from the blood phase 

condenses in the gas compartment of the oxygenator RG may no longer 

be considered negligible. The overall resistance, RO to gas transfer 

can he written as: 

(2.1) 

In general, the CO2 transfer for a given gas ventilation and blood 

flow rate is linearly related to the logarithmic mean pC02 difference 

(Murphy et ale 1979). Thus the higher the blood inlet pCOZ the 

greater the CO2 transfer rate. Because the inlet pC0
2 

is normally 

about 45 mmHg high ventilation rates are essential to minimise build-

up of CO2 in the gas phase and hence maintain high log mean pC02 

differences. 



Table 2.1. Partial pressures, gas contents and pH 

for the blood of an adult male. 

Parameters Venous Arterial 

P02 mmHg* 40 95 

°2 content m~(STPD)/l00 mt 15.5 20.5 

°2 saturation % 75 97.5 

pH 7.376 7.400 

pC02 mmHg 46.5 41.0 

CO2 content m~(STPD)/100 ~ 53.0 49.0 

mmoM~ 23.81 22.01 

STPD - Standard Temperature, Pressure, Dry. 

25 

*The S1 unit for pressure is the Pascal (1 mmHg = 133.322 Pa). 
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2.1.2 Priming volume 

In nearly all extracorporeal bypass circuits the oxygenator is 

operated with an in series blood reservoir. The purpose of the blood 

reservoir is twofold: (1) it permits collection of venous blood by 

gravity flow and (2) it accommodates changes in blood volume due to 

supply variations. The latter function provides an adequate operator 

reaction time in the event of cessation of venous delivery. Otherwise 

air emboli could be introduced to the patient's circulation. The 

reservoir volume is dependent on the bypass flowrate and, for adult 

CPB will range from 0.75 to 2.0 litres. The lower the blood flow 

rate the lower the reservoir volume required. Hence for the low flow 

rates used in ECC02R-LFPPV the reservoir volume may be kept quite low. 

In order to reduce the need for transfusion blood it is desirable to 

minimise the volume of blood in the rest of the circuit. This implies 

that the oxygenator should possess a low priming volume. Current 

2 priming volumes range from 80 to 180 mt per m membrane area. 

2.1.3 Resistance to blood flow 

In contrast to bubble oxygenators, membrane devices are closed 

volume systems and hence it should be theoretically possible to over-

come large pressure losses over the' flow path by placing the blood 

pump at the inlet. However, if hydrophobic microporous membranes 

are employed (section 2.5) high trans-membrane pressures may promote 

plasma infiltration of the pores. For microporous membrane systems 

the pressure loss at the reference blood flow is typically 150 mmHg 

(Murphy et al. 1974; Suma et ale 1981). Clearly, lower pressure 

drops will result at the lower flowrates (relative to reference value) 

used in ECC02R-LFPPV therapy. Hence, it may be possible in certain 
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designs to utilise the natural arterio-venous pressure difference 

thereby eliminating the external blood pump (Barthelemy et al., 1982). 

Under these circumstances pressure drop would be limited to about 

90 mmHg. Any pressure losses due to cannulae, connectors etc. will 

have to be taken into account. 

2.1.4 Blood trauma 

Many studies have been carried out on blood trauma and associated 

effects in extracorporea1 circuits resulting from blood interactions 

with foreign materials, and these have been reviewed by Feijen (1977), 

Feijen et a1. (1979) and Lindsay et a1. (1980). With the present 

state of the art, the materials used in the bypass circuit are not truly 

anti thrombogenic and hence anticoagulation therapy is necessary to 

prevent thrombus formation. Two factors contributing to blood trauma 

are contact with foreign surfaces and non-physiological flow 

conditions. When blood comes in contact with most foreign materials, 

protein absorption occurs resulting in a loss of platelets 

(thrombocytes). The phenomena has been related to platelet adhesion 

and is also influenced by other factors such as plasma composition, 

surface morphology of the material, surface cha~ges, and flow 

conditions. 

Non-physiological flows result in shearing forces or stresses 

which may damage blood elements. A threshold shear stress of about 

15 N/m2 has been shown to cause substantial platelet damage (Brown 

et a1. 1975). This was measured by the amount of acid phosphatase 

or 5-hydroxytryptamine (serotonin) released by damaged platelets. 

According to Feijen (1977) the threshold shear stress for platelets 

is within laminar flow conditions. For red blood cells, greater 



28a 

150 

1/1 
(II ->. 
u 
o 

.J:l 
e 

-0 
&.. 
~ 
~ 

Figure 2.2 

60 . 120 1S0 1 2 3 4 5 6 7 14 21 
min - days 

"'II 
Changes In thrombocyte counts (percentage of initial values~ 

ml~llan t SEM) during and after veno-arterial perfusion 
illl 

(,3 l/min .• during 2 h bypass. shaded area) in dogs. comparing 
l'ill 

the Travenol THO membrane oxygenator with the Bentley 
"'1"111 1 . < 'li~!l ' 

Temptrol bubble oxygenator (Wildevuur. 1981). 
'1111 ~111 



28 

shear stresses can be tolerated as the threshold is about 150 N/m2 

(Leverett et ale 1972) before haemolysis occurs. Although in vitro 

tests are useful to define the limits of cellular damage, it is 

difficult to know the extent of the blood damage due to flow under 

actual bypass conditions, as the cells are exposed to different shear­

stress levels with each passage through the external circuit. On the 

other hand, the blood flow path within the oxygenator should not 

possess stagnant regions which promote the formation of red blood 

cell thrombus. 

In short-term CPB, the contribution by the cardiotomy suction 

device to red cell damage (haemolysis) may completely mask the 

contribution by the oxygenator. De Jong et ale (1980) have shown 

that by carefully regulating cardiotomy suction, membrane oxygenators 

result in less haemolysis than bubble units. Furthermore these 

investigators demonstrated that membrane oxygenators maintained the 

number and function of thrombocytes more than bubble oxygenators during 

canine CPB procedures (Figure 2.2). In the study, the various 

contributions to blood trauma from priming solutions, tubings, pumps 

and cardiotomy suction were taken into account. 

For long-term bypass applications (for example, acute 

respiratory failure), the risk of internal bleeding may become high 

due to the loss of platelets and to the anticoagulant therapy. 

Furthermore, it has been recognised that the effect of CO2 removal 

results in extreme pH changes in blood emerging from the extra­

corporeal. device. Whether this is safe for long-term support is 

unclear. Accorqing to Kolobow et al. (1977), no detrimental effects 

from large pH variations were found in lambs undergoing CO2 removal 



therapy over a period of three days. However, studies by White 

et al. (1969) have shown in vitro that haemolysis occurs if the pH 

exceeds 7.8 and pC02 is low, but if blood was buffered by TRAM to 

keep the pH at 7.4-7.5, no haemolysis occurred. 
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Although this thesis is not concerned with thrombogenesis in 

the bypass circuit for ECC02R-LFPPV therapy, it should be noted that 

protein adsorption and cellular deposition on the membrane may alter 

its transfer characteristics. This aspect is discussed in section 

2.5. 

2.2 Membrane Oxygenator Configuration 

2.2.1 Tubular and parallel-plate devices. 

Basically, membrane lungs fall into two design categories; 

the hollow fibre (tubular) and sheet-membrane (parallel-plate) designs. 

They are classified according to the geometry of the blood flow path. 

The hollow fibre or tubular membrane oxygenator (also known as 

the capillary membrane oxygenator) is characterised by a large number 

of gas-permeable tubes arranged in parallel inside a jacket. Usually, 

blood flows inside the tubes and the ventilating gas (oxygen) flows 

counter-current outside the tubes. Several design factors have 

been examined in tubular units by Mockros and Gaylor (1975) in order 

to obtain adequate gas transfer rate per unit membrane area and 

low priming volumes for specified pressure drops. To produce such 

a unit, the flow-path length, tube spacing and the tube radius may be 

varied in any combination. 

Gaylor and Mockros (1975) performed a similar analysis for 

sheet-membrane units. This type of geometry features a number of 

parallel-connected blood channels or layers. In this configuration 
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blood flows in thin films bounded by the opposing membrane walls with 

gas flowing countercurrent over the outer surfaces of the membranes. 

Generally, it is more difficult to achieve equi-distribution of blood 

to the flow paths in parallel-plate units than in hollow fibre 

designs. This is due to the difficulty in maintaining a uniform 

channel height over the area of each channel since the sheet membranes 

are compliant. As will be discussed in section 2.3.2 inflatable shims 

and plastic screens within the blood path have been used to promote 

more uniform distribution. For rectilinear laminar blood flow and 

with current membrane materials about 90-95% of the total resistance 

to 02 transfer in hollow fibre or parallel-plate designs is due to 

the blood phase resistance Rs (Colton, 1976). Consequently numerous 

attempts have been made to design oxygenators which will reduce Rs by 

enhancing the diffusion process through convective mixing of the 

blood phase. These devices are known as secondary flow oxygenators. 

2.2.2 Secondary flow devices 

The term 'secondary flow' is used by engineers to denote 

convective transfer within a moving fluid at an angle or in a plane 

different from that of the main through-flow. Membrane oxygenators 

employing secondary flows can be subdivided into two types: active 

or passive mixing. Active devices are those in which there is 

energy input to achieve high shear rates or to create secondary flows. 

The Taylor-Vortex (Gaylor et a1. 1973), the oscillating toroid 

(Drinker et a1. 1969), the pulsed vortex-shedding (Bellhouse et ale 

1973) and the rotating-disc (Hill et a1. 1974) membrane oxygenators 

are examples of mixing types. In general, active type devices are 

more difficult to manufacture and may require ancillary components 

for their operation. Consequently, the only secondary flow device 



that is currently available for clinical use is the pulsed vortex­

shedding (Interpulse. Extracorporeal Inc.) oxygenator. 
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Passive devices. in contrast are those in which no energy input 

is needed except that required for steady blood flow. A common 

technique has been to place obstacles. for example screens. in the 

blood path to induce secondary flows or increase mixing. The Travenol 

THO membrane oxygenator falls into this category. Another approach is 

to use flow geometries that naturally induce secondary flow, for 

example helically coiled tubes (Weissman and Mockros, 1969; 

Tanishita et al., 1975; Baurmeister et al., 1977). Detailed reviews 

of secondary flow devices are given by Colton (1976) and Drinker and 

Bartlett (1976). 

2.3 Carbon Dioxide Transfer in Commercial Membrane Oxygenators. 

It is well known that laminar flow membrane oxygenators designed 

on the basis of oxygen transfer have a sufficient capacity for carbon 

dioxide removal (Galletti, 1968; Voorhees, 1976). To obtain adequate 

oxygen transfer,blood flows of between 3 to 6 l/mJn (for adults) are 

required. At these high blood flows, carbon dioxide transfer (between 

250 to 340 mt(STPD)/min) is more than adequate. As the following 

review will show there are relatively few reports on CO2 transf~r 

rates of membrane oxygenators at low blood flows appropriate to 

ECC02R-LFPPV therapy. In addition, the measurement of the total CO2 

transfer rate is more difficult to perform than that for 02 and 

consequently in some studies only changes in pC0
2 

and pH are given. 

To further complicate the picture, some gas transfer evaluations have 

been carried out without control of (or at times without even 

recording) such factors as haematocrit, temperature, and inlet oxygen 



saturation, all of which are important factors which alter the gas 

transfer function. 

2.3.1. Sci-Med Kolobow 

First described by Ko1obow and Bowman (1963), the Sci-Med 

Ko1obow oxygenator has been used extensively for long-term ECMO 
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(Ko1obow et a1., 1971, 1975; Zapo1 et a1. 1975), ECC02R-LFPPV 

(Gattinoni-eta1., 1980) and short-term CPB (Wheaton, 1978) procedures. 

Physical description. The device is a variation of the sheet-

membrane oxygenator, in which a spiral coil configuration is adopted 

(Figure 2.3). The core of the lung is a polycarbonate spool, onto 

which is tightly wound a membrane envelope. This envelope is composed 

of a pair of fabric-reinforced silicone rubber membranes separated by 

a polypropylene mesh spacer. Blood flows axially over the external 

surfaces of the envelope and the ventilating gas flows circumferential1y 

in the envelope interior. The blood and gas streams are introduced 

or removed via parts situated on the end caps, and the entire assembly 

is encased by a tight-fitting silicone rubber sleeve. The oxygen­

ator is available in various sizes ranging from 0.8 to 4.5 m2 units 

with resp~ctive static priming volumes of 100 to 540 mt. Although 

high pressure drops (between 160-300 mmHg) are generated by these 

units at their reference blood flow rates, the reinforced membranes 

enable the device to be operated at transmembrane pressures up to 

750 mmHg. 

Gas transfer. Rawitscher et a1. (1973) evaluated the 1.5 m2 

spiral coil membrane oxygenator with a rated flow of 1.4 1/min at 

37 °c and haematocrit of 40% in canine CPB. The carbon dioxide 

transfer rates obtained were 55.8, 73.6 and 70.1 mt/min at blood 
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flow rates of 1.0, 1.4 and 1.8 l/min respectively. Carbon dioxide 

transfer was measured by analysis of exhaust gas. The exhaust gases 

from the oxygenator were collected for I minute in a Collins spiro­

meter. CO2 concentration of the exhaust gas was measured during the 

collection period with an infrared CO2 analyser (Godart NV, type 146) 

and Beckman type R dynograph recorder (0 to 2.5% CO2 a full scale). 

Continuous samples of exhaust gas were delivered to the CO2 analyser 

and returned to the spirometer through ports in the gas collection 

system. The CO2 transfer (mt/min) was calculated from the fraction 

of CO2 in the exhaust gas multiplied by the volume of collected gas 

at STP. 

Murphy et al. (1979) examined in ovine CPB the effects of: 

(1) membrane area and assembly techniques; (2) blood and gas phase 

pressures during operation and (3) blood flow rate, 02 saturation and 

haemoglobin content on gas transfer performance in the spiral coil 

oxygenator. The effective membrane area of the unit was 4.55 m2• 

The test conditions were: 38 °c temperature, 62 to 70% input 02 

saturation, 35 to 40% haematocrit, 40 to 50 mmHg inlet pC02 and an 

02 flow rate of 10 l/min. The CO2 transfer was calculated from the 

CO2 concentration of output gas and gas flow rate. At the low blood 

rates of 0.89 and 1.80 l/min, the corresponding CO2 transfers were 

111 and 139 mt/min respectively. Murphy et al. (1979) concluded from 

their studies that given a certain exchange area, and a constant rate 

of ventilation with oxygen, the CO2 transfer rate is not markedly 

affected by blood flow rate, but rapidly approaches the limit set 

by the permeability characteristics of the membrane. The two main 

determinants of CO2 transport are ventilation (i.e. 02 flow rate) 

and blood pC02• At low 02 flow rates, the CO2 concentration in the 



gas phase of the oxygenator can be high enough to exert a limiting 

effect on CO2 transfer rate. Carbon dioxide transfer increases with 

blood pC02 and with ventilation, which both affect the partial pressure 

gradient which drives CO2 across the membrane. 

Kolobow et al. (1977b) reported a modification of the spiral 

coil oxygenator optimised for CO
2 

removal. The major change involved 

an increased width of the membrane envelope to increase the length 

of the blood flow path. The modified spiral coil oxygenator had a 

membrane area of 1.4 m2 . At a blood inlet pC02 of 45 mmHg the CO2 

transfer rate was about 65.8, 77.0, 91.0 at blood flow rates of 0.4, 

0.6 and 1.0 £/min respectively. The membrane oxygenator performance 

was evaluated in lambs connected to a mechanical ventilator. An 

infrared CO 2 analyzer was used for the transfer measurements. 

Gattinoni et a1. (1980) used two 3.5 m2 Sci-Med Kolobow 

membrane oxygenators arranged in series for ECC02R-LFPPV therapy to 

treat successfully three patients with terminal repiratory failure. 

Adequate CO2 removal of between 200-300 m£/min was obtained at 

average blood and ventilating gas flow rates of 1.3 and 16 t/min 

respectively. 

2.3.2. Travenol TMO 

The original design of the Traveno1 TMO was first described 

by Murphy et al. (1974) known as the STX-433 and STX-434 prototypes. 

Apart from the STX-434 model having a thicker blood manifold plate, 

the two models were essentially similar. The early designs 

incorporated microporous tetrafluoroethy1ene (PTFE or teflon) 

membranes of 30-50 ~m thickness with a nominal pore diameter of 

0.5 ~m. Current Travenol TMO oxygenators use microporous poly-
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propylene membranes and are available in 2.25 m2 and 1.12 m2 surface 

areas for adult and paediatric CPB procedures respectively. 

There are numerous publications describing its clinical 

application (e.g. Beall et al. 1976; Karlson et al. 1977). Data 

comparing its clinical performance with that of bubble oxygenators 

are also available (e.g. Liddicoat et al., 1975). 

Physical description. The Travenol TMO membrane oxygenator 

for adult use is shown in Figure 2.4. It consists of a single module 

containing a 2-ply microporous polypropylene membrane (Celgard, 

Celanese Corp.) folded in an accordion fashion to form 30 parallel-

connected blood channels separated by gas paths. Integrity of the 

blood and gas paths is provided by supporting screens. The screen 

in the blood phase is made of nylon monofilaments (0.3 mm diameter) 

which are oriented at 450 to the direction of blood flow in the 

envelope. On the gas side an open-weave square mesh of polyvinyl 

chloride-coated fibreglass strands (0.3 mm diameter) runs parallel 

2 to the gas flow direction. The total membrane area is 2.25 m , 

but the effective exchange area is somewhat reduced by the masking 

effect of the strands of the screens in the blood and gas phases. 

Co-current blood and gas flow is the normal recommended operation. 

An inflatable bag surrounding the blood- and gas-path assembly acts 

as a shim. The shim is inflated to a desired pressure (normally 

200 mmHg) to regulate the thickness of the blood-phase envelopes. 

Since the oxygenator is housed in a deformable plastic case the 

whole assembly is further enclosed in a rigid metal holder. A 

relatively high pressure drop (about 120 mroHg) results from this 

configuration with the high rated flow (6 t/min). The maximum 
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inlet blood pressure at the oxygenator should not exceed 300 mmHg. 

To avoid deformation of the membrane and possible plasma exudation 

due to high blood pressures, venous and arterial pumps are necessary 

for operation in the bypass circuit. As the porosity of the membrane 

allows a substantial flux of water vapour from the blood phase which 

can condense in the gas paths giving an additional resistance to 

transfer, a gas heater module is supplied to reduce this effect. At 

the present time, the TMO total bypass oxygenator with polypropylene 

membrane is not recommended for long term support of respiratory 

failure (Travenol laboratories, Inc. 1976). 

Gas exchange. Karlson et al. (1974) reported data on CO2 

removal in the prototype model STX-434 (surface area 2.25 m2). The 

studies were performed with ovine CPB and with the following blood 

input conditions: PC02 36 to 65 mmHg, 02 flow rate 10 to 15 t/min 

and shim pressure 150 to 300 mmHg. For these rather variable 

conditions the CO2 

of blood flow rate 

transfer (Veo mt/min) was expressed as a function 
2, 

(QB' t/min) through the following empirical 

relationship: 

• 2 3 
VCO • 134.0 QB - 28.0 QB + 1.98 QB 2 

(correlation coefficient, 

r • 0.676) 

Equation 2.2 predicts VCO ranging from 60.2 to 144.7 mt/min 
2 

corresponding to a blood flow rate range of 0.5 to 1.5 l/min 

appropriate to CO2 removal therapy. 

(2.2) 

A relationship for the carbon dioxide transfer as a function 

of oxygen flow rate was also derived. An increase of ventilation 
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(VE, l/min) leads to a notable increase in carbon dioxide transfer 

rate and for input pC02 - 37 mmHg and QB • 4.0 l/min may be 

represented by: 

'3 
+ 0.0944 VE 

(r = 0.956) 

(2.3) 

Finally, the CO2 transfer rate is a function of blood input 
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For an oxygen flow rate of 15 l/min and QB • 4.0 l/min, the 

relation between the CO2 transfer rate and the input blood pC02 

(mmHg) was given empirically by: 

VCO = 4.52 pC02 - 8.87 x 10-3 pCO~ - 1.62 x 10-5 PCO~ (2.4) 
2 

(r - 0.944) 

CO2 transfer rate measurements were as reported by Galletti et a1. 

(1971) and calculated from the CO2 concentration of output gas and 

gas flow rate. Karlson et al. (1974) also noted that CO2 transfer 

decreased if the pressure in the "shim" exceeded the blood pressure 

at the input port of the oxygenator and if water vapour condensation 

occurred in the gas phase. Therefore, the oxygenator was operated 

at a "shim" pressure equal to the input blood pressure and dry,. 

heated oxygen was used to ventilate the oxygenator. 

2.3.3. Hospa1 M32 

The Hospal M32 was first reported by Barthelemy et ale 

(1982) .and was. evaluated for carbon dioxide removal at low 

blood flow operating conditions in a pumpless artery-to-vein circuit. 

Physical description. The Hospa1 M32 oxygenator is a para1le1-

plate unit with 2.0 m2 microporous membrane (Figure 2.5). The 

silicone-coated polynodosic cellulose membrane is arranged into 22 



blood envelopes which are fed and drained by individual silicone 

rubber ports. The stack of envelopes and spacers is enclosed in a 

rigid housing with blood and gas inlet and outlet manifolds at each 

corner. Blood layer thickness is controlled by an inflatable shim 
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similar to that in the Travenol TMO. The oxygenator has a resistance 

to blood flow of about 30 mmHg per t/min of blood flow without the 

shim and about 45 mmHg with the shim inflated to a pressure exceeding 

the blood inlet pressure. 

Gas exchange. The CO 2 transfer removal is greater with the 

shim than without the shim. In the absence of the shim and with an 

input pC02 of 50 mmHg, the CO 2 transfer is in the order of 100 mt/min 

at a blood flow rate of 1.0 t/min, and 125 mt/min at a blood flow 

rate of 2.0 l/min. If the shim is inflated at a pressure exceeding 

the blood inflow pressure, the CO2 transfer rate is in the order of 

130 mt/min at a blood flow rate of 1.0 1/min and 180 mt/min at a 

blood flow rate of 2.0 l/min (Barthelemy et ale 1982). In an 

arterio-venous circuit the mean arterial pressure determines the 

blood flow rate through the devices, which in turn can be modulated 

by shim pressure. In the study of Barthelemy et a1. (1982) using a 

pump less, artery-to-vein bypass in two apneic sheep for a period of 

5 hours, the arterial pC02 stabilized at a value around 62 mrnHg. A 

mean arterial blood pressure of about 100 mmHg provided an extra­

corporeal blood flow rate varying between 1.2 and 1.4 l/min. This 

allowed a CO2 transfer rate between 120 and 155 ml/min, accompanied 

by a pC02 drop of 24 to 30 mmHg in the transit through the oxygenator. 

Further evaluations over a period of 24 hours showed that the oxy­

genator exhibited some thrombosis which impaired blood flow through 

the exchange paths, and a new oxygenator replacement was necessary at 
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12 hours. The extracorporeal blood flow rate allowed adequate CO2 

removal (in relation to the animal) hence allowing a pump less 

operation. This simplified the extracorporeal circuit and reduced 

blood trauma. An oxygen flow rate of 10 t/min was employed in the 

long-term evaluation being well in excess of the maximum ventilation 

(4 t/min) required by the oxygenator. Barthelemy et ale (1982) 

2 suggested that for CO2 removal in the adult human, a 3 m model may 

be necessary. 

2.3.4 Terumo CAPIOX II. 

A new hollow fibre oxygenator using microporous polypropylene 

membranes has been developed recently by Terumo Corporation of Japan. 

(Tsuji et al. 1981.) An integral heat exchanger was not available 

in the original design but was incorporated later. Both animal and 

clinical evaluations have been carried out extensively with the 

oxygenator (Meserko et ale 1981; Suma et al., 1981; Sinkewich et al. 

1982, Riley et a1. 1983). 

Physical description. The CAPIOX II consists of a bundle of 

microporous polypropylene hollow fibres oriented axially within a 

cylindrical transparent casing made of acrylonitrile - styrene 

copolymer (Figure 2.6). The hollow fibres have an internal diameter 

of 200 ~m and a wall thickness of 25 ~m. The fibre withstands 

a transmembrane pressure of 1,000 mmHg. The pores size averages 

700 X and the fibre porosity is 50%. The ends of the 130-140 mm 

long fibres are secured in a polyurethane material. Incorporated 

at one end of the device is a heat exchanger. 

Blood is introduced into the heat exchanger via a conical 

po1ycarbonate inlet port. After passage through the heat exchanger, 
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the blood enters the fibre lumens and is discharged through a conical 

outlet port. The ventilating gas is circulated countercurrent to the 

blood flow via ports located on the lateral surface of the transparent 

housing. To prevent shunting of the gas flow, the outer casing is 

"waisted" at it's midpoint. The unit is ethylene oxide sterilized 

and disposable. It is available in four sizes with physical specif-

ications as shown in Table 2.3. 

HFO-16 HFO-33 HFO-43 HFO-54 

Effective 2 membrane area (m ) 1.6 3.3 4.3 5.4 

Effective fibre length (mm) 130 140 130 140 

Number of fibres 2.0x104 3.8x104 5.3X104 6.0x104 

Priming volume (mt) 200 420 550 700 

Maximum blood flow rate (R./min) 2.0 4.0 5.2 6.5 

Table 2.3. CAPIOX II Specifications 

Gas exchange. Tsuji et a1. (1981) reported gas transfer data 

for prototype Terumo hollow fibre units without the integral heat 

exchanger. Devices of 1.8 and 3.3 m2 surface areas were evaluated in 

vitro with bovine blood of 12 g% haemoglobin and 50 mmHg inlet pC02• 

Carbon dioxide transfer rates were recorded at different oxygen flow 

rates. The carbon dioxide transfer rates at the maximum oxygen flow 

rate operated are shown in Table 2.4. 



Surface area 

m2 

1.8 

3.3 

blood flow rate 

R./min 

0.9 

1.62 

1.80 

1.65 

1.98 
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Oxygen flow rate 
VCO 

2 

R./min mR./min 

2.7 86.4 

2.7 111.6 

2.7 115.2 

4.95 158.4 

4.95 171.6 

Table 2.4. Carbon Dioxide Transfer in the 1.8 and 3.3 m2 units. 

Carbon dioxide transfer rates were also evaluated in a canine 

partial bypass circuit. 2 A 1.0 m oxygenator was perfused with venous 

blood of haematocrit 31 ! 2%, O2 saturation 62 ! 10%, p02 36 ! 7 mmHg 

and pC02 46 ! 7 mmHg. The blood and oxygen flow rates to the oxygen­

ator were 0.97 + 0.16 t/min and 1.0 R./min respectively and at a 

temperature of 37oC. Carbon dioxide transfer rate averaged 

43 ! 2 mt/min. The carbon dioxide transfer rates were calculated from 

the measurement of CO2 concentration in the exhaust gas by gas 

chromatography. 

Riley et ale (1983) presented results of the Terumo CAPIOX II 

2 4.3 m membrane oxygenator for adult CPB. Although CO2 transfer 

rates of about 300 mR./min were obtained at 22% haematocrit, 47 mmHg 

inlet pC02 and ventilation rate of 5.6 R./min, the blood flow rate of 

5.6 R./min is far in excess of that for the CO2 therapy application. 

Carbon dioxide transfer parameters were calculated from the ventilating 

gas flow values and mass spectrometer measurements as reported by 

Riley (1982). 



Terumo Corporation (~983) presented CO2 transfer rate data for 

2 the CAPIOX II 1.6 m oxygenator. The tests were performed in an in 

vitro circuit using bovine blood and at ISO reference blood input 

conditions. At blood flow rates of 1.0 l/min and 2.0 l/min the 

carbon dioxide transfer rates were 9S mt/min and 110 mt/min 
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respectively. The oxygen flow rate was 3 t/min. For the CAPIOX II 

2 3.3 m oxygenator at a blood flow rate of 2 t/min and oxygen flow 

rate of 5.S ~/min, the carbon dioxide transfer rate was 180 mt/min. 

The transfer rates quoted were estimated by the author from the 

manufacrurers' data sheets in which the relationship Vco and O2 flow 
2 

rate is given graphically. The values should be regarded with 

caution as the manufacturer neither states the number of units 

evaluated nor the experimental variation in VCO measurement. Higher 
2 

O2 flow rates were not tested by the manufacturer although his 

graphs suggest that further increases in vCO could be expected with 
2 

increased ventilation. 

2.3.5 Interpulse oxygenator 

Studies of the fluid mechanics of the aortic valve (Bellhouse 

and Be11house, 1969) have shown that strong vortices formed in the 

aortic sinuses behind each valve cusp, and that considerable mixing 

occurred between the blood in the sinuses and that in the aorta. The 

principle of creating good mixing in the blood phase to enhance 

oxygen gas transfer led to the development of the Oxford-Bellhouse 

membrane oxygenator (Bellhouse et al. 1973). This secondary flow type 

oxygenator was progressively developed to a commercially available 

design kno~~ as the Interpulse Membrane Oxygenator (Extracorporeal 

Inc.) 
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Physical description. 
< 

The Interpulse system consists of a 

membrane oxygenator and a pulser module (Figure 2.7). The oxygenator 

is a disposable microporous gas-exchange device with an integral heat 

exchanger. A notable feature of the adult oxygenator is the active 

2 membrane surface area of 0.8 m , which is considerably less than most 

membrane oxygenators currently available. It has seven blood channels, 

the microporous polyhetrafluoroethylene (PTFE or Teflon) membrane is 

supported over plastic plates to form longitudinal furrows, normal to 

the blood flow direction. Moulded plastic manifolds with inlet and 

outlet ports for blood tubing connections are located on each side of 

the oxygenator. Gas inlets and outlets are on each exterior plate. 

Oxygen flows in the channels between the support plates and membrane 

and blood is channelled between the membrane barriers. Flexible 

diaphragms at both ends of the oxygenator allow a pulse to be trans-

mitted to the blood phase. 

The effect of the pulser is to generate secondary vortices 

(Figure 2.8) in the membrane furrows. Consequently O2 enriched blood 

is brought from the membrane surface to the mainstream of the flow, 

thus enhancing gas exchange efficiency. The blood is pulsed through 

the oxygenator with a mean pressure gradient of only 15 mmHg across 

the oxygenator and heat exchanger. Oxygen transfer can be varied by 

altering the pulse rate and the carbon dioxide transfer can be 

altered by changing the gas flow rate. 

More recently, a smaller version of the oxygenator with a 

membrane area of 0.39 m2 has been evaluated for paediatric application. 

The paediatric unit 1S not yet available commercially. 
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Gas exchange. The Interpulse oxygenator has been evaluated in 

vitro and in clinical CPB. (Spratt et ale 1981). The oxygen and 

carbon dioxide reference blood flow is in excess of 6 ~/min as 

determined in accordance with the ISO reference conditions. The 

carbon dioxide transfer reported at a blood flow rate of 2.2 ~/min, 

pulse rate of 250 pulses/min and oxygen flow rate of 15 t/min is about 

205 mt/min. Bovine blood was used for the gas transfer evaluations. 

Peacock et ale (1983) reported data on the paediatric unit 

using human blood in an in vitro oxygenator-deoxygenator test circuit. 

For ISO standard conditions carbon dioxide gas transfer was about 

. 120 mt/min at a blood flow rate of 1.5 t/min. Carbon dioxide 

concentrations of the gas were analysed by an infrared Beckman LB-2 

analyser. Peacock et ale (1983) suggested that the device would be 

capable of removing the total CO2 production of a 20 kg child if the 

device were used solely for CO2 removal in the treatment of acute 

respiratory failure. 

2.4 Summary of CO2 Transfer in Membrane Oxygenators 

A comparative analysis of available gas transfer data is 

difficult, because of differing test conditions. Furthermore, the 

fragile and changing characteristics of blood when circulated outside 

the body are well known (Feijen, 1977). In vitro and in vivo 

comparisons are useful in addition to these, mathematical models can 

also help in the validation of gas transfer studies. In studies where 

CO2 content of whole blood is not measured, an estimate of the total 

CO2 content could be obtained through pH, pC02 and haemoglobin data 

and the use of nomograms. However errors are compounded in this 

approach and the transfer rates so obtained may be grossly inaccurate 



~ 
U1 
III 

Symbol in, A QB Ve02 
Figure 2.9 . 

oxygenator tlmin mR.(STPD)/min reference 
m2 

Sci-Med~ 1.4 0.4 65.8 

• (modified) 0.6 77 .0 Kolobow et ale 

1.0 91.0 1977b 

0 Sci-Med. 1.5 1.0 55.8 Rawitscher et a1. 
1.4 73.6 
1.8 70.1 1973 

® Sci-Med. 4.55 0.89 111.0 Murphy et a1. 
1.8 139.0 1979 

0 Two Sci -Med. 7.0 1.0-1.4 190-210 Gattinoni et a1. 
1979 

• Traveno1 STX-434 2.25 0.5 60.2 Karlson et a1. 
1.5 144.7 1974 

0 Traveno1 TMO (PTFE) 2.25 1.0 90.0 Birnbaum and 
2.0 160.0 BUcher1, 1974 

* Hospa1 M32 2.0 1.0 130.0 Barthelemy et a1. 
2.0 180.0 1982 

[!J Terumo CAPIOX II 1.8 0.9 86.4 
(modified) 1.62 111.6 Tsuji et a1. 

1.8 115.2 
3.3 1.65 158.4 1981 

1.98 171.6 

• Terumo CAPIOX II 1.6 1.0 95.0 Terumo Corp. 

3;3:, ;: 
2.0 110.0 

" 1983 
X ,- 1"<' 2.0 180.0 

,,' (j ~f; '" ' " r ,.,..~<- "( :', -~ • 't' 



Symbol in 
Figure 2.9 

... 

T 

~ 

A QB V
e02 oxygenator 

m2 R./min mR.(STPD)/min 

Pulsed-vortex *- 0.39 0.484 84.0 
Paediatric 0.995 111.6 
unit 1.488 118.7 

2.006 131.3 

Pulsed vortex 0.39 0.518 76.4 
Paediatric 1.011 88.1 
unit 1.505 92.6 

1.955 116.5 

Interpulse 0.8 2.2 205.0 

Table 2.5. CO2 transfer performance 

data for membrane oxygenators under 

low blood flow conditions. 

(*Frequency = 0.8-4.0 Hz, Stroke volume = 9 mR.) 

reference 

Peacock et a1. 
1983 

Be11house et a1. 
1981 

Spratt et a1. 
1981 

~ 
1./1 
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compared to more direct methods i.e. of the exhaust gas CO2 fraction 

or actual measurement of blood CO2 (Galletti et ale 1972). The 

foregoing review has not dealt with publications in which only pH and 

pC02 data have been reported. 

A summary of the CO2 transfer performance in membrane oxygen­

ators under low blood flow rate conditions is presented in Table 2.5. 

Normalized CO2 transfer performance. Despite the variations 

in experimental test conditions and in some cases less than optimal 

ventilation rates, the laminar flow devices show remarkably similar 

performance characteristics. As the QB/A ratio increases, asymptotic 

VCO /A values are obtained with laminar flow 
2 

the Sci-Med Kolobow design, relatively small 

designs. In the case of 
. 

increases in VCO with 
2 

increasing QB have been attributed to membrane permeability limit-

ations (Murphy et al. 1979). Although membrane limited performance 

may be observed with homogeneous type membranes (Sci-Med), the 

performance of laminar flow devices with microporous membranes may 

be influenced by appreciable blood phase CO2 resistance to transfer. 

This is clearly demonstrated by the much higher normalized values 

obtained with the pulsed-vortex secondary flow oxygenator. 

It is interesting to predict the required membrane area in 

order to satisfy CO2 transfer requirements for low flow ECC02R-LFPPV 

therapy. The broken line (Figure 2.9) represents the normalized 

performance at a CO2 transfer rate of 200 m1(STPD)/min and at a blood 

flow rate of 1.5 1/min. It would appear that some of the laminar 

flow devices are capable of achieving the CO2 removal requirements 

but only at QB/A ratios of < 0.5 R. min -lm-2• At this QB/A ratio, 

membrane areas of > 3 m2 would be required. In contrast, for the 
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-1 -2 secondary flow pulsed-vo~tex device a QB' A ratio of about 1. 7 i, min m 

2 and a membrane area of only 0.9 m would be necessary. 

2.5 Membrane Permeability 

The purpose of the membrane in a blood oxygenator is to 

separate the blood and gas compartments, yet, at the same time, allow 

for high oxygen and carbon dioxide gas exchange rates through the 

membrane. For this reason, the membrane must be made thin enough so 

diffusion distances for the gases are short, yet mechanically strong 

enough to prevent rupture under imposed transmembrane pressure 

gradients. 

Materials currently used in membrane oxygenators are classified 

into two main categories : (1) homogeneous (nonporous) and (2) micro-

porous type membranes. The mechanism of gas transport differs in the 

two membrane types. In homogeneous membranes, gas transport occurs 

by diffusion and solution of the gas in the polymer. For microporous 

membranes, gas transport is primarily that of diffusive and convective 

flow through the pores. Both membrane types are commonly used in 

oxygenators. A third category, viz. composite or hybrid membranes 

has_ been evaluated as potential materials for membrane oxygenators 

(Ketteringham et a1. 1975, Keller and Shultis, 1979). Two composi te 

membranes which have reached commercial application are the po1y-

sulfone membrane (Dohi et a1. 1981) and the silicone-coated poly-· 

rl'odosic .cellulose membrane (Barthelemy et a1. 1982). Table 2.6 lists 

various membrane materials and types used in oxygenators. 



MEMBRANE TYPE 

Homogeneous 

Microporous 

Composites 

POLYMER MATERIAL 

Polydimethyl siloxane 
(silicone rubber) 

Polydimethyl siloxane­
polycarbonate copolymer 

Polypropylene 
Polytetrafluoroethylene 
(PTFE) 

Silicone-coated polynodosic 
cellulose 
Polysulfone 

Table 2.6 Oxygenator membranes 
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Various factors affect the gas transport properties .through the 

membrane. These factors are external experimental conditions, such 

as pressure and temperature and on internal polymer structures 

(Robb, 1968; Rogers, 1971). In the actual oxygenator application, 

the permeability characteristics of the membrane may be affected by 

blood contact (Keller and Shultis, 1979). In studies with microporous 

membranes, fluid migration into the pores (Keller and Shultis, 1979) 

or formation of a protein layer on the surface of the membrane 

(Bartlett et al. 1975; Longmore, 1981) indicate an appreciable 

reduction in gas permeation through the membranes. 

2.5.1 Theory 

Homogeneous membranes. The transfer rates of a gas, i, through 

a homogeneous membrane is a function of two properties: the diffusivity, 

D. m (m2s-l ), and the solubility, S. (mo! m-3 kPa-l ), of the gas in 1, 1,m. 

the polymer. If the gas flux, J., across a sheet membrane in the 
1 

direction x is given by Fick's first law, then: 



dC. 
J ... -D. 

1 l,m 
1,m 

dx 
moR. 

2 m s 

(2.5) 

where c. is the molar concentration of the gas in the membrane 1,m 

moR. m-3• 

If the membrane is of thickness, tm and Cl and C2 are the gas 

concentrations at the membrane surfaces then: 

dC. C
l
-C

2 1,m .. __ _ 

dx tm 
(2.6) 

Assuming C. .. S. .P. according to Henry's Law with P. 1,m 1,m l,m 1 

being the partial pressure of the gas then: 

J. = 
1 

D. • s. l,m l,m 
t m 

(2.7) 

The product D. S. is known as the membrane permeability, l,m l,m 

Pr.,and is useful in explaining the selectivity of homogeneous 
1 

membranes to various gases. For example, the high solubility of 

CO2 in silicone rubber accounts for the five times greater CO2 

permeability than that for 02 since the gases have similar 

diffusivities in the polymer (Robb, 1968). 

The permeability is an intrinsic property of the material. 

It is convenient when comparing different membranes of varying 

thicknesses to consider the gas transmission rate, G., which is 
1 

defined as the gas flux per unit partial pressure difference across 

Thus for homogeneous membranes: 

Pro 
1 

G. ==-
1 t m 

moR. (2.8) 
2 m s.kPa 

49 

Usually G. is expressed in units of cm3(STPD)/(cm2.s.cmHg) for 
1 

oxygenator membranes and for other membrane applications reported in 

the literature. 
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Microporous membranes. A simdlar gas flux expression can be 

stated for microporous membranes assuming the flux to be uniform 

across each pore diameter and in the absence of convective flow the 

diffusive flux, J. is given by: 
1. 

cjlD. 't' 
J.. 1,g (P

l
-P

2
), 

1. tm 

where cjl is the pore volume fraction 

D. is the diffusivity of the gas, i within the 
1.,g 

2 gas phase inside the pore (cm Is) 

T is the tortuosity factor to account for the 

(2.9) 

convoluted pores with the membrane structure. 

Comparing equation (2.9) with equation (2.7) the gas trans-

mdssion rate, G. for microporous membranes gives: 
1 

cjlD. 't' 
G. = 1,g 

1 tm 

Convective flow through the pores occurs if an absolute 

(2.10) 

pressure differential across the membrane exists (Yasuda and Lamaze, 

1971) • To avoid convective effects in gas-membrane~gas tests, 

isobaric conditions are necessary (Gaylor et ale 1975). In this 

situation diffusion will be influenced by the molecular diameter of 

the diffusing gases. As the molecular diameter of CO2 (0.46 nm) is 

slightly greater than O2 (0.30 nm), the permeability of CO2 in mdcro-

porous membranes will be less than for O2• This would seem 

consistent with a permeability ratio PrCO IPr
O 

of 0.89 Teported by 
2 2 

Gaylor et ale (1975) for microporous polypropylene (Celgard 2400, 

Celanese Corp.). 

In the oxygenator application the gas phase total pressure 
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should not exceed that in the blood phase otherwise gaseous emboli 

would be introduced into the blood by convective flow through the 

membrane pores. The gas transfer will consequently be that of 

diffusion, however the dependency on molecular diameter may no longer 

apply if for example plasma migration occurs into the pores. 

2.5.2 Review of literature 

In principle gas permeability methods are of the same basic 

form. The permeant gas of interest passes from a source to a sink 

through the membrane which is the controlling resistance. The 

permeability of the gas is measured by the rate of depletion in the 

source or by the rate of appearance of permeant in the sink. The 

sink may be in the gas or liquid phase. For membrane oxygenator 

applications it is more useful to carry out gas permeability tests 

under gas- membrane-liquid contact conditions which better simulate 

the in vivo conditions of the oxygenator device. 

The main obstacle in measuring gas permeabilities through the 

membrane under liquid contact experimental conditions is an associated 

liquid boundary layer resistance adjacent to the membrane. High . 
speed stirring of the fluid (Katoh and Yoshida, 1978) combined with 

rapid chemical reaction to absorb the permeant gas (Keller and 

Shultis, 1979) or the use of open-pore cellular foam support to 

create mixing next to the membrane (Grimsrud and Babb, 1966) are 

reported techniques for reducing liquid boundary layer resistance. 

Furthermore, there are numerous methods for measuring the permeant 

gas in the liquid phase of the test system. Although a brief review 

will examine some of the techniques for measuring 02 and CO2 gas 

permeability through oxygenator membranes, particular reference will 
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be made to gas-membrane-liquid test methods for carbon dioxide 

transmission rates. 

Esmond and Dibe1ius (1965) described a vertical rotating (100 

r.p.m.) diffusion chamber for determining gas transmission rates of 

silicone rubber membranes. The blood volume in the chamber was 

3 117 cm and mixing to reduce the boundary layer effects was accomplish-

ed by a pool of mercury at the bottom of the blood chamber which mixed 

the blood during the rotation phase. Oxygen permeability was 

measured by flowing oxygen at 1 t/min into a chamber opposite the blood 

compartment. The rotating chamber was stopped briefly at regular 

intervals to remove blood samples for testing. 

Lautier et ale (1970) designed an experimental set up to deter-

mine gas transfer rates under gas-membrane-blood test conditions. The 

CO2 was measured in the gas phase by a titration method. This was 

achieved'by collecting the gas mixture from the test unit and bubbling 

the gas through an aqueous alkaline perchlorate solution (50 g/t 

distilled water) which precipitated the carbon dioxide as barium 

carbonate and liberated H+. The pH of the solution was kept constant 
• 

at 10.0 by the addition of a solution of 0.1 or 1.0 M barium 

hydroxide, Ba(OH)2 of a known titre. The amounts of added Ba(OH)2 

were recorded as a function of time. The titrating reagent was an 

0.1 M hydrated barium hydroxide solution to which 50 g of barium 

3 perchlorate and 50 cm of isopropanol were added per litre of solution. 

This reagent was filtered before use to remove barium carbonate formed 

during preparation. 

The recording of the barium hydroxide solution volume as a 

function of time enabled the CO 2 transfer rate (Veo ) to be calculated 
2 

by the formula: 



. 
veo - K.T.P 

2 

where P is the slope of the volume-time curve 

K is a constant depending upon the chart speed and the 

burette capacity 

T is the titre of the barium hydroxide reagent. 

(2.11) 

All measurements were performed when a "steady state" was achieved, 

which results in a linear portion of the recorded curve. Lautier 

et a1. (1970) also studied the effects of blood and oxygen flow 
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rates and blood mixing on carbon dioxide transfer. All these factors 

resulted in a substantial increase of e02 as well as O2 transfer 

rates. Although the intrinsic permeability of the membrane was not 

measured, the technique for determining e02 transfer is worth noting. 

Ketteringham et al. (1975) carried out an extensive study of 

oxygen and carbon dioxide gas transmission rates of membranes used 

in blood oxygenators. The blood-membrane-gas tests were performed in 

a spiral channel cell of diameter 12.5 cm exposing a membrane test 

area of 98.3 2 cm • Outdated human bank blood was used and adjusted 

to pH 7.4. The blood pressure drop across the channel was 76 mmHg 

at 10 mt/min flow rate. The e02 transfer rate through the membrane 

was calculated from the carbon dioxide fraction of the ventilation 

gas at exit using an infra-red e02 analyser and the gas flow rate. 

and 

transmission rate (Geo ) was obtained from the transfer rate 
2 

the appropriate logarithmic mean pe02 difference. 

The flow dependence of Geo indicates that the transfer 
2 

resistance is a function of the membrane resistance and an apparent 

Ilblood film" resistance. Ketteringham et a1. (1975) investigated 
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this by measuring the Geo of the membrane in the spiral cell under 
2 

a gas-membrane-gas test condition and calculating the value of the 

"blood film" resistance as a function of blood flow rate according 

to: 
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Blood fi 1m 1 1 (2.12) . = --"""'!""=----~~-=---resistance overall permeability membrane permeability 

Although equation 2.12 is valid for homogeneous membranes, it is not 

necessarily true for microporous membranes since gas-membrane-liquid 

test conditions may alter their permeability characteristics. 

The values obtained for polyalkylsulfone (PAS) - coated embossed 

microporous polypropylene, po1ydimethy1 si10xane and embossed micro-

porous polypropylene at 240C are shown in Figure 2.10. Ketteringham 

and coworkers showed that the carbon dioxide transfer rates are 6-10 

times greater than oxygen transfer for the microporous PAS-coated 

polypropylene than for polydimethyl siloxane membrane at comparable 

flow rates. Therefore, in a device with secondary flow, blood film 

resistances are reduced and higher oxygen and carbon'dioxide transfer 

in PAS membranes can be taken advantage of. Data was also presented 

for the Geo of PAS-coated and uncoated microporous polypropylene, 
2 

and a polydimethyl siloxane/polycarbonate copolymer under blood-to-gas' 

test conditions as shown in Table 2.7. 
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and Yoshida, 1972). 



3 
Normaliaed blood flow rate ( em ) 

. 2 min m 

Membrane 

PAS on microporous 
polypropylene 

Uncoated microporous 
polypropylene 

Polydimethyl siloxane/ 
polycarbonate copolymer 

500 

-5 6.0xlO 

-5 5.85xlO 

1000 

-5 7.8xlO 

-5 8.51xlO 

-6 8.99xlO 

2500 

-4 1.09xlO 

-4 1.45xlO 

-5 1.49xlO 

Table 2.7 Blood-to-gas carbon dioxide transmission rates 

320 in cm (STPD)/(cm .s.cmHg) at 37 C. 

Katoh and Yoshida (1972) studied the rate of absorption of 

oxygen into deoxygenated blood through four types of membranes. The 

test absorber (Figure 2.11) was equipped with a stainless steel 

variable speed stirrer. In the centre base of the vessel the test 

membrane is supported by a wire mesh over a 3.2 cm diameter opening. 

Gases were passed in the bottom cover beneath the membrane. A 

thermomete~ and an oxygen electrode were inserted through the top 

cover of the vessel. The membranes evaluated in the system were 

Teflon (25 llm thick), "Phycon", (Fuji Polymer Industries Ltd) a 

silicone rubber membrane reinforced with nylon mesh (approximately 

150 llm thick), "Phycon Non-woven", a silicone rubber membrane 

reinforced with non-woven fabric (approximately 70 llm thick) and 

"Si las tic" 500-1 (125 llm thick, Dow Corning Inc.). In addition 

to blood, other liquids were used as absorbents for oxygen. 

An analysis of the results was obtained from an oxygen mass 

balance: 
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Integration gives 

dc 
V -- - KA(C*-C) dt 

For a given value of K, a plot of the left-hand side of 

(2.13) 

(2.14) 

equation (2.13) against the time t from the start of run should give 

a straight line passing through the origin, from the slope of which 

K can be evaluated. Figure 2.12 shows the plots of liquid phase 

mass transfer coefficient (~) variation with stirrer speed (n) for 

the runs with the Phycon membrane at 36.5 °C. Figure 2.13 shows the 

Wilson plots for oxygen absorption into water with three types of 

membranes. The overall resistance to transfer is plotted as a 

-a function of n (where a is arbitrarily selected to give a linear 

relationship). From the linear fit, one can conclude that the 

liquid phase mass transfer coefficient ~ varies in proportion to 
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the stirrer speed n to the power of a (a = 0.71). Extrapolation back 

to the intercept at the ordinate gives the membrane resistance 

-a (as n + 0, when n + =, i.e. zero resistance is assumed at infinite 

stirrer speed). The membrane resistances thus obtained can be 

deducted from the overall resistance to give the liquid phase 

resistance. 

Using the above test system and a similar analysis Katoh and 

Yoshida (1978) determined the CO2 permeability of a silicone rubber 

(100 pm thick, Fuji Systems Co., Japan) and the microporous poly­

propylene (20 pm thick, Celanese Corp., USA.) membranes. The 

values obtained were 3.4 x 10-5 cm3 (STPD)/Ccm2s cmHg) for the 
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silicone rubber, and 4.1 x 10-4 cm3 (STPD)/(cm2 s.cmHg) for the 

microporous polypropylene membrane. 

Keller and Shultis (1979) developed a test system for measuring 

oxygen transmission rates (GO ) through membranes in the gas-
2 

membrane-liquid transfer mode in which the liquid phase transport 

resistance is reduced to a negligible level. This was achieved by 

a chemical reaction on the liquid side which reacts rapidly and 

irreversibly with the oxygen crossing the membrane. Sodium sulphite 

(Na2S03) was chosen as the "oxygen" sink for the reaction. Na2S03 

combines irreversibly with O2 to give sOdfum sulphate. This reaction 

is cata1ysed by cobaltous nitrate. The kinetics of the reaction is 

discussed in more detail by Shultis (1980). 

The permeability test cell (Figure 2.14) consists of lower and 

upper chambers, between which the test membrane is securely held. 

Instrumentation ports for monitoring oxygen partial pressures are 

located in the upper chamber. Na2S03 solution is placed in the lower 

chamber and the test membrane is sealed in place. Humidified oxygen 

is introduced through the upper chamber and isolated. The decrease 

in oxygen pressure is measured as a function of time for about 10 

minutes and the permeability is determined from the data. In the 

same study, the effect of 3 hours exposure of the membrane to blood 

on permeability was assessed, after which the permeability measurement 

was carried out, the membrane was rinsed and once again exposed to 

the blood fraction. The process was repeated after 6, 12 and 24 hr 

of exposure. 

Several membranes were studied; Celgard microporous poly-

propylene, silicone rubber and PS-200 (a single ply celgard micro-
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porous membrane coated on one side with a 1.5 ~ po1ysu1phone-

polysi10xane copolymer film). A smooth and a rough side permeability 

value was reported by Keller and Shultis (1979) for the Ce1gard micro-

porous membrane. Based on the oxygen permeability results of these 

membranes (Table 2.8) it was postulated that the main resistance to 

gas transfer through microporous membranes is the liquid migration 

into the pores so that gas transfer is limited by the rate of oxygen 

diffusion through the stagnant liquid in the pores. 

membrane 

Ce1gard microporous 
polypropylene 
- "smooth" side 

- "rough" side 

Sci-Med 2.5 ~m 
silicone rubber 

PS-200 

cm3(STPD) 
GO ' -":'2-'-----

2 cm s cmHg 

1.45 + 0.15 x 10-5 

2.30 + 0.2 x 10-5 

2.2 + 0.3 x 10-5 

1.6 + 0.25 x 10-4 

Table 2.8 Oxygen permeabilities of tested 
membranes at 37 °C. 

The higher permeability of the PS-200 membrane seems to be 

consistent with this hypothesis, since the film coating the liquid-

contacting side of this membrane prevents liquid from entering the 

pores. 

The effect of long-term blood contact on the membrane has been 

shown to cause a reduction in permeability. Keller and Shultis (1979) 

also tried to differentiate the blood components which may affect 

permeability, by exposing the membrane to serum and plasma, in order 
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to examine the effects o~ fibrinogen adsorption. The PS-200 membrane 

was the only one showing no loss of permeability following 24 hours 

exposure to serum. 

Dohi et aL (1981) measured a polysulfone membrane permeabili ty in a 50cm2 

test cell under gas-membrane-liquid test condition. ~he l.0R, of water 

was deoxygenated by bubbling nitrogen gas and circulated at a high 

flow rate of 500 mt/min in the circuit, while 02 or CO 2 was absorbed 

through the test cell. During the test procedure, p02 or pC02 in 

the water was measured at regular intervals. The boundary layer 

resistance on the water side was reduced by circulating the water at 

a high flow rate. In spite of high flow rate operation similar to 

Ketteringham et al. (1975), the validity of reducing boundary layer 

resistance to a negligible level was not demonstrated in this 

experimental circuit. 

2.5.3 Summary. 

Reported literature values on gas permeabilities through 

membranes show substantial variations depending on the test conditions 

used. Typical carbon dioxide gas transmission rates are at least 5 

times greater under gas-membrane-gas compared to gas-membrane-liquid 

test conditions for the Celgard microporous polypropylene and the 

polydimethyl siloxane membranes (Gaylor et al. 1975; Katoh and 

Yoshida, 1978). Table 2.9 gives the summary of CO2 gas transmission 

rates reported in the literature, together with 02 gas transmission 

rates for comparison. 

For the liquid phase, human blood (Ketteringham et al. 1975), 

bovine blood, aqueous solutions of haemaglobin as well as distilled 

water have been used. (Katoh and Yoshida, 1978). Moreover, 



Membrane 

Ce1gard microporous 
polypropylene 2400 

Silicone rubber 

Ce1gard microporous 
Polypropylene 
-smooth side 
-rough side 
Sci-Med silicone rubber 
PS-200 

Celgard microporous 
Polypropylene 

Silicone rubber 

Microporous polypropylene 

Silicone rubber ' 

Test condition 

gas-to-gas 

gas-to-Na2S02 

water-to-gas 

blood-to-gas 

G*O C 2 

-3 6.2 xlO 

8.26xlO-4 

4.1 xlO-4 

3.4 xlO-5 

1. 45x10-4 

-5 3.0 xlO 

cm3 (STPD) 
2 

*Gas transmission rate (G) is in units of 
em s cmHg. 

G* O2 

7.0 xlO-3 

-4 1.58xlO 

1. 45x10-5 

2.3 xlO-5 
2.2 xlO-5 

16.0 xlO-5 

Reference 

Gaylor et al. 
1975 

Keller and 
Shultis 
1979 

Katoh and 
Yoshida 
1978 

Ketteringham 
et al. 
1975 

Table 2.9 Comparison of CO2 and O2 gas transmission rates 

through oxygenator membranes. 

>( 

0\ 
o 



different analytical methods are reported for CO2 measurements 

depending on whether CO2 is determined in the gas or liquid phase. 
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In CO2 desorption evaluations where CO2 is measured in the gas phase, 

infra-red CO2 analyser (Katoh and Yoshida, 1978; Ketteringham et al. 

1975), titration method using Ba(OH)2 (Lautier et al, 1970) and 

manometric method (Shultis, 1980) have been reported. Where CO2 

measurements are carried out in the liquid phase, pC02 electrodes 

are commonly used to monitor the CO2 content change. Mechanical 

stirring or the use of porous support structures are used to reduce 

the liquid boundary layer resistance. Chemical reactions in the 

liquid phase can also reduce boundary layer resistances (Shultis, 

1980). 

A test method for determining gas permeabilities through 

membranes under gas-membrane-liquid test conditions must be able to 

reduce the liquid boundary layer resistances to a negligible level. 

Moreover a suitable method of CO2 determination is also necessary. 

pC02 electrodes are subject to response time errors (Adams and Hahn, 

1982) thus a more accurate method is desirable. 

A test system which takes into account liquid boundary layer 

resistance and a chemical reaction which rapidly combines with the 

CO2 as it crosses the membrane is described in Chapter five. 

The CO2 measurements were performed using the Corning carbon 

dioxide analyser (Corning Medical Ltd., England) available for the 

oxygenator evaluations. 
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CARBON DIOXIDE TRANSFER MODELS 

Mathematical modelling of biological systems has become an 

important tool to aid the design of medical engineering devices. 

For example in membrane lungs, the basic problem is that of mass 

transfer between the blood and gas separated by a semi-permeable 

membrane. Models to describe oxygen and carbon dioxide transfer in 

membrane lung channels with laminar flow present major problems. 

Gross simplifications must be made, and the justification of these 

assumptions often lies in the effectiveness of the final model. It 

is always essential to verify the model by comparing the predicted 

behaviour with that determined experimentally. Once the model has 

proven to give an accurate simulation, the model can be used to alter 

major parameters with relative ease. For example, the effect of 

blood flow rate or length of flow path on mass transfer, can be 

studied and design parameters can be determined without resorting to 

an extensive experimental programme. 

This chapter presents briefly the basis of mass transport, the 

convective~diffusion equation for the theoretical analyses applicable 

to membrane lungs, and the various carbon dioxide models reported in 

literature. The comprehensive model developed by Voorhees (1976) was 

selected as appropriate for correlation with experimental work as 

carried out in the thesis. Numerical solution was performed utilising 

a computational package developed by Dr. P.J.D. Mayes of the Department 

of Mathematics, Strathclyde University. Results from the mathematical 

model are presented for tubular and parallel plate geometries. For 

reference input conditions the influence of membrane resistance and 

gas phase pC02 are examined. 
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3.1 Mass Transport 

The mass transport mechanism of interest in membrane lungs is 

that of molecular diffusion. This is the movement of a chemical 

species from a region of higher concentration to one of lower 

concentration and is termed ordinary diffusion. The term "ordinary" 

is used to distinguish this mode of transfer from diffusion as a 

result of thermal or pressure gradients or external forces. Usually 

for the physical conditions existing in the membrane lung, we need 

only consider ordinary diffusion, which will be referred to simply 

as diffusion in this chapter unless otherwise stated. 

When diffusion is coupled with fluid motion due to external 

means, we have convective mass transfer. Other higher order mass 

transfer modes are active transport and facilitated transport, both 

of which are of physiological interest. Basically, facilitated 

transport is diffusion aided by a carrier~ while active transport 

goes against concentration gradients, with energy provided by such 

means as biological or biochemical reactions. 

3.2 Convective-Diffusion Equation 

Mass transfer problems in blood flowing in membrane lung 

channels or tubes are described by the general form of the convective-

diffusion equation as follows: 

DC. k 
1., 

Dt 

Rate of accumulation 
of specie i in phase 
k. 

= -VJ. k 
1., 

Net diffusional 
flux of specie 
i in phase k. 

+ q. k 
1., 

Rate of 
chemical 
production 
of specie i 
in phase k. 

(3.1) 



The equation accounts for the convection, diffusion and 

chemical reaction of species i, in a homogeneous and isotropic 

phase k. With further assumptions of steady-state, constant total 

mass density conditions and applying Fick's Law, equation (3.1) in 

vector notation becomes: 

div(V C. k) = V • D. V C. k + q. k 1, 1,k 1, 1, 
(3.2) 

~ 

Where V is the velocity vector and D. k is the diffusional 
1, 

coefficient of specie r-in phase k. Equation (3.2) is the basic 

equation for the theoretical analysis of oxygen and carbon dioxide 
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transfer in membrane lungs. To simplify the problem, the majority 

of published analyses assume that: 

(a) Blood is a homogeneous, incompressible, Newtonian fluid 

(b) Fully developed laminar flow exists at entry into the mass 

transfer section of the tube or channel 

(c) Convection occurs only in the axial direction 

(d) Diffusion occurs only in the direction perpendicular to 

~he tube or channel wall 

(e) Diffusion coefficient of specie i is constant 

(f) Local chemical equilibrium exists throughout the phase. 

Since the tube or channel dimensions (> 150 ~m) in membrane 

oxygenators are much greater than the size of the red blood cell 

(about 8 ~m), it is reasonable to assume the blood to be homogeneous 

and a continuum approach is valid. Furthermore, as blood is a 

heterogeneous fluid on a microscopic level, the simple Fick's Law 

relationship employing molecular diffusivities cannot be used 

directly (Spaeth, 1970). The usual procedure is to introduce an 

effective diffusivity for dissolved gas diffusing through blood. 
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Effective diffusion coefficients are dependent on the haematocrit, 

the relative permeabilities of the continuous (plasma) and suspended 

(red cells) phases, as well as temperature and viscosity. 

Consequently, it has been difficult to obtain reliable diffusivity 

data for carbon dioxide species in blood. Similar problems are 

encountered for the determination of oxygen diffusivity in blood. 

Local chemical equilibrium can be assumed if the red cell 

membrane resistance to bicarbonate ions is negligible compared with 

the oxygenator membrane resistance and the changes in CO2 content 

are small. Voorhees (1976) stated that the local equilibrium 

assumption may be valid for low blood flow conditions and large 

channel dimensions typical of commercial membrane oxygenators. 

Given the local equilibrium the continuum assumption, equation 

3.2 may be summed for the three CO2 species that exist in blood i.e. 

dissolved, bicarbonate and carbamino forms. With the other 

assumptions listed in section 3.2 one obtains for a tubular geometry 

with radial and axial co-ordinates rand z respectively:-

(3.3) 

where the total CO2 concentration CT is the sum of the dissolved CO2 

(Cd)' bicarbonate (Cb) and carbamino CO2 (Cc) concentrations: 

(3.4) 

Dd, Db and Dc are the respective diffusivities and V~ is the 

axial velocity which is a function of r only. 

The majority of CO2 transfer models reported in the literature 

are based on equation 3.3 and differ in the relations for CT and in 

the treatment of the individual diffusion terms. Most models assume 

Newtonian fluid behaviour for blood and hence the axial velocity 
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profile V is parabolic. z _ 

Equation 3.3 is solved in conjunction with a set of boundary 

conditions appropriate to the problem. All models assume uniform 

concentration at inlet to the transfer section and axisymmetric 

transfer. At the membrane wall either constant concentration or 

flux matching conditions may be taken. The flux matching condition 

is the more general case and allows for a finite wall resistance 

to gas transfer whereas the constant concentration at the wall 

implies zero wall resistance. 

3.3. Review of CO2 Transfer Models 

A comprehensive review of existing CO2 transfer models in 

membrane oxygenators has been compiled by Voorhees (1976) and 

Colton (1976). Therefore only a brief resume of CO2 transfer 

models is presented below wi th the most complete CO2 ,transport 

models of Benn (1974) and Voorhees (1976) described in greater detail. 

The most common membrane oxygenator geometry investigated is the 

tubular type. 

Weissman aad Mockros (1967) proposed a model to theoretically 

predict carbon dioxide removal in a permeable tube. The total 

carbon dioxide content, CT was taken to be a linear function of the 

dissolved CO2 concentration, Cd:-

CT = 1.14 x 10-2 + lO.OOCd (3.5) 

where CT and Cd are in mmol/l. 

Since CT is a function of Cd only then the term aCT/az in 

equation 3.3 may be written.as 

(3.6) 
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For the assumption of Newtonian behaviour for blood 

(3.7) 

-where V is the mean velocity in the tube and R. is the tube internal 
1 

radius. 

Weissman and Mockros considered the diffusion of RC03 and 

carbamino CO2 to be negligible and hence with equations 3.6 and 3.7, 

equation 3.3 becomes;-

- r 2 oCd 1 0 oCd 20V [1 - (-) J - ... D r.= - (r -)] R. az d ~ or ar 
1 

(3.8) 

which is a linear partial differential equation (PDE). 

The PDE was solved with the following boundary conditions: 

Uniform inlet concentration 

Axi symme try 

Cd = C d,in at z - 0, o < r < R. 
- 1 

at r'" 0, z > 0 

constant wall concentration (zero wall resistance) 

Cd == C d,w at r - R., z > 0 
1 

Defining the following dimensionless variables:-

r r* 0::-R. 
1 

z* 0:: 

then equation 3.8 can be expressed in dimensionless form as: 

2 ac* I a ac* (l-r* ) - 0:: - - (r* -) az* r* ar* 3r* 

with boundary conditions: 

(3.9) 

(3.10) 



c* - 0 

ac* _ 0 
ar* 
C* = 1 

at 

at 

at 
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z* • O. o < r* < 1 

r* • O. z* > 0 (3.11) 

r* I: 1, z* > 0 

Equation 3.10 and boundary conditions constitute the classical 

Graetz problem for convective heat transfer.in which an analytical 

solution may be obtained (e.g. Sellars et a1., 1956). Weissman and 

Mockros offered no experimental data to validate their transfer model. 

Comparison with an analysis for oxygen transfer showed that for 

laminar flow the length of tubing needed to eliminate CO2 is less than 

the length needed for oxygen uptake. 

Vil1arroel et a1. (1970) modelled CO2 transfer in a tubular geometry 

for laminar and shear-augmented diffusion. The same relationship as 

Weissman and Mockros (1967) was used to approximate the total carbon 

dioxide content (equation 3.5). Thus the convective-diffusion 

equation was solved neglecting bicarbonate abd carbamino diffusion 

terms. By assuming bicarbonate concentration constant through the 

tube, pH profiles were generated from Cd (or pC02) profiles via the 

Henderson-Hasselbalch equation. An improvement over the previous 

model was the incorporation of a flux matching wall condition to 

account for a finite wall resistance. In a comparison with the oxygen 

transfer analysis, similar conclusions as Weissman and Mockros (1967) 

were obtained. Yillarroe1 et al. (1970) concluded that the wall 

resistance parameter is significant for the transport of oxygen and 

carbon dioxide and must be considered in the mathematical analysis, 

especially in the case of carbon dioxide. No experimental data were 

reported to verify the CO2 transfer model. 

In a further paper experimental data were obtained for comparison 

with the CO2 theoretical model (Vil1arroel and Lanham, 1973). pC02 
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data obtained compared well with the theory, but this agreement 

was attributed to the wall limited nature of their experimental 

devices (Voorhees, 1976). Total CO2 transfer rates were not 

reported. 

Harris et al. (1970) formulated the convective-diffusion equation 

for tube flow by assuming the following non-linear relationship 

where CT' Cd is in mo!/! 

pC02 is in mmHg 

wpC02 C -C - ~--~­T d 1+wpC02 

and w is an empirical constant. 

(3.12) 

A value of w = 0.02386 was found to give the best data fit 

over the range ° ~ pC02 ~ 140 to the CO2 dissociation curve reported 

by Guyton (1966). In the CO2 model, only diffusion of dissolved CO2 

was considered and a non-Newtonian velocity profile was incorporated 

in the equation. No indication was given by the authors as to 

whether they had solved their CO2 transfer theory hence no conclusion 

can be drawn from their study as to the validity of the model. 

Experimental data were not reported in this study for comparison 

purposes. 

Bradley and Pike (1971) considered carbon dioxide removal as 

d~pendent on the simultaneous oxygen uptake. The model was derived 

by simplifying the general convective-diffusion equation for steady-

state, isothermal flow of blood in a permeable tube. The diffusion 

of the bicarbonate ion and carbamino CO2 was neglected and the only 

diffusing specie considered was dissolved CO2, Since the carbon 

dioxide dissociation curve is influenced by p02 or oxygen saturation, 



a linear relationship between CT and pC02 in blood was modified to 

include an oxygen saturation term (S) given by: 

CT = 16.8 - 3.36S + 0.20SpC02 (3.13) 

where CT is in mmot/t 

S is the fractional O2 saturation of haemoglobin 

pC02 is in nunHg 
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The modified convective-diffusion equation was solved numerically 

with an oxygen saturation term included: 

v rO.205 aCd - 3.36 ~ = D 
z L ad az az d 

1 d aCd ] 
r dr (r ar-) (3.14) 

where ad is the solubility coefficient of dissolved CO2 in blood with 

boundary condition: 

C = Cd . at z 0= 0, o < r < R. d ,1n - 1 

dCd 

° at 0, z > ° (3.15) -= r = ar 

Cd .. C at r .. R., z > 0 d,w 1 

The-theoretical model underpredicted carbon dioxide transfer 

compared to that found experimentally. The discrepancy between the 

theory and experimental data is due to the limitations of the model. 

The carDon dioxide model was taken to be independent of pH, but CO2 

removal is a function of pH via the bicarbonate ion and carbamino CO
2

• 

Hence taking into account bicarbonate ion and carbamino CO2 as 

important diffusion species may give a more reliable CO2 transfer 

model. 

3.3.1 Benn's weak acid model 

Benn (1974) postulated that a weak acid solution containing CO2, 

HCO; and carbonic anhydrase would be similar to blood in its CO2 
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transfer characteristics. He showed that weak acid diffusion has 

an important role in the transfer of the CO2 species. In a weak acid 

phosphate (H3P04) buffer solution and pH range of 7.0 to 7.6, only 

HC03 and dissolved CO2 are the main species to be considered in the 

general convective-diffusion equation. An overall buffering 

behaviour of the weak acids was assumed in the model. 

An extension of the weak acid model was considered for CO2 

transfer in blood. The modified version takes into account the 

effect of CO2 released from haemoglobin during oxygenation. Benn 

also included facilitation of CO2 transport by HCO;, the kinetics of 

carbonic anhydrase (assumed to be uniformly distributed throughout 

the blood) and the effects of weak acids (for example, haemoglobin, 

globulins, albumins and phosphates) in the blood. 

Blood was assumed to be a homogeneous fluid and the convective-

diffusion equation was written for dissolved CO2 and HC03• Carbamino 

CO2 was incorporated into the dissolved CO2 in the tube. The 

resulting transfer equations were non-dimensionalized and solved 

numerically. Details of the equations can be referred to in Benn's 

Ph.D. thesis (Benn, 1974). 

To validate the theoretical model blood experiments were ·carried 

out. In the experiments with fresh whole blood a good agreement 

between theory and experimental data was obtained (figure 3.1). This 

was only valid if the 02 related effects denoted by f(HHb) were 

minimal and the CO2-bicarbonate reaction rate (R) was chosen such 

that equilibrium transfer conditions existed in the blood channel. 

The boundary condition at the tube wall for all species except 

dissolved CO2 is zero flux. The fractional CO2 removal, ec ' is 

related to the uniform inlet CO2 content CTi , and the cup-mixed 

outlet CO2 content CTo by: 



(3.16) 

2-and the dimensionless tube length, which is equal to (Ddz)/(4Ri V). 

-5 2 -5 Benn used a value of 1.92 x 10 cm Is for Dd and 1.18 x 10 

2 cm /s for Db. Using these values a ratio of Db/Dd of 0.615 was 
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calculated. At.R ~ 500 and f(HHb) • 0.45, CO2 and HC03 was considered 

to be at "equilibrium" throughout the CO2 transfer process. The 

blood inlet conditions used were: 21.0 mmHg pC02, 18.0 mmHg p02' 

7.62 pH, 27.5 02 saturation, 16.0 g% Hb and 240 C temperature. The 

CO2 total content determinations were performed using the Van Slyke 

apparatus. 

3.3.2 Voorhees' model 

Voorhees (1976) described a theoretical model to account for 

the different CO2 diffusing species in blood flowing in macrochannel 

devices with tubular and parallel plate geometries. The model was a 

development from his initial CO2 transfer theory (Dorson and Voorhees, 

1974) which assumed that the total CO2 content and bicarbonate ion were 

a linear function of dissolved CO2• This approximation however did 

not give a good agreement with experimental data and was abandoned in 

favour of the present theoretical CO2 model. In this model, several 

assumptions are made. Blood is treated as a homogeneous fluid, under 

steady state and local chemical equilibrium conditions. Bicarbonate 

ion is considered to be an important diffusing specie and a stmp1e 

equilibrium relationship was derived for the concentration of 

dissolved CO2 (denoted by C1) in terms of the concentration of reacted 

CO2 (denoted by C2). The CO2 dissociation curve is approximated by 

the equation 

(3.17) 
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where K' (dimensionless) and e (mmot/t) are constants. 

The total CO2 content (CT) is the sum of the dissolved and 

reacted forms given by: 
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(3.l8) 

where C2 is the. sum of the concentrations of bicarbonate and 

carbamino species. To simplify the development. the reacted CO2 

species were assumed to diffuse at the same rate. If the dissolved 

species Cl has a diffusion coefficient Dl and the reacted species 

C2 has a diffusion coefficient 02' then the convective-diffusion 

equation 3.3 for a Newtonian fluid flowing in a tube [Figure 3.2(a)] 

becomes: 

2 
- r 2V{1 - -) 

R2 
1 

a 1 a aCl 1 a aC2 az (Cl +c2) ... °1 r ar (r a;-) + D2 r ar (r h) 

(3.l9) 

. - 2 
Nondimensiona1ising with r* a r/R.; z* - (Otz)/(2VR.). equation 

1 1 

(3.19) becomes: 

2 a 1 a 
[r* ~r* (Cl (l-r* ) az* 

(Cl +C
2

) ... ---r* or* 

It is important to note that Cl and C2 have 

dimensionalised. Since the flow rate through the 

2-by Q ... nR.V then z* can be expressed as: 
1 

° + D2 C2)] (3.20) 
1 

not been non-

tube, Q is given 

(3.2l) 

Equation 3.20 is solved with the following boundary 

conditions: 



at z*· 0, 0 < r* < 1 

at r*· 0, z* ~ 0, (3.22) 

where a l is the solubility of dissolved CO2 in blood. 

y is the dimensionless wall resistance parameter defined as: 

(3.23) 

where D a is defined as the membrane permeability (~ ) and R is mm m 0 

the tube outer radius. For the wall condition, it should be noted 

that dissolved and reacted CO2 species in the blood may diffuse to 

the membrane boundary. y may be considered to represent the 
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resistance of the membrane wall relative to that of the blood phase. 

For y - 0 the boundary condition reduces to that of constant conc-

entration i.e. wall resistance is zero. 

Voorhees also considered the CO2 transfer in a semi-infinite 

parallel plate channel with two permeable walls of half-height, at 

and width, W [Figure 3.2(b)] • The corresponding dimensionless 

convection-diffusion equation was: 

where 

2 a a2 D2 
(l-y* ) az* (Cl +C2) - ---- (c + --D C2) 

3y*2 1 1 

y* _ 1- ; 
a z* -

4WDIz 

3Qa 

(3.24) 

and the concentration CT was considered to be a function of only 

the transverse (y) and the axial (z) directions, and independent 

of the lateral direction (x) 

The boundary conditions for the parallel plate (equation 3.24) 

are given below: 



Cl + C2 - CTi at z* - 0, -1 ~ y* ~ 1 

3 
3y* (Cl +C2) - 0 at z* ~ 0, y* - 0 

3 D 1 
3y* (Cl +..1.C) - - (a P -C ) at z* ~ 0, y* • + 1 Dl 2 Y 1 g 1 

y is the dimensionless wall resistance defined as: 

Dl a l t 
Y - D a a 

mm 

where t is the membrane thickness. 

(3.25) 

(3.26) 

Comparison of the relevant dimensionless parameters for the 

permeable tube and parallel-plate with two permeable walls are 

summarized in Figure 3.2(a) and 3.2(b) respectively. 

3.4 CO2 Transfer Theory - Predictions 
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Solutions to the tubular and parallel-plate equations (3.20 and 

3.24 respectively) were obtained using computer programs developed by 

Dr. P.J.D. Mayes, Dept. of Mathematics, University of Strathclyde. 

The programs use the NA G routine D03PBF (Dew and Walsh, 1981) which 

is based on the Method of Lines (Madsen and Sincovec, 1974). Using 

this technique good agreement has been found with analytical (Graetz) 

solutions and with O2 transfer (analogous to CO2 transfer) results 

obtained independently by Colton and Drake (1971). Also excellent 

agreement has been found with the solution obtained independently by 

Khoo (1984) to the CO2 transfer equations using a Crank-Nicolson 

finite difference scheme. 

3.4.1 Input parameter selection 

The numerical analysis solves for the reacted CO2 concentration, 

C2' at any r*, z* location within the tube. Dissolved CO2 

concentrations, Cl are calculated via the dissociation curve 



Specified 

CTi 

pC02 . ,1n 

CHb 

Dz'D1 

y 

p 
g 

Table 3.1 Input parameters for the CO2 transfer 

model (ISO reference conditions). 

Derived 

23.36 mmol/R. H 36% 

45.0 mmHg e 25.44~ mmol/R. 
I 

12.0 g% K 122.07 
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(T - 37
o
C) 

0.6 a1 0.02945 mmo1/1.mmHg 

0.0,0.01,0.05, C1 • ,1 1.3253 mmol/l 

0.1,0.2 or 0.5 

0,5,10 or 15 mmBg 
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relationship given by equation 3.17. 

(3.17) 

C2(r*,z*) also depends on the following blood input, membrane 

and gas phase cpnditions: 

CTi 

pC02 . ,1n 

C~ 

D2/D1 

total CO2 concentration at inlet (z* • 0) 

inlet blood pC02 

haemoglobin concentration 

CO2 diffusivity ratio (reacted/dissolved) 

membrane resistance 

gas phase pC02 

CO2 solubility in blood 

The constants B and KI in equation 3.17 may be determined from 

the specified CTi , pC02,in' a1 and C~ as shown in Appendix A for 

ISO reference input conditions. Diffusivities and solubilities are 

dependent on haematocrit and temperature. The relevant re1ation-

ships are given in Appendix A for the estimation of these quantities. 
~ 

Voorhees (1976) found that his experimental data was best correlated 

with theory if a D2/Dl ratio was taken. This value is in good 

agreement with Benn (1974) who used a D2/D1 ratio of 0.615. 

3.4.2 Effect of gas phase pC02 and wall resistance on CO2 transfer 

For ISO reference input conditions (Table 2.2) the CO2 

removal in tube and parallel plate:geometries were computed for 

various combinations of P and y. The input data sets (derived g 

parameters are calculated in Appendix A) are shown in Table 3.1. 

Practical application of the theory may be made if the 

fractional CO2 removal, ec is plotted as a function of z*. 

defined in equation 3.16: 
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e 
c = (3.16) 

The velocity-weighted average CO 2 content (cup-mixed)., CTo ' is, 

in the tubular case, given by: 

J: C1(1-r*2)r*dr* + J: C2(1-r*2)r*dr* 

J:(1-r*2)r*dr* 

(3.27) 

Experimentally, e may be determined readily since blood samples c 

taken from outlet of the oxygenator are equivalent to cup-mixed values. 

Figure 3.3 shows e as a function of z* for zero gas phase 
c 

pC02 (Pg = 0) and for the range of wall resistances quoted in Table 

3.2. In Figure 3.4 the influence of finite P values for wall g 

resistances of 0.0, 0.1 and 0.5 are displayed. These figures are 

for the tube configuration; corresponding plots for parallel plates 

are given in Figures 3.5 and 3.6. The influence of gas phase and 

wall conditions on CO
2 

removal will be discussed with reference to 

transfer in-tubes. Similar effects may be observed in parallel plate 

systems. 

It may be seen from Figure 3.3 that the wall resistance 

parameter, y has a profound effect on CO 2 removal even under optimal 

gas phase conditions i.e. Pg = 0 mmHg. Compared to the infinitely 

permeable wall, y = ° a wall resistance of 0.2 will require about a 

10-15 fold increase in tube length in order to achieve the same CO2 

removal rate. As will be presented in Chapter 4 evaluation of a 

commercial hollow fibre oxygenator has indicated y values of about 

0.4. Thus considerable improvement in performance could be attained 

if y were to be reduced. Since y is proportional to tn(RO/Ri ) 
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and inversely proportional to D a (i.e. membrane permeability) as mm 
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defined in equation 3.23, a reduction in the tube wall thickness or 

an increase in the membrane permeability will result in a reduction 

in the wall resistance parameter. Although it could be argued that 

an increase in the tube inner radius, R., could bring about a 
1 

reduction in y, the priming volume of the oxygenator would be 

increased (proportional to R~). 
1 

As the partial pressure driving force for CO2 transfer is 

relatively small ( pC02 - 45 mmHg for reference input conditions 

and Pg = 0.0 mmHg) any finite gas phase pe02 will be expected to 

reduce the CO2 removal at a fixed z*. This effect is shown clearly 

in Figure 3.4. The relative increase in tube length required for a 

given ec as Pg is increased is greater for lower wall resistances. 

For example if e = 0.2 the tube length would have to be increased c 

about 2.6 times as P is raised from 5 to 15 mmHg (assuming y - 0.0). 
g 

If y = 0.5 the corresponding tube length increase would be about 

1.6 times. 

Voorhees (1976) carried out CO2 transfer experiments in a 

single tube system and presented theoretical predictions for Pg • 0. 

This is readily justified since high ventilation rates were used in 

his experimental system thus one could assume that P = 0. However, g 

no theory predictions were presented to study the effect of finite 

gas phase, Pg on CO2 transfer. 

In practice, an oxygenator with a countercurrent flow system 

will exhibit a finite Pg at gas phase outlet as the CO2 concentration 

builds up along the length of the ventilation compartment. The 

magnitude of Pg at outlet can be calculated from measurement of the 

inlet ventilation flow rate, Q ., the total CO
2 

transfer and the g,1 

total 02 uptake by the blood. 
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The theory predictions for finite P are however based on the g 

assumption that the gas phase pC02 is constant along the length of 

the tube or parallel-plate. A more suitable analysis would be to 

solve simultaneously the transport equations for blood and gas phases. 

However this more complex analysis is outwith the scope of this 

thesis. The present predictions for finite P will be used as first g 

order approximation for oxygenator performance under conditions of 

reduced ventilation rates. One way in which this can be done is 

to use an average arithmetic mean P based on the inlet gas phase g 

pC02 (usually ° mmHg) and the outlet pC02 which can be determined as 

previously mentioned. This mean P can then be used as input data for g 

the theoretical model. 

The theory predictions illustrate that CO2 removal in clinical 

membrane oxygenators may be controlled by alteration in ventilation 

flow rate (analogous to the human lung), i.e. the higher the Q . the g,1 

smaller the outlet Pg and hence the greater the CO2 removal. 

3.4.3 Design predictions for ECC02R-LFPPV 

From section 2.4 it has been suggested that suitable removal 

criteria would be a ~CO of 200 m1(STPD)/min at a blood flow rate, 
2 

QB of 1.5 t/min, giving a Vco IQB ratio of about l30.mt CO2 (STPD)/t. 
2 

This corresponds to a Vco IQB ratio of 6.0 mmol CO2 (STPD)/1. Design 
2 

predictions for ECC02R-LFPPV at 'the given Vco IQB ratio can be 
2 

derived given the following relationship: 

(3.27) 

Since 6c - (CTi - CTo)/CTi , equation 3.27 can be rearranged 

to give: 

(3.28) 



86 

and 

(3.29) 

For the ISO Standard condition CTi = 23.36 mmot/t, and for 

VCO /QB - 6.0 mmol CO2 (STPD)/ , 6C - 0.26. At this 6C value, 
2 

the dimensionless length z* required may be determined from Figure 

3.3 assuming maximal ventilation (i.e. P - 0.0 mmHg). From equation 
g 

3.21, z* = (~Dlz)/(2Q) which is applicable for a single tube. For 

a hollow fibre oxygenator with N parallel-connected tubes and a 

total blood flow rate, QB: 

z* - (3.30) 

Therefore, since QB is known, then Nz may be determined to 

meet the removal criteria, which will depend also on the wall 

resistance. It should be noted that Nz is the product of the total 

number of tubes and the length of each tube. The selection of tube 

length is dependent on the pressure drop criteria and manufacturing 

constraints in a manner similar to that analysed for O2 transfer 

requirements by Mockros and Gaylor (1975). 
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IN VITRO EVALUATION OF MEMBRANE OXYGENATORS 

4.1 Introduction 

The gas transfer tests were performed in a closed-circuit 

system using bovine blood. Two types of membrane oxygenators both 

incorporating microporous polypropylene membranes were evaluated; 

the Traveno1 TMO (2.25 m2-adu1t unit) parallel-plate membrane 

oxygenator and the Terumo CAPIOX II (1.6m2 and 3.3m2 units) hollow 

fibre oxygenators. 

At low blood flow rates, it has been noted that blood flow 

maldistribution may occur in the Traveno1 TMO device (Bartlett et 

a1. 1975). Therefore, modifications to the Travenol device were 
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undertaken to investigate this effect (section 4.2.l). Theoretical 

predictions were used to correlate with the experimental results. 

Since the partial pressure driving force (blood pC02 - gas 

phase pC02) available for CO2 transfer in membrane oxygenators is 

relatively small, build up of CO2 in the gas phase may impede CO2 

transfer unless the oxygenator is adequately ventilated. This 

effect may be prominent in hollow fibre membrane lungs which have 

tightly-packed fibre bundles. To study this effect small scale 

hollow fibre test modules were built with uniformly spaced fibr'e 

bundles. The details and test procedure for the evaluation of these 

modules are given in section 4.2.2. Data from these experiments 

were correlated with theory. 

For the clinical ECC02R-LFPPV therapy, the membrane oxygenators 

should possess a high carbon dioxide transfer rate to blood flow 

rate ratio (VCO IQB) and a low flow resistance. Typically, a 
2 

VCO IQB of 120-140 mt CO2 (STPD}/t will be required in the treatment 
2 

of an adult if QB is limited to 1.5 t/min. 
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4.2 Membrane Oxygenators - Modifications and Test Modules 

Descriptions of the modified THO and hollow fibre test modules 

are given below. The reader is referred to sections 2.3.2 and 2.3.4 

for specifications of the standard Travenol THO and Terumo CAPIOX II 

oxygenators. 

4.2.1 Travenol TMO modification 

The Travenol THO device was modified in such a way as to 

divide the membrane stack into two sections (each containing 15 

blood paths) connected in series. Thus, the inlet blood flow need 

only be distributed into 15 parallel paths instead of 30 as in the 

original design. The modification is shown in figure 4.1a, in which 

the original inlet blood port is replaced by two ports. Shunting 

of the blood between the ports is prevented by the internal flow 

divider (Figure 4.1b). In operation blood enters one of these ports 

and flows upwards through one-half of the membrane stack and, by 

blocking off the original outlet port, the flow is directed down­

wards through the other half. It can be seen that for a given blood 

flowrate the mean velocity and total path length are ·doub1ed for the 

modified device as compared with the standard oxygenator. 

4.2.2 Hollow fibre test modules 

Small test modules (Figure 4.2), containing 35 or 70 hollow 

fibres of the same type as used in the CAPIOX II membrane lungs were 

constructed. The construction method which has been described by 

Leong (B83) enables the fibres to be uniformly spaced apart within 

the fibre bundle. In the present modules, the fibres are separated 

by a distance of approximately 2mm (i.e. 8 x fibre O.D.) to ensure 

complete ventilation by the gas phase. Moreover any blockage within 

individual fibres may be readily observed and due allowance made when 



Figure 4.2 Hollow fibre test module. 

lege nd : 

A: Outlet blood por t 

B: Inlet blood port 

(: Inlet gas port 

0: Transparent cylindric al housing 

E: Microporous hollow fibres 

F: Inlet end cap 

G: Outlet end cap 

H: Outlet mixing chamber 
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Figure 4.3 In vitro oxygenator-deoxygenator circuit. 

legend : 

0 oeo xygena tor 

G Gas flow meters 

H Blood heat exchanger 

M: Membrane oxygenator 

R Roller pump 

S Sampling ports 

V : Ventilating gas line 

W: Water ba th at 37 
0 

[ and gas heat exchanger. 



comparing experiment with theory. The ends of the fibres are 

embedded in silicone elastomer to form the bundle end plates. 

These plates are enclosed by a perspex cylindrical housing which is 

equipped with ports for gas distribution. Blood manifold end caps 

are screwed onto the housing to complete the assembly. The active 

fibre lengths varied slightly between different modules (23-24cm). 

4.3 In Vitro Test Circuits and Procedures 

4.3.1 TMO, modified TMO and CAPIOX II oxygenator tests 

Bovine blood was used to evaluate carbon dioxide transfer in 

the above membrane lungs in a closed loop test circuit (Figure 4.3). 

Blood for anyone set of tests were collected from a single cow, 

using EDTA (Ethylene diaminetetra-acetic acid) at a concentration 

of 1 g/1 as an anticoagulant. If the blood was not to be used 

immediately, itvas stored at 40 C and tests were performed within 

24 hours of blood collection. To prevent bacterial growth about 

0.1 mg/mt streptomycinsulfate (Boehringer Mannheim GmbH, W. Germany) 

was added to the blood. Before each transfer test, the blood was 

filtered and the circuit primed with isotonic saline solution 

(0.9% sodium chloride). About 2.51 of blood was circulated in a 

closed loop containing a membrane lung in series with a calibrated 

roller pump and a bubble oxygenator operating in reverse mode i.e. 

as a deoxygenator. Since the flow resistance of the bubble oxygen-

ator was small over the blood flow rate (QB> range tested (0.5 to 

1.5 1/min). single pump operation of the TMO unit was possible. The 

o 0 
blood was maintained at 37 C ~ I C by means of a water bath from 

which water was circulated through the deoxygenator heat exchanger 

(and the CAPIOX II heat exchanger). Sample ports were located at 

91 



92 

inlet and outlet of the membrane oxygenator. The haemoglobin content 

and base excess were adjusted to the desired levels by addition of 

isotonic saline and isotonic bicarbonate (84g NaHC03 in lOOOcm3 of 

saline) respectively. Estimation of the amounts required is given 

in Appendix B. Blood inlet conditions to the membrane lung were 

obt . alned by adjustment of an 02' CO2 and N2 gas mixture ventilating 

the bubble oxygenator. Each membrane lung was tested at least 

twice. In vitro performance was obtained at the reference inlet 

conditions specified in the proposed ISO Standards as given in 

Table 2.2. Blood samples were taken over a period of six hours. 

The first withdrawal filling the syringe with blood was flushed 

through the sample port before the actual sampling was taken for 

the blood measurements. 

Haemoglobin and oxygen saturation (OSM-2 Hemoxime'ter, Radio­

meter), p02' pC0
2 

and pH (BMS3 acid-base analyser, Radiometer) were 

de.termined on blood samples taken at inlet and outlet of the 

membrane lung. Calibration procedures and measurement techniques 

for the OSM-2 and BMS 3 analysers are given in Appendix C. The 

haematocrit of the blood in the bubble oxygenator reservoir was 

measured by the microhaematocrit method (Hawkesley microcentrifuge). 

The CO
2 

content of whole blood was determined by the Corning 

carbon dioxide analyser (Model 965, Corning Medical Ltd.). A 

special sampling technique was used for the CO2 content determinations, 

namely,the syringe-to-syringe method of Rispens et al. (1980). 

PrinCiple of operation and calibration of the Corning CO2 analyser 

and details of the syringe-to-syringe method are given in Appendix 

c. 

All membrane lungs were ventilated with dry air or air + 02 
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heated to 37oC. To maximise CO2 transfer, ventilation gas flow 

was countercurrent to blood flow in the Traveno1 TMO and Terumo 

CAPIOX II membrane lungs. Oxygenators should be operated at their 
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maximum gas flow rates for efficient CO2 transfer. For the Traveno1 

TMO membrane oxygenator, the recommended maximum gas flow rate is 

15 11min (Traveno1 Laboratories, Inc. 1976) and this was used in 

the evaluations reported here. Recommended gas flow rates are not 

however specified for the Terumo CAPIOX II lungs. Terumo Corporation 

(1983) gives data on the CO2 transfer rate as a function of gas flow 

rate for the CAPIOX II 1.6m2 and 3.3m2 units. Unfortunately, the 

data does not indicate the optimum gas flow rate operation for 

maximum CO2 transfer. Therefore CO2 transfer was evaluated for 

several gas flow rates which exceeded the manufacturer's range in 

order to determine the optimum ventilation. At the end of each 

blood test, the membrane lung was cleaned with saline and dried 

with air. 

4.3.2 Hollow fibre module tests 

Bovine blood, tonometered to the reference inl~t conditions 

(Table 2.2), was delivered by a Harvard infusion pump via a heat 

exchanger through the test module (Figure 4.4). Inlet and outlet 

CO2 contents were measured by the Corning carbon dioxide analyser. 

Ventilating gas flow was counter-current at 5 tlmin. Various blood 

f10wrates through the test module were obtained and measured by 

volumetric timed collection in a pipette at the outlet. The blood 

flow rate through the test module is regulated by adjusting the 

pump speed and thus varying Z*. At each flowrate. three samples 

were taken at the outlet and one sample at the inlet. The total 

CO2 content in each sample were measured from which CTi-CTo!CTi • ec 
can be computed. 
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A small diameter steel rod was placed in the outlet blood 

manifold of the test module. A magnet was then used to rotate this 

steel rod when sampling to ensure a "good mix" and to prevent blood 

stagnation. 

4.4 Results and Discussion 

The results and discussion are presented for the Travenol TMO, 

the modified Travenol TMO, the Terumo eAPIOX II and the hollow fibre 

modules in sections 4.4.1, 4.4.2, 4.4.3, and 4.4.4 respectively. 

Experimental data are compiled in Appendices D and F. 

4.4.1 Travenol TMO 

The in vitro CO 2 transfer rates (V
eo 

) obtained from four TMO 
2 

lungs are shown in Figure 4.5 for blood flow rates (QB) of 0.5, 1.0 

and 1.5 l/min and a ventilation gas flow rate (QG) of 15 l/min. The 

average Veo are within 12 per cent of the empirical correlation 
2 

(Equation 2.2) for Veo as a function of Q
B 

as given by Karlson et 
2 

al. (1974) for the earlier version of the TMO which used micro-

porous PTFE membranes. The mean CO
2 

transfer rate of 125 mt(STPD)/ 

min at a b!ood flow rate of 1.5 l/min for the adult Travenol TMO 

with 2.25m2 membrane area is clearly inadequate for the EeC02 R-LFPPV 

application. 

Also shown in Figure 4.5 are in vitro canine blood data given 

by the manufacturer (Travenol Inc., 1976) for QB values of 3.0 and 6.0 

t/min. These data were obtained for similar ventilation rate and 

blood input values as employed in the experiments carried out in 

this study. It would appear, from the trend in Veo with QB' that 
2 

the low flow results are not consistent with the manufacturer's 

high flow rate data. This statement is reinforced by comparison of 

the actual transfer rates with predicted values obtained by 

correlating the theory of Chapter 3 with the high flow rate data. 
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For the correlation, the TMO lung was assumed to behave as a 

semi-infinite parallel plate geometry with a channel half-height as 

determined from priming volume and membrane area data. Allowance 

was made for finite pCOZ in the gas phase. The wall resistance 

parameter, was adjusted until the predicted CO2 removal equalled the 

quoted value at a blood flow rate of 6.0 l/min. Details of the 

correlation procedure are given in Appendix E. The solid line in 

Figure 4.5 is that given by the theory fory· 0.01 and Pg - 8.5 mmHg. 

In the range 0.5 < QB < 1.5 1/min, the theory predicts far 

higher VCO values than those actually measured in this study. 
2 • 

For example at QB = 1.5 l/min the predicted VCO is 218.4 ml(STPD)/min 
2 

compared with a measured rate of 125 ml(STPD)/min. Application of 

theory to the TMO lung analysis must be treated with caution 

because of the theoretical assumptions of uniform blood path thickness, 

rectilinear laminar flow and uniform blood and gas flow distribution 

in mUltiple channels. However, Bartlett et al. (1975) have observed 

areas of flow stagnation and maldistribution in individual flow 

channels of TMO lungs which had been operated at low'blood flow rates. 

Such non-uniform flows might explain the observed decline in COZ 

removal. This hypothesis was tested with the TMO lungs modifi~d as 

described in section 4.Z.2. 

4.4.2 Modified Travenol TMO 
. 

The modified TMO gave mean VCO of 78.1, 118.6 and 131.7 m1(STPD)/ 
2 

min for QB of 0.5, 1.0 and 1.5 l/min respectively, (2 data points for 

each QB' 3 membrane lungs tested). By comparison with the normal 

configuration (Figure 4.6) little improvement in performance was 

obtained with the modified TMO device. The inference is that flow 

maldistribution is not improved or is not a reason for the deviation 

between the theory and experiment. 
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The modified TMO lungs can be regarded for modelling purposes 

as a two-stage device of identical membrane channels connected in 

series. Each stage consists of 15 parallel-connected blood channels. 

If the blood is perfectly mixed before it enters the second stage 

then there should be an increase in transfer rate compared to the 

unmodified TMO lung. This is because the CO2 concentration boundary 

layer is broken up in the mixing stage resulting in an increase in 

the pC02 driving force at entry to the second stage. 

The magnitude of the expected increase in transfer of a 2-stage 

device was predicted from the parallel plate theory. The first 

stage was computed for ISO standard blood inlet conditions (Table 3.1) 

with the dimensionless wall resis tance parameter y" 0.01 and 

p = 0.0 mmHg. For zero P , the performance of the oxygenator will g g 

be at its maximum value. In the computation of the cup-mixed Cl and 

C2 at outlet of the first stage, these values must be corrected 

because of the non-linearity of the dissociation curve. In effect 

when reacted and dissolved CO2 contents are mixed at outlet there 

will be an increase in C2 and a corresponding decrease in Cl if the 
• 

values are to coincide on the dissociation curve. As the total cup-

mixed CO2 content at outlet, CTo ' is constant, the corrected cup­

mixed Cl and C2 were found by an iterative procedure involving 

equation 3.17. 

(3.17) 

The corrected cup-mixed Cl at outlet of stage 1 together with 

CTo were used to compute the new set of input parameters for the 

second stage. The two-stage model can be represented as: 
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stage 1 stage 2 

~For stage 1 the fractional CO2 removal, el is: 

(4.1) 

For sta!1ie 2 the fractional CO2 removal, e
2 

is: 

- -
e .. CTol-CTo2 
2 CTol 

(4.2) 

For the complete system the fractional CO2 removal, e3 is: 

(4.3) 

From equation 4.1 and 4.2 

and substitution in equation 4.3 yields: 

(4.4) 

The dimensionless length, z* for the unmodified TMO is 

z* .. (4.5) 

where the number of blood channels, N - 30. 
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Table 4.1 VCO predictions of the two-stage TMO device and 

2 
unmodified TMO. 

, ',' 

Stage 1 

QB 1/min 

z* 1 
-t C1 mmol/9. 

-t mmol/t C2 ,', . , 
'" t ~ '., J 

e1 

Stage 2 

( , ~ .... , 

z~ 

C
1 

;;mo1/t 

t:: . •• ':; C2 mmo1/t 

62 

6
3 

Veo mi(STPD)/min 
2 

zt 
C1 mmo1/ t 

C2 mmo1/t 

6e . 
Veo mt(STPD)/min 

2 

MODIFIED TRAVENOL THO 

1.5 1.0 

0.26 0.39 

0.597 0.442 

16.451 14.509 

0.270 0.360 

1.5 1.0 

0.26 0.39 

0.597 0.442 

16.451 14.509 

0.253 0.332 

0.455 0.573 

354.7 297.7 

UNMODIFIED TRAVENOL TMO 

1.5 1.0 

0.52 0.78 

0.335 0.206 

12.829 10.096 

0.436 0.559 

340.4 290.7 

t -
C1 and C2 are corrected cup-mixed values 

0.5 

0.78 

0.206 

10.096 

0.559 

0.5 

0.78 

0.206 

10.096 

0.502 

0.783 

203.5 

0.5 

1.56 

0.067 

5.148 

0.777 

202.0 
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The dimensionless lengths, zt and z~ for the first and second 

stages of the modified TMO are: 

4 WD1 N 
z*l (or z*) ~ ----- L 

2 3 QBa 2 
z* =-2 (4.6) 

The zi and z~ values of 0.26, 0.39 and 0.78 correspond to QB . 
of 1.5, 1.0 and 0.5 tlmin respectively for the modified TMO. Veo 

2 
is calculated from equation 3.28: 

(3.28) 

The results of the two-stage TMO device and unmodified TMO are 

shown in Table 4.1. 

There is a small increase in the theoretical Veo prediction 
2 

for the modified TMO compared with the unmodified device. This 

improvement is greater for higher blood flow rates but amounts to 

only a 4% increase for QB ~ 1.S l/min. The corresponding increase 

found experimentally was 5% (131.8 m1(STPD)/min vs 124.8 m1(STPD)/min) 

although the absolute transfer rates are much lower because Pg is 

not zero in the experimental situation. The results therefore 

suggest that ~low distribution is not altered with the modified TMO. 

An alternative hypothesis to explain the reduced e02 performance 

at low QB is the reduction in eddy mixing as a result of lower blood 

velocities across the nylon screen mesh in the blood channels. The 

influence of eddy mixing is to enhance the diffusive transfer due to 

convection in a direction normal to the membrane surface. It is 

however difficult to predict the extent of eddy mixing given the 

complex flow regime that will exist in the blood channels of the 

TMO oxygenator. 
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Essentially z* is proportional to A/Q for constant R., wall 
B 1 

resistance, y and input conditions. Thus for similar A/QB ratios, 

ge should remain constant (Figure 3.3). 

then it follows that Veo /QB should be similar. 
2 

Table 4.2 shows the normalized ratios and relevant comparisons 
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of the 1.6m2 and 3.3m2 units. For A/QB of 3.3 and 3.2 m2.min/1 the 
. 
Veo /QB ratios are comparable allowing for the small difference 

2 
between the A/QB ratios. 

Table 4.2 

Q13 
. 

A/QB Veo /QB A Veo 
2 2 

2 1/min m1(STPD)/min 2 . I m1(STPD) /1 m m .m1n 1 

1.6 0.5 69 3.2 138.0 

1.0 96.5 1.6 96.5 

1.5 104.6 1.1 69.7 

• 
3.3 0.5 111.3 6.6 222.6 

1.0 152.0 3.3 152.0 

1.5 189.6 2.2 126.4 

2 For the CAPIOX II 3.3m unit a gas phase outlet pC02 of about 

12-14 mmHg is produced when operated at a QB of 1.5 t/min and a 

ventilation flow rate of 10 1/min. Higher ventilation flow rates 

may result in improvement in Veo provided channelling of gas flow 
2 

does not occur. It is however apparent from Figure 4.7 that for 

the 3.3m
2 

unit the increase in Veo will not be substantial if 
2 
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operated at gas flow rates 10 t/min. Safe operation at higher 

ventilation rates is however possible for the Terumo CAPIOX II lungs 

as the gas phase flow resistance is very low. As the gas is vented 

to atmosphere after passage through the oxygenator the gas phase 

flow resistance is given by its: input pressure, P .• 
1 

This was 

measured as a function of the gas flow rate QG and the results are 

presented in Figure 4.10 and 4.11 for the 3.3 and 1.6m2 units 

respectively. At the maximum QG of 20 t/min the input gas pressure 

for either unit does not exceed 3.0 cmH20 (2.2 mmHg). 

For safe operation of microporous membrane oxygenators the gas 

pressure should never exceed the blood pressure at any location 

along the exchange path otherwise gaseous microemboli will be 

introduced into the blood stream. In the ECC02 R-LFPPV application, 

assuming the oxygenator is operated in the partial veno-venous 

bypass mode, the gas input pressure would be opposed by the blood 

pressure in the return line to the patient. Since this pressure 

is the sum of the venous pressure (about 10mmHg in the femoral 

veins) plus the pressure drop across the venous cannula, introduction 

of microemboli will not occur even if the CAPIOX II devices were to 

be operated at QG of 20 llmin. 

4.4.4 Hollow fibre test modules 

The experimental data is presented in Appendix F. Equation 

3.16 and 3.21 were used to compute the fractional CO2 removal, eC 

and dimensionless length z* respectively. The diffusion coefficient 

of CO2 in blood was calculated in accordance with the relationship 

given in Appendix A. The results of separate tests on five modules 

are shown in Figure 4.12 together with theory predictions for 

various wall resistances, y and input parameters corresponding to 
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the mean experimental values. The input blood condittons were: 

inlet pC02 of 45.9 + 3.3 mmHg (n • 11), CTi of 19.8! 1.4 mmot/t 

(n • 38) and cab of l2.l! 0.3 g% (n • 8), where n is the number 

of data points. The results show that the majority of the data 

points are clustered around a wall resistance. yof 0.3. Also shown 

are selected data from the CAPIOX II membrane oxygenator evaluations 

at low QB (giving low outlet gas phase pC02) and inlet blood 

conditions within the experimental range of the hollow fibre module 

tests. The agreement between the two sets of data indicate that 

the fibres in the CAPIOX II membrane oxygenators are uniformly 

perfused and ventilated. The data show that a substantial wall 

resistance to CO2 transfer in blood exists. The presence of a 

finite wall resistance for microporous hollow fibres is consistent 

with the study of Keller and Shultis (1979) on an analogous study 

on 02 transfer through microporous membranes. They proposed a 

hypoth'esis that pore wetting due to liquid phase contact will give 

a considerable reduction in gas permeability or increase in wall 

resistance. The results of Katoh and Yoshida (1978)' on CO2 transfer 

in a similar membrane and those of Voorhees (1976) in a microporous 

tube support this hypothesis. As the theory prediction for zero 

membrane resistance (y = 0) in Figure 4.12 shows, an improvement in 

CO2 transfer may be achieved by reduction in membrane resistance. 

The design prediction for ECC02R-LFPPV presented in Chapter 3, 

Figure 3.5 and eC of 0.26, show that if y were reduced by a factor 

of 6 i.e. to 0.05, then a 3.4 fold reduction in the number of tubes 

required for the same CO2 removal would result. 

During the tests, blood leakage in some of the modules occurred. 

This will affect the accuracy of the experiments. Further improvement 

in the design of the hollow fibre modules to eliminate leakage 

problems by trying different potting compounds (e.g. polyurethane) 
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is desirable. 

Another feature of the present design was a small steel rod to 

mechanically mix the blood in the header volume at the module 

outlet. An improvement in the design would be to make the end 

header smaller, hence reducing the header volume and blood stagnation. 

At low blood flow rates, it is essential to avoid introducing 

foreign emboli into the test modules. If this occurs, uneven blood 

flow through the fibres or blockage may result. Filters incorporated 

in the circuit would reduce the event of fibre blockage or uneven 

flow. 
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MEMBRANE GAS TRANSMISSION RATE STUDIES UNDER, 

GAS-MEMBRANE-LIQUID TEST CONDITIONS 

5.1 Requirements for the Membrane Evaluation System 

109 

There is at present no standard method of evaluating carbon 

dioxide gas transmission through membranes for oxygenator 

applications. A suitable method would involve a gas-membrane-liquid 

test system, with negligible boundary layer resistances in gas and 

liquid phases and a satisfactory technique for measuring the permeant 

gas. In principle most permeation measurement techniques are of the 

same basic form. The permeant gas of interest passes from a source 

to a sink through the membrane which is the main resistance. The 

resistance is then measured by the rate of depletion in the source 

or by the rate of appearance of permeant in the sink. However, in a 

gas-membrane-1iquid test system, the resistance of the fluid boundary 

layer cannot be neglected with respect to the total measured 

resistance. Keller and Shultis (1979) described a technique for 

determining oxygen gas transmission through homogeneous and 

microporous type membranes. They used a combination of high speed 

stirring and a chemical reaction in the liquid phase to reduce the 

fluid boundary layer resistance to a minimum level. Permeability was 

determined from a manometric system by observing the decrease in 

pressure in the gas phase at regular time intervals or by p02 

electrodes in the liquid phase. 

A similar approach to Keller and Shultis (1979) is adopted in 

this thesis to evaluate a test method for the determination of 

carbon dioxide gas transmission under liquid-contact conditions. 

The test system consists of using a dynamic test cell constructed in 

the Bioengineering Unit (Gaylor, 1970) based on the design by Babb 

et a1. (1968) for measuring resistances of haemodialysis membranes, 

and is described in further detail in section 5.2. A rapid, 
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irreversible carbon dioxide scavenging reaction was carried out in the 

liquid phase. This allows the carbon dioxide crossing the membrane 

to be completely reacted in a region very close to the interface 

eliminating the need for the gas molecules to diffuse more than a 

few microns into the bulk of the liquid. Danckwerts (1981) has 

stated that liquid boundary layer resistances exist at gas-liquid 

interfaces, e.g. in bubble columns, and may be reduced by a suitable 

chemical reaction. The presence of a suitable scavenging reaction 

will maintain the partial pressure of dissolved carbon dioxide near 

to zero, hence the partial pressure of driving force across the 

membrane will be constant with time, i.e. steady state operation 

will exist. 

The test system measures the carbon dioxide gas transmission 

from the gas phase (source) to the liquid phase (sink) via the 

membrane. Therefore, the process is that of absorption of carbon 

dioxide gas by a suitable reactive fluid which is subject to eddy 

turbulence generated by its flow through a porous membrane support. 

The absorption process occurring on the liquid sioe of the 

interface is influenced by two distinct sets of factors: 

(a) Hydrodynamic factors: 

geometry of the membrane support, and viscosity, density 

and flow rate of the liquid. 

(b) Physico-chemical factors: 

solubility and diffusivity of gas in the membrane and liquid, 

concentration of reagent; reaction velocity constant, and 

reaction-equilibrium constant. 

In the evaluation of the test system, the above mentioned 

factors must be taken into account and are discussed in this 
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chapter with particular reference to the effect of varying 

concentration of the reactive solution and the fluid flow rate. 

The results obtained are compared with literature values. 

5.2 Dynamic Test Cell 

The dynamic test cell consists of two Perspex blocks 

(Figure 5.1) of dimensions l4.9cm. length; l2.4cm. width and 3.2cm. 

depth. Reticulated open-pore foam pads of nickel metal (10.8cm x 

5.0cm x 0.36cm) are inserted into central recesses of the blocks 

and header chambers are located at the ends of the supports. The 

test membrane (14.9cm x l2.4cm) is sandwiched between the Perspex 

blocks which are held in place by a clamping assembly. Fluid 

stagnation areas in the foam support were avoided by impregnating a 

1.0 x 5.0cm strip of the support at each end with silicone rubber 

(Silcoset, leI Ltd.). A defined foam area was thus formed, 

8.8cm x 50cm on each block giving a membrane area of 44.0cm
2 Since 

the nickel foam (Retimet, Dunlop Ltd.) had a void volume equal to 95% 

of the total volume (based on a~ apparent density of 0.39 g/cm
3
), 

it was assumed that the percentage of membrane occluded by the 

support and therefore not available for gas transfer would be 5% of 

the total membrane area. The effective membrane transfer area was 

2 therefore 4l.8cm • 

The residence time of the reaction solution through the 

exchange region of the test cell can be calculated by the relationship: 

Residence time = Volume/flow rate (5.1) 

where the volume is the product of the effective area (4l.8cm2) and 

nickel foam thickness (0.36om). Therefore the exposure of the 

re~ction solution to the gas was between 0.23 to 0.90 s at flow rates 

of 1 to 4 l/min. 
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5.2.1 Membrane description 

Two types of membrane were investigated in this study namely, 

a microporous polypropylene material and a homogeneous silicone 

rubber material. Both types are currently used in membrane oxygen-

ators. 

The Celgard 2402 ndcroporous membrane is a laminate of two 

sheets of polypropylene which possess discrete pores of 0.2~m x 

0.02~m and a porosity of 45% (Figure 5.2). As the sheets are held 

together by static charges they may be readily separated and for the 

membrane evaluation, single sheets (25~m thick) were used. For most 

applications the membrane is hydrophobic in nature, a pressure of 

about 3.1 x 104 mmHg (4.14 x 106 N/m2) being required to initiate 

water penetration (Gaylor et al. 1975). 

5.3 Reaction Solution 

Blood cannot be used in the dynamic test cell since haemo1ysis 

and blockage would result in the porous support. Also, as the gas 

transport relationships are non-linear, the interpretation of the 

carbon dioxide transmission rate of the membrane is more complex. 

The reaction solution chosen in this evaluation is sodium 

hydroxide (NaOR). The choice of NaOH as a suitable alternative to 

blood for carbon dioxide transfer was pro~pted by the similarity in 

their reactions. Both the reaction processes result in the 

formation of the bicarbonate (HCO;) and carbonate (CO;-) species. 

If all the carbon dioxide gas crossing the membrane reacts chemically 

with NaOH to give the reacted - 2-species RC03 and C03 ,the total CO2 

content can be measured by the Corning carbon dioxide analyser. 
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5.3.1 Reaction kinetics of CO2 absorption in NaOH solution 

Sodium hydroxide has been investigated extensively as a carbon 

dioxide absorber in industrial applications. Consequently, much 

physico-chemical data of the CO2-NaOH reaction is available (e.g. 

Danckwerts, 1981; Hikita et a1. 1976; Astarita, 1967). When CO2 is 

absorbed into aqueous alkaline solutions such as NaOH, the following 

two reactions take place: 

(S.2) 

(S.3) 

The values of the equilibrium constants K1 and K2 of reactions 

5.2 and 5.3 respectively, are: 

K = 
[!ICO;] 

= 3.2 x 107 t/mo1 (5.4) 1 [C02] [OH-] 

K ... 
[CO;-] 

= 3.5 x 103 t/mo1 (5.5) 
2 

[HC0;J [oHl 

at 300 C and at infinite dilution. Reaction 5.2 is practically 

irreversible and is second order, i.e. first order with respect to 

both CO2 and OH- ions, the forward reaction rate constant k1 being 

about 12.2 x 103 1/(mo1.s) at 300 C and infinite dilution. Reaction 

5.3 is a proton transfer reaction and has a very much higher rate 

constant than reaction 5.2. Thus this reaction can be regarded as 

an instantaneous reversible reaction. When a substantial amount of 

free hydroxide is present, reaction 5.3 is completely displaced to 

the left. 

The ratio of bicarbonate to carbonate is given by 
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= (5.6) 

and can be assumed to be zero whenever the OH concentration is 

-2 larger than, say, 10 mol/I. The overall reaction which takes 

place during the absorption of carbon dioxide in hydroxide solutions 

may therefore be assumed to be the following: 

(5.7) 

the kinetic constant at 250 C and at infinite dilution is about 

3 6.0 x 10 l/(mol.s). Therefore the reactions which affect the 

absorption rate of CO2 into aqueous NaOH solutions are the forward 

part of 5.2, which is irreversible and second order, and reaction 5.3 

which proceeds instantaneously and reversibly. 

Several assumptions are made in the CO2-NaOH reaction system 

as applied to the dynamic test cell: 

. (1) The gas and liquid are at all times in equilibrium at the 

~nterface. 

(2) Temperature effects at the surface of the liquid will be 

too small to affect the solubility or diffusivity of the 

gas, or the reaction-velocity constant. 

(3) The physically dissolved carbon dioxide concentration 

on the liquid side is zero (assumes perfect mixing). 

(4) Excess hydroxyl ions such that the reaction is tending 

towards the right of reaction 5.2. 

Assumption (1) is reasonable once the gas crossing the membrane 

has reached steady-state conditions. Fast-reaction conditions are 

encountered at low CO2 partial pressures and high 'hydroxide 
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concentrations. Astarit~(1967) reported that the vapour pressure of 

CO 2 over solutions containing free hydroxide is negligible, hence 

indicating that the reaction of CO
2 

with NaOH solutions is complete 

and CO 2 exists mainly in 2-the reacted forms (i.e. HC03 and C03 ). 

Assumption (2) has been studied by Danckwerts (1981) in which he 

showed that the temperature rise associated with the absorption of 

CO2 in NaOH solutions is rtegligible, and will not be great enough 

to affect the absorption rate of this reaction. The diffusivity of 

CO
2 

(D
A

) in NaOH solution is 1.8 x 10-5 cm2 /s and the ratio of DA to 

the diffusivity of OH- in NaOH solution, DB is equal to 1.7 at 25
0

C 

(Danckwerts, 1981). Instantaneous reaction conditions (reaction 5.3) 

are never completely fulfilled because the hydroxyl ion concentration 

LS never zero at the interface. In the equilibrium reaction 5.3, 

a finite concentration of the 2-reaction product, C03 and a low 

concentration of OH ions will exist between the interface and the 

reaction plane, fulfilling assumptions (3) and (4). 

A final requirement of the NaOH solution is that it whould 

not react with the polymer membranes so as to alter the 

permeability properties. Celgard 2402 membrane has shown no deterior-

ation of the microporous structure when subject to highly caustic 

solutions (e.g. 40% potassium hydroxide) similar to NaOH (Bierenbaum 

et a1. 1974). No information was obtained regarding the effects 

of NaOH on the silicone rubber membranes. However, both membranes 

exhibited time-independent gas transmission rates throughout the 

testing period. This would suggest that the membrane structure was 

not altered by the NaOH reaction solution. 
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5.4 Experimental Circuit and Procedure 

5.4.1 Test circuit 
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The closed-loop in vitro test circuit (Figure 5.3) consisted 

of a calibrated roller pump, connected in series to the dynamic 

test cell with the nickel foam pads in the vertical position. A 

reservoir containing 1.0 litre of the reaction solution was 

magnetically stirred and maintained at 370 C ! O.OSoC in a water bath 

(Grants Instruments, Cambridge Ltd). Solution was drawn from the 

reservoir and passed vertically upwards through the foam pads via 

the header chamber ports. The solution sampling port was located 

on the inlet side of the test cell. Carbon dioxide gas at a flow 

rate of 1.0 l(STPD)/min measured by a rotameter (Platon Flowbits 

Ltd., England) was warmed to 370 C via a coiled heat exchanger in the 

water bath. The gas was passed countercurrent to the liquid flow 

in the dynamic test cell. The pressure drop at solution flow rates 

of 2.0 to 4.0 l/min ranged from 100 to 450 mmHg as shown in Figure 

5.4. This pressure was 2 orders of magnitude smaller than that 

required to initiate water penetration in the Celgard 2402 micro­

porous membrane as mentioned in section 5.2.1. 

Preliminary tests showed that at high solution flow rates, 

small bubbles were generated in the test cell. This phenomenon has 

been observed in the dialysate of artificial kidney systems and is 

attributed to the release of dissolved gases when the liquid is 

heated and subsequently undergoes pressure changes (Chronic Uremia 

Program, 1977). The problem can be eliminated if the gases in the 

sodium hydroxide solution were removed under vacuum prior to 

ciLculation in the test cell. 

After each test, the whole circuit was primed with slightly 
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acidified (Hel) distilled water to remove residual carbon dioxide 

in the circuit and then rinsed with distilled water only. The 

dynamic test cell was dismantled after each experiment and air dried. 

5.4.2 Test procedure 

The rate of carbon dioxide uptake is obtained by sampling 

100 ~1 of the reaction solution at regular time intervals after the 

carbon dioxide is introduced into the dynamic test cell. Measure-

ments of the carbon dioxide content is performed by the Corning CO2 

analyser (Appendix C). The duration of the experiment is about 20 

minutes. The procedure for each test can be summarised as follows: 

(1) Prepare NaOH of known concentration in 1.0 litre of 

distilled water and vacuum. 

(2) Assemble the in vitro circuit with the membrane positioned 

in the dynamic test cell. 

(3) Circulate the reaction solution around the circuit for 

about 2 minutes (check for leakage). 

(4) Measure the' initial CO2 content of the solution. 

(5) Introduce the CO2 gas supply (flow rate of about 

1.0 l(STPD)/min) and note starting time. 

(6) Take the first sample at 30 seconds and measure the 

CO2 content. 

(7) Sample at 2 minute intervals for a duration of about 20 

minutes. 

5.5 Results 

The unprocessed results are compiled in Appendix B together 

with the calculated CO2 gas transmission rates. GCO • 
2 
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5.5.1 Calculation of -gas transmission rate 

If the assumptions of section 5.3.1 are satisfied then the rate 

of uptake by the reaction solution of CO2 diffusing across the 

membrane will be constant with time. The measured CO 2 content should 

therefore be a linear function of time. 

The gas transmission rate of the membrane is defined as: 

Gco CO2 transfer rate per unit area per unit pC02 
2 

driving force (5.S) 

For the test system: 

= 
(slope of CO2 content vs time plot) x (reservoir volume) 

(effective membrane area) x (PATM-WVP) x FCO 2 

where ~~e atmospheric pressure 

WVP is the gas phase water vapour pressure 

FCO is the fraction of CO 2 in the gas. 
2 

(5.9) 

In the calculation of the pC02 driving force the total pressure in 

the gas phase was taken to be that of atmospheric pressure CO2 , 

as the resistance to gas flow through the nickel foam was negligible. 

A sample calculation is given in Appendix B. 

5.5.2 Effect of NaOH concentration 

The effect of sodium hydroxide concentration [NaOH] onGCO was 
2 

investigated. Since the overall rate law and kinetics of the CO2-NaOH 

reaction is highly dependent on the reaction concentration, CO
2 

absorption into various concentrations of NaOH was studied. The 

NaOH solutions were prepared in concentrations of 4, 20, 40 and 60 

gil corresponding to molarities of 0.1, 0.5, 1.0 and 1.S M. Figure 

5.S shows the CO2 content as a function of time at different NaOH 
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molar concentrations. The slope of the line indicates the rate of 

e02 absorption. It may be seen that no change in the rate occurs 

for NaOH concentrations >0.5 M. Figure 5.6 shows the effect of 

[NaOHJ on Geo at a solution flow rate of 0.5 l/min. These results 
2 

show that a NaOH molar concentration of 1.0 M may be used for the e02 

absorption experiments in order to obtain the optimum Geo • All 
2 

the tests were carried out using this concentration. 

5.5.3 Effect of solution flow rate 

Tables 5.1 and 5.2 are the results for G
eo 

at different liquid 
2 

flow rates for microporous polypropylene and silicone rubber 

membranes respectively. These results are presented graphically in 

Figure 5.7. Silicone rubber and microporous polypropylene membranes 

show a levelling off in Geo in the flow rate range of 3 and 4 l/min 
2 

respectively. At these flow rates one can assume that the liquid 

phase resistance is constant and has been reduced to the lowest level 

possible with the method of mixing in the test cell. The Geo values 
2 

obtained at the plateau regions (Figure 5.6) are 3.18 x 10-5 cm3 

2 -4 3 2 
(STPD)/(c~ s cmHg) and 12.11 x 10 cm (STPD)/(cm s cmHg) for 

silicone rubber and microporous polypropylene respectively. 

5.6 Discussion 

The gas transmission rate for the reinforced silicone rubber 

membrane used in this study are compared with values obtained by 

previous workers as shown in Table 5.3, using liquid-membrane-gas 

systems. The values compare favourably allowing for variations 

in thickness, composition and test methods. 

For the eelgard 2402 microporous polypropylene membrane a 

5-fold reduction in Geo is obtained with the liquid contact system 
2 

used in this study compared with Geo results from gas-membrane-gas 
2 

tests (Gaylor et a1. 1975). For the author's test system the 
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Table 5.1 Values of gas transmission rates (GC02) as 

Q. 
I lImin 

Cl 
:I: 
E 
u 

V) 

N 
E 
u --0 

a.. 
t-
V) -rn 
E 
u 

-
...::t 

0 
<t"-

)( 

N 
0 
w 

l.:J 

X ± 1 SO 

a function of flow rate (U} for Celgard 2402 

mic roporous pol ypropylene. 

0·5 2·0 2·5 3·0 3·5 4·0 

7·75 10·94 11-46 12 ·38 '0·65 11·73 

7·63 11·42 12·25 11-76 11·75 11· 81 

8 ·78 12·03 13·38 12 ·50 11 96 13·20 

8'18 11·12 11·60 11·50 11·49 12·01 

6·69 10· 34 10·88 11-04 11-06 12·06 

6·66 11·30 10·37 12·38 12·34- 11·41 

7·66 10·74 11·75 11-45 10·90 12·19 

7·22 11·95 12·49 

6·87 

7·49t 0·71 ll13:t 0·54 11·67:t 0·97 ll86:!: 0·57 11'53:!: 0·55 12'11:!: 0·54 

Unprocessed data IS listed In Appendix G 



Table 5.2 Values of gas transmi ssion rates' (G (02) as a 

function of flow rate (Q) for Sci-Med silicone 
rubber. 

Q, II min 2·0 3·0 4·0 

2 ·41 3·41 2 ·74 

- en 3·37 3·19 2· 52 
0 ::I: 
a. E 
I- u 

3'40 3·40 2·61 ~ V) 

rn N' 
2·63 2·59 E E 2·31 

u u 

Ln 
0 

2·54 3·71 3·55 
~ 

x 3-55 4·01 
N 

0 
w 

2·39 2·37 l!J 

X ± 1 SO. 2·81 ± O· 53 3·18 ± 0·49 2· 91 ± 0·62 

Unprocessed data is lis te d in Appendix G 
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Table 5.3 Carbon dioxide gas transmission rates for 
silicone rubber membranes under gas-membrane­
liquid test conditions. 

Manufacturer 

Dow Corning 
Silas tic 

Fuj i Sys terns Co. 

Sci-Med Inc. 

G
C02 

cm
3

(sTPD) 
2 cm s cmHg 

3.0 x 10-5 

-5 3.4 x 10 

3.18 x 10-5 

test system 

b1ood-to-gas 

water-to-gas 

gas-to-NaOH 

reference 

Ketteringham 
et a1. (1975) 

Katoh and 
Yoshida (1978) 

this study 
(1984) 

.... 
N 
V1 
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Cco value for the Celgard 2402 is 12.11 x 10-4 cm3(STPD)/(cm2 
B cmHg). 

2 
This -4 value is about 3 times higher than the Ceo of 4.1 x 10 

2 
cm3(STPD)/(cm2 s cmHg) reported by Katoh and Yoshida (1978) for an 

unspecified Celgard membrane and about 8 times higher than the CCO 
2 

of 1.45 x 10-4 cm3(STPD)/(cm2 s cmHg) reported by Ketteringham et ale 

(1975) for an uncoated microporous polypropylene membrane at the 

highest reported blood flow rate as shown in Table 2.7. However, it 

was not certain from the paper by Ketteringham et al. (1975) the type 

of uncoated microporous membrane that was used, as an embossed 

microporous membrane was also one of the materials evaluated. 

Furthermore, it should be noted that the test system used did not 

reduce the liquid boundary layer resistance to its lowest level. Their 

Cco results obtained at different blood flow rates indicated that 
2 

further improvements in CCO may be obtained at higher flow rates. 
2 

The higher G
CO 

value for microporous polypropylene obtained in 
2 

this study appears to indicate that liquid boundary layer resistances 

may not have been reduced sufficiently in the test methods used by 

other workers. The GCO value reported by Katoh and Yoshida (1978) 
2 

was obtained in a mechanically stirred cell design with the rate of CO2 

desorption as a function of stirrer speed (n). Experimental results 

were analysed in a similar manner to the oxygen absorption experiments 

using Wilson plots as discussed in section 2.5.2. However, the main 

disadvantage of Wilson plot methods are the errors associated with the 

extrapolation technique. Due to the high permeability of the 

microporous membrane the intercept value will be small (Figure 2.13) 

and thus sensitive to the gradient of the extrapolated data fit. 

Another source of error may be attributed to the monitoring of CO2 
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concentration which was carried out by a carbon dioxide electrode 

(Katoh and Yoshida, 1978). This type of electrode has a slow 

response time (typically 95% response in 3 minutes). At high 

stirrer speeds the rate of change of concentration actually measured 

is slower than that occurring (i.e. the actual membrane resistance 

is less than the measured resistance). Hence the true intercept 

will be smaller than the actual intercept on the Wilson plot. 

Finally it was not clear What type of Ce1gard microporous membrane 

Katoh and Yoshida used. Different Celgard membranes have different 

porosities. This would have to be known for a meaningful comparison 

with the data reported here. 

The mechanism of gas permeation through microporous membranes 

under liquid contact conditions is a complex subject. A hypothesis 

has been proposed by Shultis (1980) that the main resistance to gas 

transfer is due to fluid residing in the pores. For the Celgard 

membranes, where the pore size is extremely small (0.02-0.2 ~m), 

surface "roughness" may be an important consideration. The penetrat­

ion of the fluid would be controlled by hysteresis, which implies a 

dynamic interaction rather than a simple equilibrium between the 

fluid and polymer. For example the fluid may be forced into the 

pore by a sudden fluctuation in pressure and be unable to return to 

the previous position arising from the "roughness" of the wall. The 

above discussion is just a hypothesis and further investigation into 

this phenomenon is required to verify it. 

In the present work, the main resistance to gas transfer is 

due to liquid penetration in the pores as proposed by Shultis 

(1980), but a simple equilibrium model of diffusion is assumed in 

the pores. The reaction solution is NaOH of Which a minute 

volume resides in the pore mouth. When CO2 is absorbed by the 
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NaOH solution, sodium bicarbonate is formed. This reaction is 

completed in the pore mouth in a short time compared to the bulk 

reaction solution flowing in the channel of the test cell. There-

fore, equilibrium is reached in the pores and the rate of gas 

permeation would then be determined by diffusion of bicarbonate ions 

and physically dissolved CO2 through the reaction solution in the 

pore mouth before entering the bulk liquid phase. The initial 

2-homogeneous reaction to produce C03 is followed by depletion of 

OH- at the surface leading in time to a diffusion-controlled reaction; 

superimposed on this is the secondary reaction leading to the form-

ation of HCO;. This occurs rapidly in the pores. This model of CO2 

permeation would approximate the condition for microporous membranes 

under gas-membrane-blood test systems if bicarbonate diffusion is 

considered to be an important diffusing species. 

To verify the diffusion model, i.e. little reaction in the pore 

volume, a theoretical analysis similar to the approach reported by 

Shultis (1980) was used. The relationship used to test the 

applicability of the model is given by 

(5.1.0) 

where J. observed flux of CO2 into pore, 
1 

2 
GCO x PATM/~ 22,260 mol/em s 

2 

J flux of CO2 out of pore, mol/(cm2s) 
0 

kl second order reaction rate constant cm3/mol.s 

DA diffusivity of CO2 in NaOH solution em2/s 

Q
CO 

solubility of CO2 in water at 370 C mol/em3 cmHg 
2 

pCO 
2 partial pressure of carbon dioxide cmHg 

¢ porosity (0.45 for Celgard 2402). 
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If equation 5.10 approaches zero, most of the carbon dioxide 

passes through the pores unreacted, i.e. diffusion only. 

Data is not readily available for the solubility and diffusivity 

o of carbon dioxide in sodium hydroxide at 37 C. The solubility of CO 2 

in sodium hydroxide is taken to be the same as in water, and at 

37oC, a CO is 0.547 cm3(STPD)/(cm3atm). Similarly, the diffusivity 
2 

of CO2 in sodium hydroxide at 370 C can be estimated from its value 

at 250 C (section 5.3.1) by analogy with the Stokes-Einstein 

DlJ -5 2 relationship (- = constant) to give D . = 2.41 x 10 cm /s 
T A,37oe 

Reaction rates usually increase with temperature. Given k.1 = 

12.2 x 106 cm3/mo1 s at 300 e (Hikita et a1. 1976), the reaction rate 

constant can be determined at 37°e using the Arrhenius equation: 

k1 = AI exp(-E/RT) (s.l1) 

where K is a constant, known as the frequency factor 

E is the activation 4 -1 energy, = 5.545 x 10 J mol 

R is the gas constant, = 8.314 JK-1 mo1-1 • 

Using equation 5.11, the constant A was determined and k1 at 

37
0

e was calculated to be 19.9 x 106 cm3/mol s. 

Evaluation of equation 5.10,using G
eo 

of 12.11 x 10-4 obtained 
2 

in this study gives a value of 0.028. Since the equation approaches 

zero, the theoretical analysis indicates that CO 2 transfer through 

the pore volume is predominantly that of diffusion with little 

reaction. However, further work would be required to verify 

this reaction mechanism of transfer. 



6 
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CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

6.1.1 Oxygenator CO2 performance 

To satisfy CO2 requirements for ECC02R-LFPPV therapy a carbon 

dioxide transfer rate to blood flow rate ratio (VCO IQB) of 120-140 
2 

mt CO2 (STPD)/~ will be required in the treatment of an adult if QB 

is limited to 1.5 t/min. Based on a literature review of current 

membrane oxygenators, a comparison of CO2 performance data normalised 

for membrane area show that, for laminar flow devices, a QB/A ratio 

-1 -2 of < 0.5 t/min m would be required. At this QB/A ratio of 

membrane areas ~ 3 m2 would be required if the maximum QB is limited 

to 1.5 t/min. Although secondary flow devices were not evaluated 

in this study the desired CO2 removal is more readily achieved in 

these devices. For example, in the pulsed-vortex oxygenator a 

corresponding QB/A ratio of about 1.7 1 min-1 m-2 is obtained with 

a membrane area of 0.9 m2• 

The CO2 transfer theory of Voorhees (1976) as described in 

chapter 3 has been used to study the effect of the wall resistance 

parameter on CO2 transfer. An extension of Voorhees' transfer model 

was to include the effects of gas phase partial pressure. In 

membrane oxygenators, the influence of gas phase resistance is an 

important consideration since a small partial pressure driving 

force is available for CO2 transfer. Any build up of the gas phase 

partial pressure would result in a reduction of CO2 transfer and 

hence in the membrane oxygenator performance. The wall resistance 

and gas phase partial pressure effects are useful in providing 

guidelines for efficient oxygenator design for CO2 removal and 

identifying areas where improvements can be made. 

Based on the in vitro membrane oxygenator evaluations, only 



131 

the CAPIOX II 3.3 m
2 

unit with a Veo /QB ratio of 126 ml e02(STPD)/1 
2 

satisfies marginally the CO2 removal criteria necessary for the 

treatment of an adult, as also predicted from the QB/A ratio. 

Although the 2.25 m2 Travenol TMO membrane oxygenator is not 

adequate for the new application it is however, on a unit area basis, 

comparable with the eAPIOX II 3.3 m2 device. 

Correlation with theory for the CAPIOX II unit indicates a 

substantial membrane resistance to CO2 transfer and further increase 
. 

in VCO may be expected at all blood flow rates if the membrane 
2 

resistance were to be reduced. Further improvements in CO2 removal 

may also be obtained by an increase in ventilation flaw rate (>10 1/min). 

The influence of possible blood flow maldistribution has been 

investigated in the Traveno1 TMO device. The experimental unit was 

modified and a theoretical analysis performed. An increase in e02 

transfer was predicted if a mixing stage was included. This effect 

was quantified with the theoretical model under optimal operating 

conditions assuming zero gas phase partial pressure (Pg - 0). The 

result of Vco with the two stage model showed little improvement 
2 

compared with the unstaged device. The implication is that staging 

would not be a practical proposition. Furthermore, blood flow 

maldistribution is not an explanation for the sharp decline in CO2 

performance at low blood flow rates compared with the theoretical 

predictions. Shim pressure effects have been reported to influence 

Veo (Murphy et a1. 1974), but were not investigated in this thesis. 
2 

This may be an alternative explanation for the fall in CO2 

performance at low blood flow rates. 

6.1.2 Membrane evaluation 

In the present gas-membrane-liquid test method, the Geo value 
2 

of 3.18 x 10-5 cm3(STPD)/(cm2s cmHg) for a homogeneous silicone 
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membrane was consistent with reported literature values for membranes 

of similar thickness which were also tested under gas-membrane-1iquid 

conditions. 

A 5-fold reduction in GCO for the single-ply Celgard 2402 
2 

microporous polypropylene membrane has been demonstrated under a 

gas-membrane-liquid test system compared to gas-membrane-gas test 

-4 reported in the literature. However, the Geo value of 12.11 x 10 
2 3 2 cm (STPD)/(cm s cmHg) found here was much higher than values reported 

by other investigators using liquid contact systems. Previous systems 

used to determine CO2 gas transmission for microporous membranes have 

not completely reduced the liquid boundary layer resistance. This is 

particularly important with high permeability microporous membranes. 

6.2 Recommendations for future work 

The following topics are suggested for future research in this 

area: 

(1) Polymer-coated microporous membranes should be assessed for CO2 

gas transmission to validate the hypothesis proposed by Keller and 

Shultis (1979). They showed a higher GO through polymer-coated 
2 

microporous membranes than the uncoated material. This observation 

was attributed to liquid diffusional resistance due to wetting 'of 

the micropores. 

(2) A range of hydrophobic Celgard microporous membranes of different 

porosities and pore sizes should be evaluated for Geo . 
2 

There has 

not been a systematic attempt to characterise their gas transmission 

properties in order to determine the best one for the oxygenator 

application. Where reported values have been given, it is not 

always specified as to which particular Celgard microporous membrane 

used. This is important if meaningful comparisons are to be made. 
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(3) Prolonged blood contact has been shown to affect membrane 02 

permeability (Keller and Shultis, 1979). This phenomenon may have 

a significant effect on CO2 transfer for long-term oxygenator 

applications. Therefore exposing the membrane to blood for 

varying time periods would indicate the effect of blood on the gas 

permeability of the membrane. 

(4) A diffusion-limited transfer in the pores has been proposed to 

explain the transfer mechanism in microporous polypropylene membranes 

under liquid contact conditions. This hypothesis may be investigated 

by altering the pC02 in the gas phase of the test system reported here. 

If the transfer is diffusion limited in the pores, then changing the 

pC02 in the gas phase should not affect the GCO 
value obtained. 

2 
(5) Improvement in ilie CO2 performance may be obtained if a system can 

be incorporated in the oxygenator to give recirculation of the 

ventilation gas at high flow rates. The gas from the outlet of the 

oxygenator could be passed through a soda lime column in the 

recirculation loop to reduce its pC02 level. The recirculated gas 

would be replenished by fresh ventilating gas (zero pC02) added at 

inlet to the oxygenator at an economical flow rate and a corresponding 

flow removal at exit from the column. 
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APPENDIX A 

FORMULAE FOR CALCULATING SOLUBILITY 

AND DIFFUSIVITY OF CO2 IN BLOOD 

A.l Solubility (Dorson and Voorhees, 1974) 

At 370 C 

cm3{STPD) 
a l = 0.440H + 0.531 (I-H) ---':3:-=-~~ 

cm .atm 

A.2 Diffusivity (modified from Dorsan et al. 1971) 

At 37 0 C 

[1-0.49HJ 2/ 
Dl = 0.8312 D02 ,plasma Li+0.41HJ em s 

where D -5 2 02,plasma = 2.667 x 10 cm /s 

H - haematocrit (expressed as a fraction). 
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A.3 Calculation of physical input parameters for the CO2 theoretical 

model 

Input conditions according to median values in ISO standards 

(Table 3.1). 

(a) To calculate the haematocrit, H (as a fraction) from the 

haemoglobin content (Voorhees, 1976) 

Therefore 

lOOH 
CHb = -r g% 

3CHb 3 
H = 100 = 100 x 12 = 0.36 



(b) The buffer power. e is calculated from the relationship: 

(Voorhees, 1976) 

! _ 0.001074 + 0.4~864 t/mmol 
lIb 

-2 
• 3.9294 x 10 

B - 25.449 mmol/i 

(c) The solubility of CO2 in blood at 370 C is given by the 

relationship: 

cm3(STPD) 
a l • 0.440H + 0.53l(l-H) ~3~';';;";;'':'-

cm • atm 

3 
a

l 
- 0.49824 cm

3 
(STPD) 

cm .atm 

to convert a l to units of mmol i,mmHg 

0.49824 
a l = ---~3~~3~---- x 

22.26x10 Xcm (STPD)/mol 

mmol 
t.mmHg 

(d) Dissolved CO2 in blood at inlet is calculated by: 

Cl ' = al PC02 , mmol/t 
,1 ,1n 

CI ' = 1.3253 mmol/£ 
,1 

(e) Total CO2 concentration in blood at inlet is calculated from 

the relationship: 

CT, - Cl . + C2 . 
1 ,1 ,1 

hence C2 . - 23.36 - 1.3253 
,1 

C2 . - 22.0348 mmol/t 
,1 
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I 
(f) The constant K in the dissociation curve can be calculated 

from the relationship: 

c2 · C2 ./e 
c .. ---!.!.. 10 ' 1. l,i , 

K 
C2 · C2 ./8 

K' .. ---!.!.. 10 ,1. 
Cl . 

,1. 

K' .. 122.07 
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APPENDIX B 

CORRECTION FOR ABNORMAL BASE EXCESS 

Normal values = ° + 2 mEq/t 

PROCEDURE 

1. Obtain the base excess (BE) in mEq/t using the Radiometer 

Blood Gas Calculator, type BGCl or the Siggaard-Andersen 

Alignment Nomogram shawn in Figure B.l with pC02, ~b and 

pH of blood sample as input. 

2. Estimate the volume of blood circulating in the circuit. 
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3. Multiply the BE by the blood volume to give number of mEq of 

NaHC03 required for infusion 

I mEq of NaHC03 = I mt of 1 Eq solution 

I Eq solution of NaHC03 = 84g NaHC03 per litre 

Note: in clinical practice it is usual to infuse half the required 

mEq of NaHC03 in order to prevent overcorrection. 



152 

APPENDIX C 

BLOOD GAS AND ACID-BASE MEASUREMENTS 

C.l Total CO2 content 

There is no simple and accurate method available to measure 

the total concentration of CO 2 in whole blood. Most of the 

established methods rely on the initial release of CO2 gas through 

reaction with an acid and various techniques have been used to 

measure the released CO2• For example the Van Slyke manometric 

or volumetric methods (Van Slyke and Neill, 1924), Corning CO2 

analyser based on a thermal conductivity principle (Corning Medical 

Ltd) or gas chromatography (Davies, 1970). Indirect methods such 

as pH and pC02 electrodes and the use of nomograms to estimate 

total CO 2 in whole blood are quick and easy, but these methods lack 

accuracy and are often unreliable. 

Gas chromatography is a rather complicated technique for 

measuring the released CO2 from whole blood. The technique involves 

four main stages: the extraction of the gases from the blood and 

subsequent injection on to the chromatographic columns; separation 

in the columns of the gas mixture into its individual components 

using selective adsorption on solid adsorption media; detection 

of the indivudal gases; and finally recording the results from the 

detector. Gas chromatography is a relatively slow (about 4 minutes 

per analysis) method and with the procedure it is difficult to 

achieve reproducible results (Davies, 1970). 

The Van Slyke manometric method was used initially for the 

total blood CO
2 

content measurements. Although the method is 

highly accurate once the operating skills have been mastered, each 
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blood sample analysis takes approximately 15 minutes to perform, 

This is the main disadvantage of the technique where triplicate 

analyses of each inlet and outlet blood samples are required within 

a short time after blood sample collection. Test Ll to L4 (Appendix 

c) were 'carried out with the Van Slyke manometric method, and was 

later abandoned in preference for the recently introduced Corning 

analyser. This instrument has the advantage of ease and rapidity 

of operation. Each analysis takes about 36 seconds to complete. 

Hence, the Corning analyser was used for the CO 2 oxygenator and gas 

transmission evaluations. 

C.2 Corning 965 Carbon dioxide analy!er 

The Corning model 965 analyser has been introduced in recent 

years for measuring carbon dioxide content of biological fluids 

(Whitear et ale 1980) and whole blood (Rispens et aI, 1980), The 

965 uses the release of carbon dioxide by reaction with a reagent 

containing lactic acid (C02 reagent) and measures the released 

carbon dioxide concentration by means of a thermal conductivity 

detector. A fixed volume (100 ~t) of blood sample is delivered 

into a sealed reaction chamber. The sample and CO2 reagent are 

mixed by means of the stirrer in the reaction chamber, with the 

- 2- -result that all CO2 present (HC0
3

, C03 • RNCOO , H2C03 and dissolved 

CO
2

) is released. The gas mixture containing the released CO2 is 

then transferred to the thermal conductivity detector. The change 

in thermal conductivity, which is proportional to the CO2 content 

of the gas mixture, is measured by a bridge circuit containing a 

closed loop reference cell filled with ambient air. 

. the 965 l'S adJ'usted to zero point using After each analysls, 

the CO2 reagent only. Calibration is carried out with the aid of 
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rubber cap 

um~~·~~~r-------'--1~ 
Hamilton blood sample. 

100 microlitre syringe 

(a) The syringe-to-syringe sampl ing techn ique for 
anaerobic trans fer of blood. 

(b) Hamilton gas-tight syringe (model 81034/ 1710RNCH). 

Figure C1 
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Standard Na2C03 solutions of 15, 30 and 45 mm01/1. The linearity 

of the instrument is given over the range of CO2 concentration from 

o to 60 mmo!/! to be within ~ 1 mmo!/!. (Corning Medical Ltd., 

England). 

A special syringe-to-syringe sampling technique is employed 

to measure an accurate volume (100 v1) of the blood sample for 

the CO2 determinations using the Corning analyser. 

C.3 Syringe-to-Syringe Sampling Technique 

Glass sampling syringes were used to collect about 5 mt 

of blood from the test circuit. The glass syringe should be capped 

immediately the sample has been taken. Trapping air bubbles under 

the cap is minimized by ejecting a little blood from the syringe 

just as the capping is carried out. Since metabolic processes 

continue in blood after sampling even if the syringe containing 

the sample is sealed, blood samples should be stored for as short 

a time as possible. Metabolism in the blood leads to a fall of 

p02 and pH, and an increase in pC02• However, the metabolic 

processes can be reduced to a minimum by immersing the glass sample 

syringe in a mixture of ice and water at a temperature of oOe. 

This procedure is carried out if the blood sample is awaiting CO2 

determination by a syringe-to-syringe sampling technique in order 

to transfer 100 V1 blood sample for the Corning analyser. The 

syringe-to-syringe technique as shown in Figure Glenab1es anaerobic 

transfer without blood loss. Each blood sample was determined in 

triplicate for CO2 content. 

Adams and Hahn (1982) and Biswas et a1. (1982) have carried 

out studies on blood-gas measurement errors arising from blood 

sampling. Accurate blood-gas analysis can be obtained if air 

bubbles are eliminated from the syringes and determinations 



performed within 10 minutes of blood collection if not stored at a 

o temperature of 0 C. At room temperature the rise in pC02 is about 

2.5 mmHg/hour but is only 0.6 mmHg/hour at 0-40 C. 

C.4 Radiometer OSM2 

The OSM2 Hemoximeter measures the oxygen saturation and 

haemoglobin content of blood using an absorption spectroscopic 

principle at two selected wavelengths of 506.5 and 600.0 nm. An 

integral computer solves the absorbance equations yielding the 

oxygen saturation and total haemoglobin content. The sample 

volume is about 20 ~1, and the time taken for complete analysis 

including the rinsing cycle is about 57 seconds. Calibration was 

performed by instrument zero with distilled water and with blood 

samples of zero and 100% oxygen saturation. The total haemoglobin 

content calibration was performed by using Drabkin's solution -

blood mixtures. The calibration is based upon the formation of 

cyanmethaemoglobin, HiCN. 

-C.s Radiometer BMS3 

The BMS3 measures blood pH, p02 and pC02 via electrodes 

maintained at 37 0 C or ambient temperature by a water bath. The pH 

electrode is a standard glass capillary type with a reference 
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calomel electrode. The p02 electrode consists of a combined 

platinum cathode and a silver/silver chloride anode in contact with 

a phosphate buffer/KCl solution as an electrolyte. The cathode, 

anode and electrolyte is separated from the blood sample by a 

polypropylene membrane which, although freely permeable to oxygen, 

is impermeable to water, proteins, blood cells and ions. 

The pC02 electrode is a combined glass and silver/silver 

chloride electrode in contact with a bicarbonate solution. The 
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bicarbonate solution is separated from the blood sample by a silicone 

rubber membrane. 

The output signals from the electrodes are amplified and 

digitally displayed in a Digital Acid-Base Analyser (PHM 726, 

Radiometer) incorporating p02 and pC02 modules (PHA932 and PHA 933). 

A two point pH calibration was employed with precision buffer 

solutions of 7.382 + 0.005 and 6.838 + 0.005 pH units at 37 0 C 

(Corning Ltd., Essex). The p02 electrode was calibrated with an 

oxygen free solution (approximately 20 mg sodium dithionite in 

2 m£ 0.01 M Borax solution) and with water equilibrated with oxygen 

from atmospheric air. The pC02 electrode was calibrated by using 

humidified gases at 37°C containing 3.59% CO2 in air and 7.217. CO 2 

in air supplied by a Gas Mixing Apparatus (GHAl, Radiometer). A 

'low' and a 'high' calibration point are calculated and the 

machine is set to give these readings. These calibration points 

are calculated with reference to the barometric pressure, the 

saturated water vapour pressure and the percentage carbon dioxide 

from the Gas Mixing Apparatus. A linear relationship between these 

two calibration points is assumed. 

The readout for pe02 and p02 is in mmHg and is generally 

held to be accurate to one decimal place. Problems were encountered 

with this machine, regarding when to take the reading. It does not 

give an instantaneous readout but rather rises (or falls) in an 

almost exponential fashion. Generally, the readout will give a 

stable value after about two minutes, and this is then recorded. 

During the tests, the BMS3 was prone to drifting hence re­

calibration is required after a set of sample measurements. 
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APPENDIX D 

EXPERIMENTAL-DATA FOR TMO AND CAPIOX TESTS 

The CO 2 transfer rates (VCO ) were calculated as follows: 
2 

Van Slyke Manometric Method 

v • (V - V ) ml/lOOml x QB ml/min CO2 O,760,in O,760.out (D.I) 

where V V - volume of CO
2 

gas at blood inlet and 
O.760.in' O.760.out 

outlet respectively at STPD. 

Corning CO2 analyser 

. 
VCO = (eTi - CTo)mmol/t x QB l/min x 22.26 ml/mmol 

2 
(D.2) 

Oxygenator specification 

* - indicate no. of use. 
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Teat DO: Ll Date: 24.7.IH Barometric pre.aure: 7~8 ~e OXYeenltor Ipecification: Travenol THO* 

INLET OUTUT 

Qa l/min pH pC°2 PI P2 p(C02) VO,760 pH pC02 PI P2 p(C0
2

) VO,760 VCO a.l eSTPD) !min 
2 

0.5 7.40 44.2 3/'9.0 J!,7.0 209.0 54.2 7.71 21.~ 32b.0 172.0 1~1.0 4/0.6 48.0 
O.~ 7.40 43.8 37~.0 160.0 212.0 54.9 7.63 23.5 339.5 174.5 16'.0 42.0 64.5 
1.0 7 ••• 45.6 3b6.0 IbO.O 203.0 52.9 7.66 25.0 330.0 168.5 161. 5 41.3 116.0 
1.0 7.46 4 •. 6 3n.0 162.0 207.0 ~3.7 7.64 27.3 345.0 In.5 Ib9.5 43.9 98.0 
1.5 7.38 48.7 380.5 Ib5.0 212.5 54.8 7.50 3/,.4 3~8.0 174.0 181.0 46.7 121.5 
1.5 7.43 43.4 373.0 Ib3.5 206.5 53.3 7.51 31.9 353.0 175.0 175.0 45.2 121.5 

Deo~ienator apecification: Sent1ey Tem;:>trol Q200A 

QB ti2 I CO2 
l/min t/min 

0.5 2.5 0.18 
1.0 5.0 0.38 
1.5 7.8 0.71 

Test no: L2 Date: 3.9.81 

INLET 

QS tlmin pH pe02 PI P2 

0.5 7.34 48.0 376.0 168.0 
0.5 7.3b 45.1 372.0 169.0 
1.0 7.30 47.0 368.0 172.0 
1.0 7.lb 44.3 373.0 172.0 
1.5 7.34 47.4 362.0 171.0 
1.5 7.36 44.8 367.0 17b.0 

D~oxytenator specification: 

QB N2 I CO2 
llmin t/m.i n 

0.5 1. 75 0.16 
1.0 0.61 0.61 
1.5 1.16 1.13 

It:LET OL'TLET 

p02 41.9 + 3.4 261. 8 - 504.8 

°2ut 66.7 ! 2.9 96.5 - 100.4 

Hb 12.1 + 0.4 11.3 - 12.2 

Values rt:prest:nt the mean + 1 S.D. (r •• t) 

Values represent the range 

Haematocri t • not measured 

Water Jacket Temperlture • 25°C 

C • PI - P2 • 149.0-146.0 • 3.0 

DATA 1JNlTS 

pe02 or p02 IIIClHg 

O2 sat : 

Hb g% 

Bllrometric pressure: 770 IIIIlHg Oxygenator ap~cification: Travlno1 THO* 

P ( CO2) VO•760 pH pC02 PI P2 

207.0 53.4 7.63 15.9 337.0 177 .0 
20~.0 52.1 7.61. 15.7 314.0 182.0 
195.0 50.3 7.51 - 338.0 186.0 
200.0 51.6 7.48 32.6 335.0 187.0 
190.0 49.0 7.51 27.6 3~0.0 198.0 
190.0 49.0 7.52 26.4 340.0 184.0 

INLET OllTLET 

p02 38.9 + 3.5 296.0 - 500.9 

°2slt 65.8 + 0.9 97.9 - 9B.4 

Hb 11.9 + 0.2 11.3 - 11.8 

Vlllues represent the ~In ! 1 S.D. (0 • b) 

Values represent the range 

Haematocri t • not measured 

Water Jacket Temperature. 26°C 

C • PI - P2 • 155.0-154.0 • 1.0 

OUTLET 

p(C0
2

) VO,760 Veo ml(STFD)/m.in 
2 

159.0 41.0 62.0 
131.0 33.8 error 
151.0 38.9 114.0 
147.0 37.9 137.0 
151.0 38.9 151.0 
155.0 40.0 135.0 

DATA UNITS 

pe02 or p02 III!IIHg 

O2 sat % 

Hb t:% 

'IIDlG I! t 



Te.t no: L3 D.te: 4.11.S1 

INLET 

QB .tlmin pH pC02 PI P2 

0.5 7.51 38.0 417.0 163.0 

Deorygenator specification: 

QB N2 I CO2 
t/min t/min 

0.5 3.0 0.25 

Test no: L4 Date: 13.11.81 

I/>lLET --
Q8 tlmin pH pC02 PI Pz 

0.5 7.33 32.2 356.0 167.0 
0.5 7.36 32.1 361.0 169.0 
0.5 7.40 4B.9 379.0 167.0 
0.5 7.41 46.8 373.0 170.0 
1.0 7.32 49.0 379.0 172.0 
1.0 7.39 44.3 367.0 170.0 
1.5 7.37 48.3 380.0 176.0 
1.5 7.39 49.5 380.0 177 .0 

Deoxygenator specification: 

QB N2 I CO2 
llmin Ilmin 

0.5 4.0 0.3 
1.0 5.0 0.4 
1.5 3.5 0.3 
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Barometric pressure: 756 1!I!IRg Oxygen.tor specification: Tr.veno1 THO •• 

P (CO2) Va, 760 pH pco2 PI P2 

247.0 65.4 7.84 14.6 360.0 171.0 

INLET OUTLET 

28.9 

67.7 

11.6 

284.0 

100.1 

11.3 

Values represent the ~an ~ I S.D. (n • 1) 

Values represent the range 

Haematocrit - not measured 

Water Jacket Temperature - 22°C 

C • PI - P2 • 148.0-141.0 • 7.0 

OUTLET 

p(C0
2

) VO,760 Vco mt(STPD)/min 
2 

182.0 48.2 86.0 

DATA UNITS 

pC02 or p02 mmHg 

O2 I.t % 

Hb g% 

CTi or e
To mmot/l 

Barometric pressure: 758 IIIDHg Oxygenator specification: Traveno1 THO ••• 

P (CO2 ) VO• 760 
pH pe02 PI P2 

187.0 48.5 7.56 21.7 324.0 183.0 
190.0 49.3 7.56 30.4 325.0 183.0 
210.0 54.5 7.65 22.8 333.0 IB1.0 
201.0 52.1 7.64 22 .9 337.0 184.0 
205.0 53.2 7.51 30.0 346.0 181.0 
195.0 50.6 7.55 28.0 345.0 182.0 
202.0 52.4 7.50 34.3 359.0 183.0 
201.0 52.1 7.51 32.7 353.0 181.0 

INLET OUTLET 

P02 55.0 + 11.6 261.0 - 498.0 

°2 sat 72.1 + 9.3 100.0 - 100.6 
Hb 12.2 11.8 - 11.9 

Values represent the mean!:. 1 S.D. (n - 8) 

Values represent the range 

Haematocri t • not measured 

Water Jacket Temper.ture. 250e 
C - PI - P2 - 151.0-149.0 - 2.0 

OUTLET 

p(C0
2

) VO• 760 Veo ml(STPD)/min 
2 

139.0 36.0 62.5 
140.0 36.3 65.0 
150.0 38.9 78.0 
151.0 39.2 64.5 
163.0 42.3 109.0 
161.0 41.8 88.0 
174.0 45.1 109.5 
170.0 44.1 120.0 

DATA UNITS 

pC02 or p02 D1lHg 

02 sat % 

Hb g% 

mmol/1 
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7est no: L5 DaU: 18.11.81 Barometric pressure: 740 mmHg Oxygenator apeeifieltioD: TraveDol THO** 

INLET 

QB tlmin pH pC02 (l)CTi (2)CTi 
(J)C

Ti 
eTi 

pH pC02 

0.5 7.33 43.1 22.0 22.2 23.5 22.6 7.54 23.5 
0.5 7.35 41.0 22.1 22.2 22.3 22.2 7.55 22.2 
1.0 7.29 45.9 21.5 20.9 20.4 20.9 7.45 30.2 
1.0 7.33 42.3 21.6 21.5 21.1 21.4 7.44 30.3 
1.5 7.32 42.5 19.5 20.2 20.0 19.9 7.42 33.2 
1.5 7.32 44.9 19. B 20.3 20.5 20.2 7.40 34.4 

Deoxygenator lipecification: Harvey B200 

QR N2 I CO
2 

t/min tlmin 

0.5 2.0 0.19 
1.0 4.8 0.45 
1.5 9.0 0.95 

INLET 
43.2 + 1. 4 

02 S8t 64.0 + 1.6 

Hb 11.6 

Values represent the mean + 

Values represent the range 

Haematoerit • not measured 

(l)C
To (2)CTo 

17.1 17.7 
16.1 16.1 
IB.3 1B.3 
17.6 17.3 
IB.l 17.9 
17.7 17.B 

OUTLET 

101 - 370 

92.7 - 95.4 

11.1-:- 11.4 

S.D. (n - 4 

OUTLET 

(3)CTo 

17.5 
16.4 
17.9 
17.4 
IB.3 
17.2 

eTO Veo ml{STPD)/min 
2 

17.4 57.9 
16.2 66.B 
IB.2 60.1 
17.4 B9.0 
IB.l 60.1 
17.6 B6.B 

DATA ~ 
pC02 or p02 mmHg 

O2 .at % 

Hb gt 

CTi or eTO Jmlot/l 

Test no: L6 Date: 25.]1.81 SarOllletric pressure: 756 IIIDHg Oxygenator .pecification: Travenol !MO*** 

INLET 

QB tlmin pH pC02 ( 1)CTi (2)CTi (3)S:i eTi pH pC0 2 (l)CTo 
(2)CTo 

0.5 7.43 47.5 28.5 29.2 30.0 29.2 7.69 25.8 22.3 22.4 
0.5 7.44 47.7 28.7 28.8 29.1 28.9 7.67 26.5 22.5 i3.1 
1.0 7.42 47.4 27.7 28.0 28.1 27.9 7.58 30.2 23.1 22.8 
1.0 7.45 45.3 27.3 26.9 21>.5 26.9 7.59 31.1 23. ] 23.3 
1.5 7.45 45.4 27.5 27.5 27.3 27.4 7.56 33.9 23.8 23.8 
1.5 7.47 43.7 26.8 26.4 27.3 26.8 7.56 35.1 23.2 23.6 

Deoxygenator specification: Barvey B200 

QB N2 I CO2 
tlmin tlmin 

0.5 4.0 0.35 
1.0 9.0 0.85 
1.5 7.0 0.65 

INLET 

p02 40.01.2.6 

025& t 64.91. 2.5 

Hb 11.2 + 0.2 

OUTLET 

41.2 - 480 

B1.9 - 99.7 

10.7 - 11.2 

Values represent the mean + 1 S.D. (n - 6 

Values represent the range 

Haematocrit • Dot measured 

OUTLET 

(J)CTo eTO Veo .1 (STPD) /min 
2 

22.1 22.3 76.8 
22.8 22.B 67.9 
23.1 23.0 109.1 
23.1 23.2 82.4 
23.7 23.8 120.2 
23.8 23.5 110.2 

DATA ~ 
pC02 or p02 _Ii 

02 SIt % 

Db aI 

C
Ti 

or eTo 
UDol/l 
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Teat no: L7 Date: 3.12.81 Barometric pressure: 762 mCHg Oxygenator specification: Travenol THO* 

INLET 

QB llmin pH pC02 (l)CTi (2)~i (3)CTi eTi pH pC02 (l)CTo U)CTo 

0.5 7.52 43.8 28.8 28.3 28.9 28.7 7.85 17.0 21.3 21.2 
0.5 7.51 43.4 28.4 28.9 29.2 28.8 7.85 19.8 22.2 22.2 
0.5 7.47 44.6 27.7 27.7 27.6 27.7 7.80 17.6 20.4 20.0 
0.5 7.47 44.2 28.4 28.4 28.0 28.3 7.80 20.2 20.1 20.4 

Deoxygenator specification: Harvey H200 

Q
B N2 I CO

2 
llmin tlmin 

0.5 4.0 0.36 

INLET 

p02 40.1 + 2.9 

°2ut 64.1 .! 2.1 

Hb 11.3 

Values repre~ent the n)('an .. 

Values represent the range 

Haematocrit • 35% 
+Modified Travenol THO 

OUTLET 

470 - 520 

100.3 

10.9 - 11.0 

S.D. (n • 4 

OUTLET ---
(3)CTo e

TO Vco al(STPD) Illin 
2 

20.9 21.1 + 
84.6+ 

21.8 22.1 74.6 
20.3 20.2 83.5 
20.7 20.4 87.9 

DATA UNITS 

pC02 or p02 Jlllllig 

O2 sat % 

H1> g% 

eTi 
or e

To flDol/! 

Test no: L8 Date: 9.12.81 Barometric pressure: 734 mCHg Oxygenator specification: Travenol THO •• 

INLET 

QB tlmin pH pC02 (l)CTi 
(2)CTi (3)CTi CTi pH pe02 (l)CTo (2)C

To 

1.0 7.46 43.5 21.1 21.4 21.2 21.2 7.63 24.5 15.9 16.0 
1.0 7.39 43.9 21.6 22 .2 22.1 21.9 7.63 26.2 16.2 16.3 
1.0 7.34 44.4 21.5 20.9 21.2 21.2 7.57 26.0 16.2 16.0 
1.0 7.36 45.1 21.0 20.B 20.7 20.8 7.57 27.7 14.7 14.8 
1.5 7.29 44.6 20.8 20.8 20.6 20.7 7.49 28.5 15.4 15.5 

Deoxygenator specification: Harvey B200 

QB N2 I CO2 
!/min 1/min 

1.0 3.6 0.43 
1.5 5.0 0.6 

--

INLET OUTLET 

p02 41.2 + 2.9 42 - 50 

°2sat 60.0 + 1.3 81.3 - 86.3 

Hb 11.4 + 0.1 11.0 - 11.3 

Values represent the mean + 1 S.D. (n • 6 

Values represent the range 

Haematocri t • not measured 
+Modified Travenol THO 

OllTLET 

(3)C
To 

eTO Vco a! (STPD) Imin 
2 

15.9 15.9 117.9 
16.0 16.3 124.7 
15.9 16.0 115.7+ 
14.6 14.7 135.8+ 
15.6 15.5 173.6+ 

DATA UNITS 

pC02 or p02 mroHg 

O
2 

nt % 

HI> g% 

ranot/! 
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Teat DO: L9 Date: 17.12.81 Barometric preasure: 748 mmHg Oxygenator 'pecification: Travenol THO*** 

INLET 

QB llmin pH pC02 O)CTi (2)~i (3)~i eTi pH pC02 U)CTo (2)CTo 

0.5 7.33 45.3 22.7 22.4 22.8 22.6 7.66 20.1 15.6 15.4 
0.5 7.36 48.7 22.8 22.6 22.2 22.5 7.63 22.0 15.6 15.4 
0.5 7.32 48.9 22.7 23.2 23.1 23.0 7.65 18.9 14.0 13.8 
0.5 7.36 44.7 21.4 21.3 21.6 21.4 7.67 18.2 14.0 14.3 
1.0 7.33 43.6 20.5 20.8 21.4 20.9 7.54 24.9 15.7 15.4 
1.0 7.35 43.3 21. 3 21.3 21.0 21.2 7.54 25.4 16.1 15.7 
1.0 7.32 46.9 21.4 21.5 21. 3 21.4 7.55 25.1 16.1 16.8 
1.0 7.35 48.2 22.1 22.3 22.2 22.2 7.54 26.2 17.1 16.9 
1.5 7.32 45.1 21.6 21.7 21.6 21.6 7.48 32.7 17.9 18.1 
1.5 7.35 46.1 21.4 21.2 21.9 21.5 7.48 32.8 18.4 17.9 

Deoxygenator specification: Harvey BZOO 

QB N2 I COZ 
llmin llmin 

0.5 2.0 0.24 
1.0 4.0 0.49 
1.5 4.9 0.63 
O.5 t 3.0 0.36 
l.ot 4.1 0.49 

INLET OUTLET 

p02 42.6 + 2.2 43.6 - 100.5 

°2lat 64.8! 2.5 80.5 - 97.4 

Hb 12.7+0.1 12.1 - 12.7 

Values represent the mean + 1 S.D. (n • 

Values represent the rangE 

Haematocrit • 35.5% 
tModified Travenol THO 

~ 

(3)CTo eTo Veo at(STPD) Imin 
2 

15.3 15.4 SO.l 
15.2 15.4 79.0 
14.3 14.0 100.2t 
13.7 14.0 82.4 t 
15.2 15.4 122.4t 
15.7 15.8 120.2t 
16.6 16.5 109.1 
17.1 17.0 115.8 
18.0 18.0 120.2 
17.8 18.0 116.9 

DATA UNITS 

pC02 or p02 IIIIlHg 

02 aat % 

Hb g% 

eTi or eTo Imloi/t 

Test no: L9 Date: 17.12.81 Barometric pressure: 748 mmHg Oxygenator specification: Travenol THO*.* 

INLET 

QB tlmin pH pe02 O)CTi 
(2)CTl (3)CTi eTi pH peo2 (1)CTo (2)CTo 

1.5 7.29 48.2 22.0 21.5 21.8 21.8 7.48 32.5 17.7 17.6 
1.5 7.34 48.8 22.2 21.6 22.] 22.0 7.48 32.9 17.6 17.6 

Deoxygenator specification: Harvey B200 

QB N2 I CO2 
l/min t/min 

0.5 2.0 0.24 
1.0 4.0 0.49 
1.5 4.9 0.63 
0.5 t 3.0 0.36 
1.0t 4.1 0.49 

INLET OtrrLET 

pOZ 42.6 + 2.2 43.6 - 100.5 

°2sat 64.8 ! 2.5 80.5 - 97.4 
Hb 12.7 + 0.1 12.1 - 12.7 

Values represent the mean + 1 S.D. (n • 12) 

Values represent the range 

Haematocrit· 35.5% 

tModified Traveno! THO 

OUnET 

(3)CTo eTa Veo .. 1 (STPD) /min 
2 

17.4 17.6 140.2 t 
17.5 17.6 146.9" 

DATA UNITS 

PC02 or p02 IIIIlHg 

02 sat % 

Hb g% 

eTi or eTo 
UDoL/l 
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Teat no: LI0 Date: 21.12.81 Barometric pressure: 737 mmHg Oxygenator .peeifieatioo: Travenol THO* 

INLET --
QB tlmin pH pC02 (l)CTi (2)S-i (3)S-i CTi 

pH pC02 (l)CTo (2)CTo 

0.5 7.37 43.4 21.5 21.5 21.4 21.5 7.75 15.1 11.6 11.7 
0.5 7.36 43.7 21. 3 20.8 20.9 21.0 7.77 14.6 11.8 11.5 
0.5 7.32 42.0 20.2 20.7 20.6 20.5 7.57 22.3 14.8 14.4 
0.5 7.33 41. 7 20.0 19.9 20.5 20.1 7.56 24.7 14.9 14.3 
1.0 7.30 42.0 19.7 19.1 19.1 19.3 7.53 24.3 14.5 14.7 
1.0 7.33 41. 7 19.4 19.6 19.3 19.4 7.50 25.3 14.4 14.4 
1.0 7.30 42.1 19.0 .19.3 19.1 19.1 7.56 20.8 12.7 12.9 
1.0 7.32 42.6 18.8 19.0 1B.8 18.9 7.53 23.2 13.2 21.9 

Deoxygenator specification: Harvey B200 

QB N2 I CO
2 

t/min t/min 

0.5 1.7 0.24 
1.0'" 0.5 0.13 
1.0 2.0 0.26 

p02 

°2sat 

Hb 

INLET 

46.8 + 2.7 

64.3.:. 2.4 

12.5.:. 0.1 

OUTLET 

45.0 - 60.0 

77.7 - 88.3 

12.0 - 12.5 

Values represent tho:: mean + S.D. (n • 8 ) 

Values represent the range 

Haematocrit • 35% 

tModified Travenol THO 

OUnET 

(3)CTo eTO VCO ml(STPD) Imin 
2 

11.9 11. 7 109.1 
11.3 11.5 105.7 
14.4 14.5 66.8'" 
14.9 14.7 60.1'" 
14.2 14.5 ~~~:~~ 14.5 14.4 
12.9 12.8 140.2 
13.0 13.0 131. 3 

DATA UNITS 

pC02 or p02 lIIJIIig 

02 sat % 

Hb g% 

CTi or C
To UDol/l 

Test no: L11 Date: 7.5.82 Barometric pressure: 750 mmHg Oxygenator Ipeeifieation: Travenol THO**** 

INLET OUnET 

QB Llmin pH pC0
2 0) CTi 

(2)CTi O)CTi (:Tl pH pC02 (l)CTo (2)C
To 

(3)C
To eTo VCO ml(STPD) Imin 

2 

0.5 7.31 46.5 20.7 20.5 20.6 20.6 7.66 23.0 13.9 14.5 14.7 14.4 69.0 
0.5 7.36 45.4 19.4 19.4 20.0 19.6 7.62 22.1 13.2 14.8 14.3 110.4 57.9 
1.0 7.35 45.4 20.S 21.2 19.8 20.5 7.51 29.4 17.0 17.0 17 .1 17.0 77.9 
1.0 7.36 45.2 19.4 19.4 19.3 19.4 7.51 29.8 16.2 16.2 15.2 16.2 71.2 
1.5 7.32 45.2 18.1 17.8 IB.4 IB.1 7.46 36.3 15.5 15.7 15.8 15.7 80.1 
1.5 7.37 4fl.4 19.2 18.7 18.9 IB.9 - 35.9 16.4 16.7 16.4 16.5 SO.l 

Deoxygenator specification: Harvey B200 

Qs N2 I CO2 INLET OUTLET DATA UNITS 
Llmin L/min p02 37.7 + 0.8 38.8 - 51.8 pC02 or p02 IIIJIIlg 

0.5 3.3 0.37 
1.0 5.5 0.6 
1.5 5.5 0.6 

°2ut 58.3 + 1.6 6B.9 - 91.2 O2 sat % 
Hb 12.0:. 0.1 11.5 - 12.0 Hb g% 

Values represent the mean + 1 S.D. (n • 6 ) S-i or CTo flRol/! 

Values represent the range 

Haematocrit • 35% 
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Te.t DO: L12 Date: 3.6.82 Barometric pressure: 755 mmHg Oxygenator .pecification: Travenol THO*'* 

INLET 

QB t/min pH pC02 (l)CTi (2)~i (3)CTi 
CTi 

pH pC02 (l)CTo (2)CTo 

O.S 7.44 49.8 17.6 17.5 17.6 17.6 7.70 25.1 12.7 12.5 
0.5 7.47 45.0 17.3 16.9 16.8 17.0 2.71 22.6 12.8 12.4 
1.0 7.37 43.1 16.9 17.4 17.2 17.2 7.56 31.9 13.5 13.7 
1.0 7.41 42.4 16.2 16.2 16.4 16.3 7.57 32.2 13.8 13.5 
1.5 7.32 43.9 16.4 16.5 16.4 16.4 7.50 34.9 14.8 14.2 
1.5 7.40 43.3 16.6 16.5 16.2 16.4 7.51 34.5 14.0 13.8 
0.5 7.31 45.1 16.7 16.2 16.7 16.5 7.57 31.4 12.5 12.6 
0.5 7.42 45.6 16.2 16.3 16.0 16.2 7.58 30.7 12.9 12.6 
1.0 7.32 41.9 15.8 16.2 16.0 16.0 7.53 32.4 13.3 13.0 
1.0 7.41 44.3 15.6 15.1 15.2 15.3 7.53 33.5 13.0 12.5 

Deoxygenator specification: Harvey H200 

, Q
B N2 I CO2 

tlmin t/min 

0.5 3.5 0.3 
1.0 3.5 0.27 
1.5 7.0 0.6 
0.5T 2.2 0.2 
LOT 4.6 0.46 
1.5T 7.0 0.7 

INLET 

pOz 39.5 ~ 1.5 

02sat 61.6 ~ 1.7 

Hb 10.7 .. 0.1 

ourLEr 

40.3 - 60.0 

75.1 - 93.6 

10.3 - 10.8 

Values represent the mean.. S.D. (n -12 ) 

Values represent the range 

Haematocri t • 32% 

tModified Travenol THO 

OUnET 

(3)CTo eTO Veo a1(STPD) IlIIin 
2 

12.7 12.6 55.7 
12.1 12.4 51.2 
13.3 13.5 82.4 
13.6 13.6 60.1 
14.2 14.4 66.8 
13.9 13.9 83.5 
12.6 12.6 43.4 t 
12.6 12.7 39.0t 
12.9 13.1 64.5 t 
13.1 12.9 53.4 t 

DATA UNITS 

pC02 or p02 IIIIlHg 

O2 sat % 

Hb g% 

eTi or CTo !fIDo!/! 

Test no: L12 Date: 3.6.82 Barometric pressure: 755 mmHg Oxygenator specification: Travenol THO'** 

INLET 

QB tlmin pH pc02 (l)C
Ti (2)CTi (3)CTi eTi pH pC02 (l)CTo mcTo 

1.5 7.·43 43.7 15.2 15.4 15.2 15.3 7.54 36.0 13.1 13.2 
1.5 7.43 44.8 15.4 15.4 15.4 15.4 7.52 36.8 13.7 13.4 

Deoxygenator specification: Harvey H200 

QB N2 I CO
2 

Llmin l/min 

0.5 3.5 0.3 
1.0 3.5 0.27 
1.5 7.0 0.6 
0.5T 2.2 0.2 
1.0T 4.6 0.45 
1.ST 7.0 0.7 

INLET OUTUT 

p02 39.5 .. 1.5 40.3 - 60.0 

°2ut 61.6~1.7 75.1 - 93.6 
Hb 10.7 .. 0.1 10.3 - 10.8 

Values represent the mean" 1 S.D. (n - 12 ) 

Values represent the range 

Haelll8tocrit - 32% 

tModified Traveno1 THO 

OUTLET 

(3)C
To 

e
To Veo 1II1(STPD)/min 

2 

13.3 13.2 70.11 
13.4 13.5 63.4 ' 

DATA UNITS 

pC02 or p02 DDHg 

O2 ,at % 

Hb gt 
CTi or e

To flDO!/! 
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Teat no: L13 -Date: 23.6.82 Baro~tric pressure: 746 mmHg Oxygenator .pecification: Travenol THO* 

INLET 

QB I./mn pH pC02 (l)CTi (2)Cyi (3)CTi eTi pH pC02 (l)CTo (2)CTo 

1.0 7.34 44.7 IB.5 19.0 19.0 IB.B 7.56 22.5 13.5 13.1 
1.0 7.33 45.1 19.2 19.6 19.7 19.5 7.57 22.0 13.5 13.1 
1.5 7.31 43.9 17.9 IB.3 IB.l IB.l 7.49 26.6 14.0 13.B 
1.5 7.34 44.5 17.7 IB.O IB.l 17.9 7.49 27.1 1/0.1 14.0 
3.0 7.36 41.6 17.B IB.l 17.9 17.9 7.36 30.3 1/0./0 14.2 
3.0 7.37 /01.1 17.2 17.6 17.6 17.5 7.37 30.5 14.B 14.9 
1.5 7.31 44.3 IB.O IB.O 17.6 17.9 7.47 2B.0 1/0.2 13.8 
1.5 7.32 44.6 18.5 IB.2 IB.6 IB.4 7.47 28.3 14.7 1/0.2 
3.0 7.31 41.3 20.6 20.8 20.7 20.7 7.49 31.5 17.2 17.2 
3.0 7.39 /01.3 19.7 19.6 19.6 19.6 7.48 32.0 15.B 16.2 

Deoxygenator specification: Harvey B200 

QB N2 I CO2 
tlmin t/min 

1.0 6.0 O.B 
1.5 B.O 1.1 
3.0 B.O 1.1 

INUT 

p02 43.2 + 0.9 

02sat 65.5 ~ 2.2 

Hb 12.1 ~ 0.1 

OUTLET 

47.4 - 54.0 

SO.5 - 89.5 

11. 7 - 12.2 

Values represent the mean + S.D. (n ·10) 

Values represent the range 

Haematocrit • 36% 

tModified Travenol THO 

OUTLET 

(3)CTo 

13.2 
13.3 
14.1 
13.9 
1/0./0 
15.0 
1/0.7 
13.9 
17.3 
16.5 

eTa Veo mt(STPD) Imin 
2 

13.3 122.4 
13.3 13B.O 
14.0 136.9 
14.0 130.2 
14.3 2/00.4 
1/0.9 173.6 
14.2 123.5t 
1/0.3 136.9t 
17.2 233.7 t 
16.2 227.1 t 

~ 
pC02 or p02 

O2 sat 

Hb 

Test no: L14 Date: 19.10.B2 Barometric pressure: 74311111i1g Oxygenator specification: Travenol THO.· 

INLET 

QS tlmin pH pC02 (l)CTi (2) "i (3)CTi CTi pH pC02 (l)CTo 
(2)CTo 

1.0 7.44 44.0 17 .3 17.0 17.3 17 .2 7.55 21.4 11.9 11.9 
1.0 7.38 /04.7 16.8 17.0 17.0 17.0 7.59 26.3 11.8 n.B 
1.5 7.36 46.3 16.B 17.1 17.2 17.0 7.51 26.3 13.4 13.4 
1.5 7.35 47.1 17.1 17.9 17.4 17.5 7.54 26.0 13.7 13.6 
3.0 7.32 47.0 17.6 IB.O 1B.0 17.9 7.41 33.4 15.0 15.2 
3.0 7.33 41.4 16.7 17.1 16.B 16.9 7.44 30.0 1/0.1 14.2 
1.0 7.30 /04.5 16.B 17.0 16.7 16. B 7.54 21.4 12.0 11.B 
1.0 7.31 44.2 17.0 16.8 16.B 16.9 7.55 21.6 12.2 12.2 
1.5 7.25 46.1 16.7 16.7 17.0 16.8 7.49 30.1 13.3 13.4 
1.5 7.33 46.1 16.8 16.7 17.0 16.8 7.51 30.0 13.0 13.2 

Deoxygenator specification: Harvey B200 

QB N2 I CO2 
tlmin t/min 

1.0 6.4 0.75 
1.5 8.0 1.1 
3.0 8.0 1.1 
l.ot 7.5 0.8 
1.5t B.O 1.1 

iNLET 

44.8 + 3.9 

67.0:. 1.6 

11.6 .:!:. 0.2 

OUTLET 

42.3 - 59.0 

80.2 - 90.8 

11.1-11.7 

Values represent the sean + S.D. (n .10) 

Values represent the range 

Haematocrit • 34% 

tModified Travenol THO 

~ 

(3)CTo eTO VCO st(STPD) Imin 
2 

11.5 11.8 l20.2 
11. 7 11.8 113.5 
13.4 13.4 120.2 
13.3 13.5 133.6 
14.B 15.0 193.7 
14.2 14.1 IB7.0 
11.9 11.9 109.1 t 
12.2 12.2 104.6t 
13.0 13.2 120.Zt 
13.2 13.1 l23.5 t 

~ UNITS 

pC02 or p02 anHg 

02 sat % 

Hb g% 

CTi or CTo 
'UDol/t 
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Test no: LIS Date: 21.10.82 Barometric pressure: 745 IIIIIHg Oxygenator .pecification: Terumo CAPIOX II 
1.6 JII2 .. 

INLET 

QB t/min pH pC02 (l)CTi 
(2)CTi (3)CTi eTi pH pC02 (J)CTo (2)CTo 

2.0 7.42 43.4 21.8 21. 2 22.2 21.7 7.54 28.0 18.1 18.2 
2.0 7.41 44.1 21.9 22.3 22.1 22.1 7.53 29.9 18.0 18.1 
3.0 7.36 47.0 21.1 21.1 21.6 21. 3 7.55 29.5 17.1 17.5 
3.0 7.42 45.9 21.6 21.0 21.8 21.5 7.56 28.8 16.6 16.7 
5.0 7.33 44.7 20.1 20.5 20.7 20.4 7.58 21.8 15.6 15.8 
5.0 7.40 44.1 20.0 20.3 20.3 20.2 7.5S 26.1 15.0 14.8 
2.0 7.33 50.8 19.9 20.1 20.5 20.2 7.49 36.6 16.8 16.6 
2.0 7.40 46.0 19.3 19.4 19.9 19.5 7.51 33.3 15.9 15.S 
7.0 7.43 42.1 19.5 19.5 19.6 19.5 7.61 21.1 14.8 14.3 
7.0 7.41 43.7 19.5 19.9 19.7 19.7 7.S9 25.3 14.0 14.3 

Deoxygenator specification: Harvey B200 

Q
B N2 I CO2 

Llmin t/min 

2.0 6.S 0.6 
3.0 6.4 0.62 
5.0 4.2 0.4 
7.0 4.8 0.45 

th'LET 

40.7 + 1.6 

63.5 + 1.7 

11.9 + 0.2 

OtrrLET 

111.S - 233.8 

97.1 - 97.5 

11.4 - 11.S 

Values represent the mean + S.D. (n • 10) 

Values represent the range 

HaematocTi t • 33% 

Q
B 

• 1.0 tlmin 

OUTLET ---
(3)CTo eTO VCO 1II.t(STPD)/min 

2 

lS.3 18.2 77.9 
17.7 17.9 93.5 
17.5 17.4 86.8 
16.9 16.7 106.8 
lS.5 15.6 106.S 
IS.0 14.9 118.0 
16.5 16.6 SO.1 
lS.9 IS.9 SO.l 
14.1 14.4 113.5 
14.6 14.3 120.2 

DATA UNITS 

pC02 or p02 IllUHg 

O2 ut % 

Hb g% 

CTi or eTo lmIoE/! 

Test no: L16 Date: 27.10.82 Barometric pressure: 752 mmHg Oxygenator specification: Terumo CAPIOX II 
1.6 JII2 ** 

INLET 

QB llmin pH pC02 (l)CTi (2)CTi (3)CTi eTi 
pH pC02 (l)CTo (2)CTo 

7.0 7.38 43.6 19.1 19.2 19.5 19.3 7.55 26.B 14.4 14.3 
7.0 7.38 44.0 IS.9 19.2 lS.9 19.0 7.54 2S.2 14.3 14.4 
7.0 7.38 44.8 18.5 18.6 lS.5 18.5 7.54 28.3 14.7 14.8 
5.0 7.35 4S.2 1S.9 19.1 19.2 19.1 7.45 27.6 14.6 14.4 
5.0 7.32 45.9 18.7 19.2 19.1 19.0 7.47 27.S 14.6 14.S 
5.0 7.32 45.9 IB.4 18.7 19.0 1B.7 7.47 26.6 14.3 14.6 
2.0 7.39 45.3 22.3 21.7 22.5 22.2 7.53 31.2 lS.S 19.1 
2.0 7.38 45.1 23.1 23.3 22.8 23.1 7.52 28.9 19.3 18.8 
9.0 7.48 41.0 21.8 22.0 21.7 21. B 7.48 21. 4 16.S 17.1 
9.0 7.39 46.1 23.0 23.2 23.2 23.1 7.60 24.9 17.4 17.4 

Deoxygenator sp~cification: Harvey H200 

QB N2 I CO2 
t/min l/min 

7.0 8.2 0.82 
5.0 7.5 0.77 
2.0 5.0 O. SI 
9.0 5.0 0.46 

INLET OtrrLET 

p02 40.7 !. 1.6 l11.S- 233.S 

°2sat 64.4!. 2.3 99.6 - 101.1 
Hb 12.2 !. 0.1 11.7 - 12.0 

Values represent the JIIean + 1 S.D. (n· 10) 

Values represent the range 

Haematocri t • not measured 

OUnET 

(3)CTo eTO VC~ mt(STPD)/min 

14.5 14.4 109.1 
14.6 14.4 102.4 
14.7 14.7 S4.6 
14.7 14.6 100.2 
14.6 14.7 95.7 
14.3 14.4 95.7 
19.1 19.0 71.2 
19.4 19.2 86.S 
17.2 17.0 10b.8 
17.7 17.5 124.7 

DATA UNITS 

pC02 or p02 umHg 

02 sat % 

Hb g% 

eTi or eTo lmIol/l 
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Test DO: L17 Date: 1.11.82 Barometric pressure: 757 mmHg Oxygenator Ipecifieation:Terumo CAPIOX II 
1.6 m2 * 

INLET OUTLET 

QB t/min pH pC02 (l)CTi (2)c,.i ()c,.i CTi pH pC02 (l)CTo (2)CTo ()CTo eTO VCO m1(STPD) Imin 
2 

0.5 7.)1 49.2 17.6 17.9 17.9 17.8 7.60 19.6 11. 7 11.9 12.0 11.9 65.7 
0.5 7.)5 44.4 17.0 17.2 17.) 17.2 7.64 15.9 11.) 11.) 11.5 11.4 64.6 
1.0 7.)1 45.2 17.4 17.1 17.) 17.) 7.42 28.1 1).2 1).5 1).4 1).4 86.8 
1.0 7.)) 4).1 17.0 Ib.9 16.8 16.9 7.44 26.0 13.4 13.7 13.) 13.5 75.7 
1.5 7.29 44.0 17.6 17.8 17.8 17.7 7.43 )3.4 14.9 14.3 14.4 14.5 106.8 
1.5 7.34 46.5 17.2 17.3 17.6 17.4 7.42 31. 8 14.3 14.4 14.2 14.3 103.5 

Deoxygenator specification: Barvey B200 

QB N2 I CO2 INLET OtTl'LET DATA UNITS 

L/min llmin p02 37.2 !. 2.7 44.3 - 562.4 pC02 or p02 IIIIlIlg 

0.5 5.0 0.5 °2ut 64.2 !. 1.8 85.7 - 102.4 02 sat % 

1.0 9.0 0.85 Hb 11.6 !. 0.2 11.0 - 11.6 Hb g% 
1.5 8.5 0.85 

Values represent the + 1 S.D. (n • 6 ) CTi or CTo mroo£/1. 
mean 

Values represent the range 

Haematocrit • 32% 

Test no: L18 Date: 9.11.82 Barometric pressure: 727 mmHg Oxygenator specification: Teru~ CAPIOX II 
1.6 m ** 

INLET 

QB tlmin pH pC02 (l)CTi (2)c,.i (3)CTi CTi pH pC02 O)CTo (2)CTo 

0.5 7.3447.4 20.2 20.5 20.3 20.3 7.67 21.3 14.1 14.3 
0.5 7.36 43.9 20.0 20.0 19.8 19.9 7.70 18.4 14.3 14.1 
1.0 7.34 43.8 19.7 20.1 19.6 19.8 7.55 27.0 15.3 15.6 
1.0 7.36 43.9 19.6 19.9 19.7 19.7 7.56 26.2 15.5 15.8 

Deoxygenator specification: Harvey H200 

QB N2 I CO2 
tlmin tlmin 

0.5 2.5 0.25 
1.0 6.0 0.58 

INLET OtTl'LET 

p02 43.1 !. 1. 3 432.3 - 606.0 

°2sat 67.9!. 1.8 100.1 - 100.3 
Hb 10.8 10.4 - 10.5 

Values represent the mean + 1 S.D. (n _ 4 

Values represent the range 

Haematocrit • 28% 

OUTLET 

(3)CTo eTo VCO mt (STPD) /mi n 
~ 

14.2 14.2 67.9 
13.9 14.1 64.6 
15.1 15.3 100.2 
15.5 15.6 91.3 

~ ~ 
pC02 or p02 IIIIlIlg 

02 lit % 

Hb g% 

CTi or C
To 

1II1l01/1 
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. Test no: L19 Date: 18.11.82 Barometric preasure: 734 mmHg Oxygenator apecification:Terum2 CArIOX II 
1.6 m * 

INLET 

QB llmin pH pC02 (l)CTi (2)CYi (3)"i Cyi pH pC02 (l)CTo (2)CTo 

O.S 7,37 46.5 19.8 20.0 20.1 20.0 7.75 14.2 12.8 12.6 
0.5 7.41 40.0 19.1 19.0 18.9 19.0 7.69 13.8 12.8 12.5 
1.0 7.39 33.4 17.8 17.3 17.6 17.6 7.61 18.9 13.2 13.3 
1.0 7.39 33.0 16.7 16.7 17.1 16.8 7.58 17.5 13.1 12.9 
1.5 7.42 31. 7 16.3 16.6 16.6 16.5 7.56 19.3 13.0 12.9 
1.S 7.38 36.0 19.7 19.6 19.5 19.6 1.46 28.0 15.6 15.1 
1.5 1.38 37.6 17.6 11.5 11.5 11.5 7.53 24.1 14.3 14.5 

Deoxygenator specification: Harvey 8200 

QB N2 I CO
2 

Llmin t/min 

0.5 3.0 0.25 
1.0 2.5 0.25 
1.5 3.0 0.25 

INLET 

p02 38.2 ! 2.0 

02sat 61.9! 2.7 

Hb 12.3! 0.1 

OUTLET 

37.0 - 556.0 

72.8 - 100.5 

11.8 - 12.4 

Val ues represent the mean + S. D. (n • 6 

Values represent the range 

Haematocrit • 39% 

OUTLET ---
(3)CTo eTo VCO ml (~TPD) Imin 

2 
12.7 12.7 81.2 
l2.8 12.7 70.1 
13.1 13.2 97.9 
12.9 13.0 84.6 
12.9 12.9 120.2 
15.6 15.4 140.2 
14.4 14.4 103.5 

DATA ~ 
pC02 or p02 mmHg 

O2 lit % 

Hb g% 

CTi or CTo DIJol/t 

Test no; L20 Date: 25.11.82 Barometric pressure: 732 mmHg Oxygenator specification: Terum~ CAPIOX II 
1.6 m ** 

INLET 

QB Llmin pH pe02 (l)CTi (2)CTi (3)CTi (Ti pH pC02 

0.5 1.42 38.2 19.8 19.6 19.5 19.6 7.70 15.3 
0.5 7.49 30.5 18.1 17.8 18.5 18.1 7.75 12.3 
1.0 7.40 37.0 18.2 18.5 18.8 18.5 7.57 21.6 
1.0 7.42 35.6 17.8 17.9 11.9 17.9 7.56 21.1 
1.5 7.45 34.6 18.2 18.1 18.3 18.2 7.56 24.0 
1.5 7.45 35.0 17.4 17.5 17.6 17.5 7.55 21.2 

Deoxygenator specification: Harvey B200 

QB 
l/min 

0.5 
1.0 
1.5 

N2 I CO
2 

l/min 

3.5 0.25 
7.0 0.70 
9.0 0.90 

INLET 

37.8 + 0.9 

02Bat 64.3 + 1.4 

Hb 12.4 + 0.1 

Values represent the mean + 

Values represent the range 

Haematocri t - 34% 

(J)CTo (2)CTo 

14.5 14.6 
12.9 12.7 
14.5 14.6 
14.4 14.6 
15.2 15.1 
15.1 15.3 

OUTUT 

43.2 -'548.8 

85.0 - 102.3 

11.8 - 12.2 

S.D. (n • 6 

OUTU'I' 

(3)Cyo 

14.7 
13.2 
1'.4 
14.5 
15.1 
15.1 

eTo VCO ml(STPD) Imin 
2 

14.6 55.7 
12.9 57.9 
14.5 89.0 
14.5 75.7 
15.1 103.5 
15.2 76.8 

~ ~ 
pC02 or P02 mIlg 

°2 II: % 

Hb g% 

CTi or CTo II1II01/1 
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Teat no: L21 Dau: 30.11.82 Barometric pre.lure: 760 mmHg Oxygenator .pecification: Terumo CAPIOX II 
3.3 1112 * 

INLET 

QB lImn pH pC02 (l)CTi (2)Cyi (3)Cyi eTi 
pH pC02 (l)CTo (2)C

To 

4.0 7.34 43.S 16.7 16.4 16.8 16.6 7.55 18.8 11.4 11.2 
4.0 7.38 42.5 16.4 16.2 16.4 16.3 7.57 17.3 11.2 10.8 
6.0 7.36 39.6 16.0 16.3 16.4 16.2 7.64 15.7 9.7 9.7 
6.0 7.35 41.1 15.7 1&.1 IS.7 15.8 7.63 16.3 9.7 9.7 
8.0 7.27 41.7 15.9 1S.3 1S.7 15.6 7.59 14.6 9.2 9.3 
8.0 7.29 39.5 1S.9 15.7 16.0 15.9 7.56 14.8 9.4 9.1 

10.0 7.30 35.7 15.4 15.9 15.8 15.7 7.66 9.6 9.1 9.0 
10.0 7.34 3S.6 15.9 15.8 1&.0 15.9 7.65 9.7 9.3 9.1 

Deoxygenator specification: Harvey B200 

QB N2 I CO2 
1/mi n t/min 

4.0 8.0 0.8 
6.0 8.0 0.8 
8.0 8.0 O.B 

10.0 8.0 0.8 

iNLET 

42.0 + 1.5 

64.5 .! 0.6 

11.8:.. 0.1 

OUTLET 

182.9 - 430.1 

99.6 - 100.2 

11.3 - 11.6 

Values represent the mean + S.D. (n " 8 

Values represent the range 

Haematocrit • 34% 

Q
B 

• 1.0 t/min 

OUTLET 

(3)C
To 

e
TO VCO mt(STPD)/min 

2 

11.2 11.3 118.0 
10.9 11.0 ll8.0 
9.7 9.7 144.7 
9.8 9.8 133.6 
9.3 9.3 140.2 
9.1 9.2 149.1 
8.9 9.0 149.1 
9.1 9.2 149.1 

DATA UNITS 

pC02 or p02 I!IDIlg 

02 sat % 

Hb g% 

CTi or eTo mmot/l 

Test no: L22 Date: 16.12.82 Barometric pressure: 729 mmHg Oxygenator specification: Terumo CAPIOX II 
3.3 m2 ** 

INLET 

QB llmin pH pC02 (l)CTi 
(2)CTi (3)CTi CTi pH pC02 O)CTo (2)CTo 

1.5 7.27 45.4 16.5 16.7 16.5 16.& 7.57 19.0 11.5 11.4 
1.5 7.31 44.4 16.3 16.7 16.7 16.& 7.5& 20.9 11.5 11.4 
1.0 7.34 45.2 18.4 1B.2 lS.1 1B.2 7.63 16.B 10.9 11.2 
1.0 7.37 45.4 17.7 17. B 17.5 17.7 7.67 15.1 11.1 10.9 
0.5 7.31 44.B 17.6 17.9 17.9 17.8 7.75 7.0 S.4 8.3 
0.5 7.36 53.7 17.9 17.9 18.2 1B.0 7.82 7.8 7.7 7.3 

Deoxygenator specification: Harvey B200 

QB N2 I CO
2 

t/min t/min 

1.5 8.0 1.08 
1.0 6.0 0.7S 
0.5 2.5 0.35 

INLET OUTLET 

p02 40.0 :.. 0.9 60.0 - 204.1 

°21at 64.7:.. 2.3 92.B - 99.6 

Hb 12.6 :.. 0.3 11.8 - 12.5 

Values represent the mean + 1 S.D. (n • 4 

Values represent the range 

Haematocri t· 43% 

~ 

(3)CTo eTo VCO mt(STPD)/min 
2 

11.2 11.4 173.6 
11.4 11.4 173.6 
11.1 11.1 15B.O 
10.9 11.0 149.1 
S.2 8.3 105.7 
7.4 7.5 116.9 

~ UNITS 

pC0 2 or p02 IIIIIllg 

02 .at % 

Hb ,% 

e
Ti 

or eTo 
lIDot/t 
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Test no: L23 Date: 22.12.82 Barometric pressure: 742 mmHg Oxygenator specification: Terumo CAPIOX II 
3.3 1112 " 

INLET 

QB t/min pH pC02 (l)CTi (2)CTi (3)CTi CTi pH pC02 (l)CTo (2)CTo 

1.5 7.31 54.5 18.2 18.6 19.0 18.6 7.54 27.5 13.0 12.6 
1.5 7.33 53.1 18.3 18.3 18.4 18.3 7.60 24.3 12.6 12.8 
1.5 7.30 45.5 18.0 17.9 17.8 17.9 7.61 20.5 11.7 11.5 
1.5 7.38 44.0 17.3 17.0 16.8 17.0 7.62 19.0 11.8 11.4 
1.0 7.34 45.2 17.1 16.6 16.3 16.7 7.76 13.1 10.3 9.8 
1.0 7.45 37.9 15.1 15.9 15.5 15.5 7.72 13.9 9.3 9.6 
1.0 7.41 40.8 15.6 15."7 15.5 15.6 7.72 13.9 9.7 9.4 
1.0 7.37 45.3 16.9 16.8 16.5 16.7 7.70 13.1 9.8 9.8 
1.0 7.26 52.2 17 .2 17.4 17.2 17.3 7.67 15.9 9.9 9.4 
1.0 7.26 59.7 18.6 18.5 18.1 18.4 7.64 18.6 9.9 10.1 

Deoxygenator specification: Harvey H200 

I QB N2 I CO
2 

"m; n t/min 

1.5 7.6 1.20 
1.0 3.6 0.40 

tNLET OUTLET 

p02 38.8 + 2.8 48.5 - 94.4 

°2sat 62.5 ~ 1.2 94.1 - 99.7 

Hb 11.2 ~ 0.2 10.5 - 11.) 

Va) ue" represent tht: mean + 1 S. D. (r, • 10 ) 

Values represent the range 

Haematocric· 31% 

OUTLET 

(3)CTo eTo VCO 1111 (STPD) Imin 
2 

12.6 12.7 197.0 
12.7 12.7 187.0 
11.8 11.7 207.0 
11.3 11.5 183.6 
9.9 10.0 149.1 
9.1 9.3 138.0 
9.4 9.5 135.8 
9.8 9.8 153.6 
9.5 9.6 171.4 

10.4 10.1 1,84.8 

DATA UNITS 

pC02 or p02 III!lIlg 

O2 ut % 

Hb gt 

CTi or CTo rmnot/l 

Test no: L24 Date: 11.1.83 Barometric pressure: 751 mmHg Oxygenator specification: Teru~ CAPIOX II 
3.3 III " 

INLET OUTLET 

QB t/min pH pC02 O)CTi (2)CTi 
(3)CTi CTi pH pC02 (l)CTo (2)CTo (3)CTo eTo VCO lilt (STPD) Imin 

2 
1.5 7.35 49.7 17.7 17.9 17.8 17.8 7.58 24.9 12.4 l2.5 12.8 12.6 173.6 
1.5 7.31 56.2 18.5 18.9 18.6 18.7 7.57 24.3 13.1 13.1 13.3 13.2 183.6 
1.5 7.31 57.4 18.8 18.3 18.6 18.6 7.57 23.1 13.2 13.0 12.9 13.0 187.0 

Deoxygenator specification: Harvey 8200 

QB N2 I CO
2 tNLET OUTLET DATA !!!!!li 

t/mn t/min p02 41.9 62.5 - 70.9 pC02 or p02 amRg 

1.5 7.6 1.1 °2sat 68.3 96.4 - 97.8 02 ut % 
Nb 11.0 10.7 - 10.8 Hb g% 

Values represent the mean + 1 S.D. (n - ~i or eTo fmlot/l 

Values represent the range 
Haematocrit • 32% 



171 

Test no: L25 Date: 18.1.83 Barometric pressure: 746 I!IIilg Oxygenator specification: Terum. CAPIOX II 
3.3 m2 .. --

INLET OUTLET 

QB tlmin pH pCOZ (l)CTi (2)~i (3)C
Ti tTi pH pC02 (I)C

To (2)C
To 

(3)C
To eTO ;'CO m1(STPD) Imin 

2 

1.5 7.37 53.4 18.8 18.2 18.8 18.6 7.64 21.0 12.6 12.7 12.6 12.6 200.3 
1.5 7.36 53.3 18.3 18.3 18.4 18.3 7.64 22.3 12.7 12.5 12.5 12.5 193.7 
1.5 7.42 44.8 17.7 17.6 17.6 17.6 7.64 19.2 11.5 11.5 11. 3 11.4 207.0 
1.5 7.43 43.5 16.9 16.9 16.8 16.9 7.65 18.6 12.3 11.9 11.9 12.0 163.6 
1.0 7.28 58.4 18.5 18.1 18.1 18.2 7.64 17.7 11.0 10.8 10.5 10.8 164.7 
1.0 7.33 51.4 17.3 17.8 17 .6 17.6 7.65 17.6 10.2 10.2 9.7 10.0 169.2 
1.0 7.32 52.8 17.7 17.6 16.9 17.4 7.64 20.2 10.4 10.1 10.2 10.2 160.3 
1.0 7.32 43.4 16.8 16.6 16.8 16.7 7.69 17.7 10.3 10.5 10.3 10.4 140.2 
1.0 7.38 43.4 16.6 17.0 16.9 16.8 7.69 17.6 10.5 10.3 10.3 10.4 142.5 

Deoxygenator specification: Harvey B200 

QB NZ I CO2 INLET OUTUT DATA UNITS 
tlmin tlmin p02 46.4 + 2.8 67.3 - 136.9 pC02 or p02 IIIDHg 

1.5 8.0 1.1 °2sat 64.8 + 1.7 94.4 - 100.5 O
2 

sat % 

1.0 3.3 0.55 Hb 10.0 !. 0.2 9.5 - 9.9 Hb g% 

Values represent the mean + S.D. (n & 9 C
Ti 

or CTo DllDc.l/t 

Values represent the range 

Haematocrit • 28% 

Test no: L26 Date: 20.1.83 Barometric pressure: 762 IIIIIHg Oxygenator specification: Teru~ CAPI0X II 
3.3 'Ill * 

INLET 

QB tlmin pH pC02 (l)CTi 
(2)CTi (3)CTi tTi pH pCOZ (l)C

To 
(2)CTo 

1.5 7.33 53.8 21.2 20.8 20.7 20.9 7.58 24.3 14.9 14.7 
1.5 7.34 54.0 20.2 20.5 20.8 20.5 7.58 24.0 14.4 14.2 
1.5 7.38 46.2 20.0 19.6 20.0 19.9 7.61 22.1 13.9 13.7 
1.5 7.41 45.2 20.4 20.2 19.8 20.1 7.62 22.0 14.2 14.2 
1.0 7.32 55.4 21.8 2l.5 2l.5 21.6 7.66 lS.8 13.2 12.7 
1.0 7.34 55.0 21. 4 20.8 21.0 21.1 7.67 19.3 12.8 12.8 
1.0 7.35 46.3 19.6 19.8 19.7 19.7 7.66 18.2 12.5 12.6 
1.0 7.40 44.4 19.2 19.8 19.7 19.6 7.68 17.4 11.9 12.2 

Deoxygenator specification: Harvey H200 

QB N2 I CO
2 

tlmin tlmin 

1.5 8.0 1.16 
1.0 3.3 0.57 

INLET OUTUT 

p02 41.3 !. 2.5 53.9 - 76.8 

°2sat 63.7 !. 0.7 94.4 - 99.1 
Hb 12.1 !. 0.2 11.6 - 11.9 

Values represent the mean + 1 S.D. (n • 8 ) 

Values represent the range 

Haematocri t - 34% 

OUTLET ---
(3)CTo 

14.7 
14.3 
13.9 
14.0 
12.8 
12.S 
12.5 
12.1 

eTo VCO 
2 

14.8 203.7 
14.3 207.0 
13.8 203.7 
14.1 200.3 
12.9 193.7 
12.9 182.5 
12.5 160.3 
12.1 167.0 

DATA 

pC02 or p02 

O2 
,.t 

Hb 

mlCSTPO) Imin 

UNITS 

mmHg . 
A 

g% 

m.ot/t 
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Test no: L27 Date: 25.1.83 Barometric pressure: 750 mmHg Oxygenator .pecification: Terumo CArIOX II 
3.3 1112 ** 

INLET 

QB tlmin pH pC02 (l)CTi (2)~i (3)CTi eTi 
pH pe02 ( l)CTo (2)CTo 

1.5 7.32 55.2 20.0 20.0 20.4 20.1 7.62 23.2 13.7 13.9 
1.5 7.33 55.4 21.4 20.9 21.2 21.2 7.62 23.5 14.2 14.0 
1.5 7.38 46.9 19.0 18.9 19.3 19.1 7.64 20.7 13.2 12.7 
1.5 7.39 46.0 18.7 19.3 19.3 19.1 7.64 22.2 13.5 13.1 
1.0 7.28 54.3 19.8 20.0 19.6 19.8 7.70 19.0 11.8 11.7 
1.0 7.33 54.8 20.0 20.2 20.1 20.1 7.70 16.8 11.9 11. 7 
1.0 7.45 44.6 18.3 18.5 18.2 18.3 7.76 15.6 11.4 11.1 
1.0 7.40 45.2 18.6 18.5 18.5 18.5 7.74 16.3 11.6 11. 4 

Deoxygenator specification: Harvey H200 

QB N2 I CO
2 

t/min t/min 

1.5 7.5 1.19 
1.0 3.3 0.6 

iNLET 

p02 42.0!. 2.0 

02sat 63.1!. 1.7 

Hb 11.5!. 0.1 

OUTLET 

52.6 - 93.8 

93.5 - 99.6 

11.0 - 11.2 

Values repres.,nt the m.,an. S.D. (n 5 8) 

Values repre~ent the range 

Haematocrit. 30% 

OUTLET 

(3)CTo 

13.7 
14.0 
12.7 
13.2 
11.6 
11.9 
10.9 
11.4 

eTO VCO 
2 

13.8 210.4 
14.1 237.1 
12.9 207.0 
13.3 193.6 
11.7 180.3 
11.8 184.8 
11.1 160.3 
11.5 155.8 

DATA 

pC02 or p02 

O2 sat 

Hb 

ml(STPD)/min 

~ 
anllg 

% 

1% 

lIlIDoi/t 

Test no: L28 Date: 24.3.83 Barometric pr.,ssure: 743 mmRg Oxygenator specification: Terumo CArIOX II 
3 3 2 * 

INLET 

QC tlmin pH pC02 (l)CTi (2)CTi (3)CTi eTi pH pC02 (I)CTo (2)C
To 

8.0 7.35 46.4 20.0 19.6 20.3 20.0 7.56 23.7 14.4 14.5 8.0 7.37 44.2 19.4 19.4 19.3 19.4 7.58 22.9 14.0 8.0 7.37 44.7 14.3 
19.3 19.6 19.2 19.4 7.55 23.3 13.7 13.9 10.0 7.38 44.3 20.5 20.7 20.7 20.6 7.58 22.6 14.9 14.5 10.0 7.37 44.6 20.3 21.0 20.7 20.7 7.59 22.1 14.8 14.7 10.0 7.37 45.2 20.2 20.5 20.3 20.3 7.58 22.9 15.1 15.0 12.0 7.35 44.0 21.3 21.2 21.3 21.3 7.58 21.2 14.6 14.2 12.0 7.36 45.7 21.5 21.4 21.5 21.5 7.58 21.5 14.2 14.2 12.0 7.36 44.5 20.7 20.6 20.6 20.6 1.58 21.2 14.6 16.5 

Deo xygenator speclflcatlon: Harvey H200 

Qc N2 I CO2 
tlmin t/min 

8.0 5.0 0.65 
10.0 5.0 0.65 
12.0 4.2 0.63 
15.0 4.2 0.63 

lNLET OUTLET 
p02 not measured 

°2sat 63.6!. 2.1 81.2 - 88.9 
Hb 12.5!. 0.1 12.2 - 12.5 

Values represent the mean + 1 S.D. (n • 15) 

Values represent the range 

Haematocrit • 35% 

QB • 1.5 llmin 

m 

~ 

(3)C
To eTo Veo ml(STPD)/min 

2 
14.1 14.3 190.3 
14.2 14.2 173.6 
14.1 13.9 183.6 
14.9 14.8 193.7 
15.0 14.8 197.0 
14.9 15.0 177 .0 
14.4 14.4 230.4 
14.4 14.3 240.4 
14.3 14.4 207.0 

DATA UNITS 

pC02 or p02 ImlHg 

02 sst % 

Hb g% 

CTi or CTo 'UDol/l 



Test DO: L28 Date: 24.3.83 

INLET 

Barometric pressure: 743 mmHg 

173 

Oxyaenator specification: Terum~ CAPIOX II 
3.3 \11 * 

OUTL!T 

Qc tlmin pH pC02 (l)CTi mC
Ti (3)~i eTi 

pH pC02 O)CTo (2)CTo (3)CTo eTo VCO ml (STPD) Imin 
2 

15.0+ 7,33 43.0 20.5 20.8 20.7 20.7 7.58 19.5 13.8 13.5 
15.0+ 7.35 43.5 20.5 21.0 21.1 20.9 7.58 20.4 13.3 13.8 
15.0+ 7.36 43.3 20.1 20.6 20.7 20.5 7.58 20.8 13.2 13.3 

15.0++ 7.34 43.5 20.3 20.5 20.1 20.3 7.64 16.7 12.0 12.0 
15.0++ 7.35 44.1 19.7 20.2 20.0 20.0 7.65 16.3 12.7 12.5 
15.0++ 7.36 48.3 20.2 20.6 20.7 20.5 7.63 16.2 12.1 12.2 

Deoxy&enator specification: Harvey H200 

~ N2 I CO2 
tlmin tlmin 

8.0 5.0 0.65 
10.0 5.0 0.65 
12.0 4.2 0.63 
15.0 4.2 0.63 

tNLET OUTLET 

p02 not measured 

°2sat 63.6 + 2.1 81.2 - 88.9 

Hb 12.5 .! 0.1 12.2 - 12.5 

Values represent the mean + 1 S.D. (n • 15) 

Values represent the range 

Haematocri t • 35% 

+QB • 1.5 tlmin H QB • 1.0 tlmin 

13.3 13.5 240.4 
13.8 13.6 243.7 
13.3 13.3 240.1 

12.0 12.0 184.8 
12.7 12.6 164.7 
12.2 12.2 184.8 

DATA UNITS 

pC02 or p02 DmlIJg 

O2 sat % 

Hb gt 

CTi or eTo fl1I!l0211.. 
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Lung as Test no. V(02 \1(02 
l/min mll min mllmin 

Travenol 0·5 L1 48·0 64·5 
TMO L4 78·0 64·5 

L5 57·9 66·8 
L6 76·8 67·9 70·1 :t 1,. 3 

L7 83·5 87·9 
L9 80·1 79·0 
L11 69·0 57·9 

1·0 L2 114·0 137·0 
L4 109·0 88·0 
L6 109·1 82·4 

117·1:t17·3 
L8 117·9 124·7 
L9 109·1 115· 8 
L10 140·2 131- 3 
L13 122·4 138·0 

1-5 L1 121·5 12"5 
L2 151·0 135·0 
L4 109·5 120·0 
L6 120·2 110·2 124·8 ± 1"3 
L9 120·2 116·9 
L13 136·9 130·2 
L14 120·2 133·6 
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Lung Us Test no. Ve02 Ve02 
lImin mtlmin mllmin 

Travenol 0·5 L7 84·6 74·6 
TMO- L9 100·2 82·4 78·1 :!:14'2 
modified L10 66·8 60·1 

1·0 L8 115·7 135·8 
L9 122'4 120·2 118'7:!:10'1 
L10 106·8 111·3 

1-5 L9 140·2 146·9 
L13 123·5 136·9 131·8 ±10·9 
L14 120·2 123·5 

Terumo 0·5 L17 65·7 64·6 
CAPIOX IT L18 67·9 64·6 69·0 
1-6 m2 L19 8"2 70·1 

1·0 L15 106'8 118·0 
L17 86·8 75·7 96·5 
L18 100·2 91-3 

1-5 L17 106·8 103·5 
104·6 

L19 103·5 



176 

Lung Us Test no. VC02 VC02 
I/min ml/min mllmin 

Terumo 0·5 L22 105·7 116·9 111· 3 
CAPIOX IT 

3·3 m2 

lO L22 158·0 149·1 
L23 149·1 135·8 
L23 153·6 
L25 140·2 142·5 152·0 
L26 160·3 167·0 
L27 160·3 155·8 

1· 5 L22 173·6 173·6 
L23 207·0 183·6 
L24 173·6 
L25 207·0 163·6 189·6 
L26 200·3 203·7 
L27 207·0 193·6 
L28 193-7 197·0 
L28 177·0 



APPENDIX E 

CORRELATION FOR TRAVENOL TMO 

E.1 Calculation of the half-channel height, a. 

Area, A • 2.25 m2 

Priming Volume, PV - 420 ml at shim pressure of 200 mmHg 

PV ... NWL.2a 

A ... NWL.2 

PV a .: _:z 
A 

420 4 = 1.866 x 10-2 cm 
2.25 x 10 

E.l To calculate e c 

From manufacturers' data sheet: 

QB = 6000 m1/min 

338 m1(STPD)/min 

1I}1.C02 
Assume CTi = 52 100ml 

at Q. = 15.0 l/min 
gl 

338 
9c = 6000 x 0.52 = 0.108 

E.3 Gas phase calculations 

QB ... 6000 m1/min 

(3.28) 

VCO = 338 m1(STPD)/min 
• 2 

from manufacturers' data sheet 

Vo ... 350 m1(STPD)/min 
2 

Qgi = 15 Jl./min 

177 
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VC02 "02 
~ 

, 

Outlet gas flow rate. Qgo is given by an overall volumetric balance: 

and the gas phase partial pressure at outlet, Pis: go . 
VCO 

P "" 2 go Qgo 

xPATM 

338 
Pgo "" ~~:-----=-~-""3~5-0 x 760 mmHg 15000 + 338 -

Pgo = 17.14 mmHg 

Assume mean gas phase partial pressure Pg in the gas path to be 

given by the arithmetic mean of inlet and outlet values. thus: 

E.4 To calculate z* 

At QB = 6 R./min 

Given 

Therefore 

z* = 

z* = = 

2 x 1.6 x 10-5 x 2.25 x 10-4 x 60 

3 x 6000 x 1.866 x 10-2 

z* "" 0.129 
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E.5 Input parameters for THO theorx 

Specified 

CTi 23.36 mmol/l 

pC02 . ,ln 46.0 acHg 

ClIb 
12.0 g% 

02/01 0.6 

179 

Derived 

II )6% 

a H.449 CClD1/1 CTenoC) 

K' : llS.9S 

Q
l 0.0294S a:::.o 111. =.lIS 

y 0.0, 0.005, 0.01. 0.025, 0.05 Cl,i 1.1547 1:D(\1/l 

P 8.5 m::lHg g 

Figure £.1 showl the graphical output ot ~c al a function ot ,- at 

various ) valu~ •. 

At QB • 6 1/min the correspondinG 0c and ,* i. relpectively 0.108 4n4 

0.13. This coincides with a dioenaionleu \lall reaiu4nce. , of O.Ot. 

E.6 Theory prediction 

Assuming y • 0.01 And Pg • 8.S ~JIS and equAfion 1.'8 
. 
\'CO., • Qa 0(' CT{ .. 

. 
V
C02 

for specified C
Ti

• 

Note: 1 Clolc of CO2 at STPO o('('upin '11.1fl HUn 

sa=ple calculation 

At Qa • 3.0 t/cin, I" • 0.26 anJ fir • 0.1'1 

CTi • 23.36 c=ol/l (: 52 ct(STPD)/l00 el). 

Veol • 0.19 X (2J.J6 • 11.~b) • l.O 

e 288.6 cl(STPD)/CI'n. 



. 
Table E.1 - The Veo theory predictions at different QB. 

2 

. 
QB 

Veo 
z* e 2 

t/min c ml(STPD)/min 

0.25 3.12 0.50 65.0 

0.50 1.56 0.45 117.0 

1.0 0.78 0.36 187.2 

1.5 0.52 0.28 218.4 

3.0 0.26 0.19 288.6 

6.0 0.13 0.11 338.0 

180 
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APPENDIX F 

EXPERIMENTAL DATA FOR HOLLOW FIBRE MODULES 



Test no.1 

QB 
CTi 

C
To 

e
To 

e c 
Sample cm3/s mmol/t mmoR./t mmoR,f R, 

(1) (2) (3) (1) (2) (3) 

Start 

1 0.222 23.4 20.0 19.4 19.7 19.7 0.079 

2 0.179 21.1 18.3 18.0 17.7 18.0 0.159 

3 0.130 20.5 17.5 18.4 18.3 18.1 0.154 

4 0.103 20.7 19.1 19.2 19.1 19.1 0.107 

End 

CTi = 21.4 

Barometric pressure 756 mmHg Inlet pC02 
45.8 mmHg 

No. of tubes, N 33 

Tube length, L 24 cm 

Test no.2 

QR CTi Sample cm3/s mmoR,/R, 
(1) (2) (3) 

Start 19.7 19.6 19.8 

1 0.0462 

2 0.0174 

3 0.0086 

End 21.1 21.0 21. 2 

CTi .. 20.4 

Barometric pressure 737 mmHg 

No. of tubes, N 68 

Tube length, L : 24 cm 

Hb content 

°2 saturation 

Hct 

CTo 
mmot/t 

(1) (2) (3) 

13.0 12.5 11.9 

10.1 10.1 10.0 

7.8 7.7 7.9 

Inlet pC02 
Hb content 

12.4 g% 

64.3 % 

36.5 % 

e c 
mmot/t 

12 .5 0.387 

10.1 0.505 

7.8 0.618 

48.0 mmHg 

12.2 g% 

O2 saturation 58.7 % 

Hct 34.7 % 

182 

z* 

0.090 

0.111 

0.153 

0.193 

z* 

0.888 

2.356 

4.767 



Test no.3 

QB C
Ti 

C
To CTo 

e z* 
Sample 3 e 

cm /s mmoR./1 mm01/1 mmoR./1 
(1) (2) (3) (1) (2) (3) 

Start 21.1 21.3 21.4 

1 0.0449 14.6 14.8 14.7 14.7 0.307 0.940 
2 0.0172 9.5 9.8 9.7 9.7 0.542 2.455 
3 0.0930 15.2 15.7 15.7 15.5 0.269 0.454 

End 21.2 21.2 20.9 

C
Ti 

... 21.2 

Barometric pressure 735 mmHg Inlet pC02 45.0 mmHg 

No. of tubes, N 70 lIb content 11. 7 g% 

Tube length, L 24 cm O2 saturation 66.2 % 

Ret 33 % 

Test no.3 continued 

QB CTi CTo C
To e z* Sample 

em3/s 
c 

mmo9./R. mmoR./9. mmo9./9. 
(1) (2) (3) (1) (2) (3) 

Start 18.1 17.8 17.9 
1 0.0268 10.6 10.6 10.4 10.5 0.413 1. 575 
2 0.0086 8.2 8.2 8.1 8.2 0.542 4.910 
3 0.0678 10.6 10.9 10.2 10.6 0.408 0.623 

End 17.5 18.0 18.0 

e
Ti 

= 17.9 

Barometric pressure 735 mmHg Inlet pC02 45.0 mmHg 
No. of tubes, N 70 lIb content 11. 7 g% 
Tube length, L 24 em O2 saturation 66.2 % 

Rct 33 % 



lS4 
< 

,II 
I Test no.4 

QB eTi 
e
To eTo 

e z* 
Sample 

cm3 /s 
e 

mmo1/t mmot/ t mmot/t 
(1) (2) (3) (1) (2) (3) 

Start 19.5 19.3 19.0 

1 0.0459 15.6 15.5 15.5 15.5 0.180 0.460 

l 2 0.0182 14.0 14.3 14.4 14.2 0.249 

3 0.00B9 13.9 13.7 13.3 13.6 0.280 1.084t 

End 1S.6 lS.4 1B.6 

eTi 
= lS.9 

Barometric pressure 734 nmilig Inlet pe02 43.0 mmHg 

No. of tubes, N 35 lIb content 11.8 g% 

Tube length, L 24 em O2 saturation 6S.S % 

Rct 35 i. 

tN = 16 (19 tubes were blocked at the end of the experiment). 

Test no.5 

QB eTi eTo e
To e z* 

Sample 
cm3/s 

c 
mmotlR. TIIIIloth TIIIIloth 

(1) (2) (3) (1) (2) (3) 

Start 

1 0.137 21.2 16.9 16.9 15.9 16.6 0.206 0.30S 

2 0.087 19.6 16.0 15.5 15.S 15.S 0.244 0.4B5 

3 0.024 21.5 14.S 14.1 13.9 14.3 0.316 1. 760 

4 O.lBO 21.1 16.1 16.S 16.S 16.6 0.206 0.234 

End 

CTi 
= 20.9 

Barometric pressure 755 mmHg Inlet pe02 46.4 mmHg 
No. of tubes, N 70 lIb content 11.9 g% 
Tube length, L 24 em O2 saturation 61.5 % 

Ret 35 % 



CAPIOX II QB inlet pC02 C
Ti 

eTo N L 

3 mmllg nrmot/9. mmo9..1i Model em /s cm 

2 1.6m 8.3 46.5 20.0 12.7 2xl04 13 

8.3 40.0 19.0 12.7 2xl04 13 

2 3.3 m 8.3 44.8 17 .8 8.3 3.8xlO 4 14 

8.3 53.7 18.0 7.5 3.8x104 14 

25.0 46.2 19.9 13.8 3.8x10 4 14 

25.0 45.2 20.1 14.1 2.8xl04 14 

+Appendix D ~ Corresponding to hollow fibre modules input conditions. 

e z* c 

0.365 0.787 

0.326 0.787 

0.534 1.611 

0.583 1.611 

0.307 0.535 

0.299 0.535 

Reference 

Test L19 

Test L19 

Test L22 

Test L22 

Test L26 

Test L26 

+ 

t-' 
00 
I..n 
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APPENDIX G 

EXPERIMENTAL DATA FOR MEMBRANE EVALUATION 

A least squares program using the BBC microcomputer model B was 

obtained to analyse the experimental data from the membrane evaluations 

described in chapter 5. The program computes the best straight 

line fit for the CO2 content versus time plot. The gradient of the 

line ~s used to calculate GCO from equation 5.8 (Chapter 5): 
2 

mmol/t 22.26 cm3 (STPD)/mmol x 1.0£ 
GCO = gradient min x 2 

2 60 s/min x 41.8 cm x PATMcmHg 

= cm3(STPD) 
2 cm s cmHg 

The computer program and the results of the membrane evaluations 

are shown. 



LIST 
10 II~ Unur regreaalons 
20 ON ERROR tI.&AOAePRIWTeREPORTIPRIWT" 1n l1ne ",ERLIVDU3IEND 
30 Moot 31R~ DlPUT"·Deo1_1 places", dp 
110 tI"UOA 
50 MODE 3ePRINT· .. ·,. PRINTER 0,,·'·2, PRIIITER OF 11'. 
60 REP&lTIDIPUT prlnlUITIL prln.1 OR prln.2 
70 If prlnc2 THEN GOTO 180 
80 PRINT···'. DIlBLO···2. EPSON" 
90 REP&lTIINPUT prlolUITIL prlna1 OR prIna2 

100 VDU2 
110 If prinal GOTO 150 
120 'n5,0 
130 'n6,10 
1110 aoTO 180 
150 'n 5,2 
160 'n8,3 
170 'n6,O 
180 RlWl IItMS 
190 DIM XCNUHS),yCNUH') 
200 PRINY··SPC16 w'''SPC15.X.SPC16·I· 
210 PRIHY 
220 FOR IS.l TO wd 
230 READ 1(1') 
2110 NEXT 
250 FOR 1'" TO I/II4S 
260 READ I( IS> 
270 fS.UlllPRINT IS ,.".1201 1 1.PRDlT I( IS), y( n) 
280 NEXT 
290 REM ""l20011+dp'l100 
))0 PROC LDfREG(lIlIiS) 
310 VDU3-
)20 E)II) 
330 
3"0 DEY PROC LIXREG( lIlIiS) 
350 JID4 11near regression or x() on y{) 
360 SUHI.OeSUHXSQ"OlSUH1.01SUHYSQaOlSUHCROSS:0 
370 LOCAL IS 
380 FOR IS.' TO H\Jo\S 
390 SUHlaSUHI.X(IS' 
1100 SUHISQaSUHXSQ+X(IS)'X(IS) 
1110 SU4YaSUHY+Y(IS) 
1120 SUKYSQaSUHYSQ.f(I"·Y(I') 
1130 SUHCROSS.SUHCROSS+X(I"'Y(I" 
11_0 nIT 
1150 SXaSUHXSQ-SUHI'SUHX/MUH' 
1160 sraSUHYSQ-SUHY'SUHY/NUH' 
-70 SCaSUMCROSS-SUKl'SUHY/NUHS 
1180 GRADIDrTaSC/SI 
llgo INCEPT=SUHY/NUHS-GRlDIEVT'SUHl/IUHS 
500 CORR-SC/SQR(SX'Sf' 
510 YIXTER_IXClPT/GRADIDIT 
520 PRIIT··SPC10wgradlent-sPCS"I-lntercept·SPC6-Y-lntercept-SPC5"correl.tIon-
5:J) 'hl20311IPRDlT GRADIElfT, DlClPT, YIXTDlllfS.I20l1l1.PRDlT CORR" 
5110 IXPUT T1B(26)·T!ST RO. ,,-T 
S50 DIm T.aB(26)·'LaI UtE • -, 

SSO INPUT T1B(26)wFLOW RAtE. "F 
560 INPUT TAB(26)-NaOH CONC e .e 
510 INPUT TAB(26)"PRESSURE •• p 
580 G • GRADIENTe1.0'22.26/(60.0'_,.8'p) 
590 ".110~".PRINT TJB(18),-OJS TRJNSHISSrON .", a 
600 ".&AOA 
610 ENDPROC 
620 REM D1Tl NUMJ,X()'a,Y()'s 
630 DATl 12,0,0.5,2,_,6,8,10,12,14,'6,18,20 
6_0 D1Tl 1.2,5,17.8,35.3,51.1,67.5,84.8,99.8,"5.5,130.9,145._,159.2 

) 

..... 
(X) .... 



TEST NO.1 - 75 CELGARD 2402 , 
1 
2 
3 
AI 

5 
6 
7 
8 
9 

10 
11 

gradient 
1.855 

X 

0.0 
2.0 
/f.0 
6.0 
8.0 

10.0 
12.0 
111.0 
16.0 
18.0 
20.0 

X-interoept 
4.1168 

TEST til. ,,1 
FLOW RATE .. 0.5 
NaOH CONC • 0.1 
PRESSURE ,,71.0 

I 

0.2 
8./f 

12.8 
16.8 
21.1 
24.6 
28.2 
31.5 
33.4 
36.6 
39.6 

I-intercept 
-2.409 

GIS TRINSHISSIOH • 2.319£-4 

, 
1 
2 
3 

" 5 
6 
1 
8 
9 

10 
11 

,radlent 
1.681 

I 

0.0 
2.0 
11.0 
6.0 
8.0 

10.0 
12.0 
111.0 
16.0 
18.0 
20.0 

I-intercept 
5.168 

TEST 11). • 2 
FLOW UTE • 0.5 
.. 08 COIC • 0.1 
rtESSUJE • 11.0 

! 

0.6 
8.7 

13.3 
17. I 
20.2 
23.5 
26.5 
29.2 
32.0 
311.2 
17. I 

I-intercept 
-3.06' 

GIS nU3113.SIOII • 2.1091-" 

correlation 
0.9885 

co rrelaUon 
0.9855 

, 
2 
3 
4 
5 

gradient 
5.959 

I 

0.0 
2.0 
4.0 
8.0 

10.0 

X-interoept 
1.695 

TEST 110. "3 
FLOW RATE" 0.5 
NaOH CONC " 0.5 
PRESSURE ,,11.0 

Y 

3.2 
23 •• 
34.1 
55.0 
65.8 

I-interoept 
-1.291 

GIS TRAHSHISSION = 1.1150E-4 

, 
I 
2 
3 
II 
5 
6 
7 
8 
9 

,radiant 
6.07' 

I 

0.0 
2.0 
4.0 
6.0 
8.0 

10.0 
12.0 
'''.0 
16.0 

I 

2.0 
26.2 
39.3 
52.0 
63.8 
74.8 
84.2 
95.1 

104.4 

1-1ntercept 
11.601 

I-1ntercept 
-1.911 

TEST til. ,,4 
FIm RATE" 0.5 
NaOH CONC = 0.5 
PRESSURE " 71.0 

GIS TR1H!IUSSIOII = 1.593E-II 

oorrelatton 
0.9912 

oorrelat1on 
0.9901 

.... 
0) 
0) 



, 
1 
2 
3 

" 5 
6 
1 
8 
9 

,radient 
5.101 

I 

0.0 
2.0 
11.0 
6.0 
8.0 

10.0 
12.0 
14.0 
16.0 

I-interoept 
8.160 

TEST NO. 
FLOW RATE 
NaOH CONC 
PRESSURE 

• 5 
I: 0.5 
• 0.5 
• 71.0 

I 

2.0 
21.1 
32.9 
45.0 
56.2 
61.3 
16.1 
86.5 
96.8 

I-interoept 
-1.431 

GAS TRANSMISSION • 7.127E-1I 

, 
1 
2 
3 .. 
5 
6 
1 
8 
9 

,radient 
6.199 

x 
0.0 
2.0 
4.0 
6.0 
8.0 

10.0 
12.0 
111.0 
16.0 

X-intercept 
13.851 

TEST 110. • 6 
FLOW UTE • 0.5 
NaOH CONe • 1.0 
PRESSURE • 11.0 

I 

1.2 
29.1 
111.2 
53.3 
65.11 
16.11 
87.6 
99.1 

111.7 

I-interoept 
-2.2311 

GAS T1t1Jl!lfISSION • 1.1'9£-' 

00 rrela tion 
0.9955 

oorrelatton 
0.9961 

, 
1 
2 
3 
4 
5 
6 
7 
8 
9 

gradient 
6.104 

, 
I 
2 
3 
II 
5 
6 

GAS 

gradient 
5.617 

x 
0.0 
2.0 
".0 
6.0 
8.0 

10.0 
12.0 
111.0 
16.0 

X-int.eroept 
9.200 

TEST 1«). • 1 
FLOW RATE I: 0.5 
NaOH CONe .. 1.0 
PRESSURE • 71.0 

I 

'.2 
23.1 
35.3 
117.1 
60.2 
70.' 
82.8 
93.5 

105.1 

I-intercept 
-1.507 

TRANSMISSION • 7.631E-4 

x 

0.0 
11.0 
6.0 
8.0 

10.0 
14.0 

I-interoept 
2.581 

TEST NO. = 8 
now RATE"' 0.5 
NaOH CONC • 1.5 
PRESSURE .. 70.8 

I 

1.6 
22.5 
35.8 
52.11 
62.2 
76.9 

I-interoept 
-0.'60 

GAS TRANSMISSION : 1.0111E-II 

oOlTelation 
0.9976 

oorrelation 
0.9918 

.... 
0) 
\C 



, 
I Y , 

I r 
1 0.0 2.0 1 0.0 1.6 2 11.0 27.0 2 0.5 3.9 3 6.0 37.1 3 2.0 13.6 II 6.0 52.11 II 11.0 27.6 5 10.0 64.0 5 6.0 111.3 6 16.0 95.2 6 8.0 511.1 7 16.0 112.7 7 10.0 67.7 8 12.0 60.0 

9 14.0 92.2 aradient I-intercept I-intercept correlation 10 16.0 1011.11 6.011 2.5311 -0.422 0.9987 

gradient I-intercept' I-intercept correlation TEST t«>. ,. 9 6.501 1.5115 -0.236 0.9998 FLOW RATE. 0.5 
NaOH CONC ,. 1.5 
PRESSURE ,. 70.5 

TEST 1«). .. 11 GAS TRANSHISSION ,. 7.567&-4 
FLOW RATE = 0.5 
NaOH CONe = 1. 0 
PRESSURE = 70.5 

GAS TRANSMISSION = 8.185&-11 , I I 

1 0.0 0.9 
2 0.5 3.1 , 

I Y 3 2.0 14.7 

- 11.0 29.7 1 0.0 4. I 5 6.0 45.3 2 0.5 4.9 6 8.0 59.5 3 2.0 13.0 7 10.0 711.6 II 11.0 211.11 6 12.0 66.6 5 6.0 35.1 9 111.0 101.2 6 8.0 116.1 10 16.0 113.3 7 10.0 56.7 11 18.0 126.1 8 12.0 67.3 12 20.0 138.11 9 1_.0 78.0 10 16.0 87.9 11 18.0 99.5 &radient I-interoept I-intercept correlat1on 12 20.0 109.7 6.973 1.927 -0.276 0.9993 

gradient I-intercept I-intercept correlation TEST t«>. ,. 10 5.3112 3.031 -0.567 0.9999 P'LCrII III TE " 0.5 
HaOH CONe ,. 1.0 
PRESSURE • 10.5 

TEST t«>. .. 12 GAS TRANSHISSION • 8.17eE-1I 
FLOW RATE:: 0.5 
NaOH CONe" 1.0 .... PRESSURE = 70.9 \0 

GAS TRAH!J1ISSION ,. 6.688&-_ 0 



, 
1 
2 
3 
II 
5 
6 
7 
8 
9 

10 
11 
12 

gradient 
5.321 

, 
1 
2 
3 
II 
5 
6 
7 

gradient. 
0.006 

I r 

0.0 2.2 
0.5 3.3 
2.0 11.2 
11.0 23.0 
6.0 33.8 
8.0 1111.1 

10.0 55.11 
12.0 65.9 
111.0 76.5 
16.0 86.4 
18.0 97.1 
20.0 107.3 

I-interoept I-interoept 
1.517 -0.285 

TEST NO. " 13 
FLOW RATE " 0.5 
NaOH CONC • 1.0 
PRESSURE .. 70.9 

GAS TRANSMISSION .. 6.661!-4 

I 

0.0 
0.5 
2.0 
11.0 
6.0 
6.0 

10.0 

I-int.eroept. 
1.329 

y 
1._ 

1.1 
1.4 
1.5 
'.4 
1.4 
1.3 

I-interoept 
-208.436 

TEST 1«). .. til - CONTROL 
FIm RATE .. 0.5 
NaOH CONC • 1.0 
PRESSURE .. 68.9 

GAS TRANSMISSION ,,8.216&-7 

oorrelation 
0.9999 

oorrelation 
0.1913 

, 
I Y 

1 0.0 1.6 
2 0.5 2.6 
3 2.0 10.] 
II 11.0 23.9 
5 6.0 36.2 
6 8.0 117.11 
1 10.0 60.3 
8 12.0 12.0 
9 111.0 811.0 

10 16.0 911.5 
11 18.0 106.2 
12 20.0 119.6 

gradient. I-interoept I -intercept. 
5.946 0.135 -0.023 

TEST NO. • 15 
FLOW RITE" 0.5 
NaOH CONC .. 1.0 
PRESSURE " 68.9 

GAS TRANSMISSION .. 7.659E-1I 

, I I 

1 0.0 2.0 
2 0.5 3.5 
3 2.0 12.1 
II 11.0 23.6 
5 6.0 35.2 
6 8.0 46.5 
7 10.0 57.9 
8 12.0 68.5 
9 14.0 79.9 

10 16.0 89.9 
11 18.0 99.7 
12 20.0 109.9 

gradient. I-intercept Y-intercept 
5.1181 1.924 -0.351 

TEST NO. : 16 
FLOW RATE .. 0.5 
NaOH CONC .. 1.0 
PRESSURE : 67.4 

GAS TRANSMISSION : 7.217£-4 

oorrell Uon 
0.9998 

oorrelat.ion 
0.9991 

..... 
1.0 ..... 



, x y , 
I I 1 0.0 1.6 

1 0.0 1.8 
2 0.5 3.1 

2 0.5 5.0 
3 2.0 11.11 

3 2.0 16.7 
II 11.0 22.6 

II 11.0 32.0 
5 6.0 33.1 

5 6.0 117.3 
6 8.0 l1li." 

6 8.0 62.5 
1 10.0 511.8 

7 10.0 18.1 
8 12.0 65.3 

8 12.0 92.0 
9 '''.0 76.5 

9 111.0 107." 
10 16.0 85.6 

10 16.0 122.1 
11 18.0 96.3 

11 18.0 135.1 
12 20.0 102.1 

12 20.0 1118.1 
&radient X-interoept I-interoept oOlTelation 

aradient. I-interoept I-interoapt oorrelauoo 
5.211 1.1113 -0.33" 0.9993 

1."29 2.3611 -0.318 0.9991 
TEST NO. • 17 

TEST NO. • 19 
FLOW RATE. 0.5 

'WW RATE • 1.5 NaOH CONC • 1.0 
NaOH CONC • 1.0 PRESSURE • 67.11 
PRESSURE ,. 67." G13 TRANSMISSION a 6.870E-II 

GAS TRANSMISSION • 9.783E-1I 

, 
X I , 

I I 1 0.0 2.3 
1 0.0 2.3 2 0.5 5.0 
2 0.5 5.3 3 2.0 15.2 
3 2.0 17.5 II 11.0 28.3 

" 11.0 33.7 5 6.0 "1.8 
5 6.0 "9.6 

6 8.0 54.6 
6 8.0 65.0 7 10.0 68.1 
7 10.0 82.3 8 12.0 79.3 
8 12.0 97.5 9 '''.0 93.3 
9 111.0 112." 

10 16.0 106.7 
10 16.0 126.7 11 18.0 117.6 
11 18.0 '''2.6 

12 20.0 130.7 
12 20.0 159.2 

gradient I-interoept I-intercept correlatloo 
gradient I-intercept I-intercept correlat.ion 

6.""6 2.5119 -0.395 0.9999 
7.8116 2.257 -0.288 0.9999 

TEST tal. a 18 
FLOW RATE a 1.0 TEST NO. : 20 .... 'Im RATE a 2.0 \C IiaOH CONC • 1.0 

NaOH CONe : 1.0 t-.; PRESSURE • 67.11 
PRESSURE " 69.8 GAS TRAN~ISSION a 8.1189E-1I 

GAS TRAN~ISSION " 9.977E-II 



, x r 
1 0.0 1.' 
2 0.5 5.5 
3 2.0 17.0 
II 11.0 34.0 
5 6.0 50 •• 
6 8.0 67.3 
7 10.0 84.5 
8 12.0 98.6 
9 111.0 116.3 

10 16.0 127.7 
11 18.0 1111.7 
12 20.0 1511.2 

grad1ent X-1ntercept 1-1ntercept 
7.792 3.131 -0.402 

TEST NO. • 21 
FLOW RATE. 3.0 
NaOH CONC • 1.0 
PRESSURE • 70.8 

GA3 TRANSMISSION .. 9.768E-1I 

• 
I 
2 
3 
4 
5 
6 
7 
8 
9 

10 

grad1ent 
8.258 

I 

0.0 
0.5 
2.0 
4.0 
8.0 

10.0 
12.0 
14.0 
16.0 
18.0 

X-1ntercept 
1.129 

TEST 1«). .. 22 
FLOW RATE. 2.5 
NaOH CONC .. 1.0 
PRESSURE .. 70.8 

I 

1.3 
11.4 

17.2 
33.9 
66.6 
85.6 

102.2 
117.8 
132.0 
1118.1 

I-intercept 
-0.137 

OAS TRAN!tIISSION • 1.035E-3 

correlation 
0.9969 

oOlTelation 
0.9997 

, 
I J 

1 0.0 0.6 2 0.5 '.2 3 2.0 11.1 II '.0 3-.5 5 6.0 50.1 6 8.0 68.2 7 10.0 elt.] B 12.0 102.0 
9 ".0 118. , 

10 16.0 130.5 

" 18.0 lU.5 12 20.0 158.5 

grad1ent X-intercept I.Intercept 8.0211 2.211 -0.276 

TEST 1«). • 23 
FLOII RATE • 2.5 
NaOH CONC • 1.0 
PRESSURE • 71.3 

GAS TRANSMISSION .. 9.989E-1I 

• 
1 
2 
3 
II 
5 
6 
7 
6 
9 

10 
11 
12 

gradient 
8.072 

X 

0.0 
0.5 
2.0 
4.0 
6.0 
8.0 

10.0 
12.0 
14.0 
16.0 
18.0 
20.0 

X-Interoept 
2.141 

I 

1.7 
5.0 

17.6 
35.1 
52.3 
68.8 
85.6 

100.3 
117.9 
132.9 
147.9 
159.7 

I-intercept 
.0.3110 

TEST M). = 211 
FLOW RATE " 3.0 
NaOH CONC " 1.0 
PRESSURE .. 71.3 

GA3 TRANSMISSION • 1.005E-3 

COIT.bUon 
0.9991 

Oorrelation 
0.99911 

~ 
\0 
loA) 



, 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

gradient 
8.906 

x 
0.0 
2.0 
11.0 
6.0 
8.0 

10.0 
12.0 
111.0 
16.0 
18.0 

X-interoept 
2.685 

TEST 1«). • 25 
FLOW RATE • 3.5 
HaOH CONC • 1.0 
PRESSURE • 71.3 

y 

2·3 
19.11 
31.1 
56.4 
111.1 
93.7 

111.0 
127.11 
1114.0 
161.8 

I-interoept 
-0.302 

GAS TR!N31ISSION • 1.109&-3 

, 
1 
2 
3 
II 
5 
6 
7 
8 
9 

p-ad1ent 
9.767 

I 

0.0 
0.5 
2.0 
11.0 
6.0 

10.0 
12.0 
111.0 
16.0 

I-intercept 
1.969 

I 

2.4 
6.2 

21.0 
40.6 
61.1 

100.9 
119.5 
139._ 
156.6 

I-interoept 
-0.202 

TEST 11). • 26 
rLeN UTE • 11.0 
laOH CONe • 1.0 
PRESSURE • 71.3 

0&.3 n.ur34ISSIOII • 1.216£..3 

correlation 
0.9998 

correlation 
0.9999 

, 
1 
2 
3 
4 
5 
6 
1 
8 
9 

10 
11 

gradient 
8.347 

x 

0.0 
0.5 
2.0 
11.0 
6.0 
8.0 

10.0 
12.0 
111.0 
16.0 
18.0 

X-interoept 
1.629 

TEST W. • 27 
FLOW RATE. 3.5 
NaOH CONC • 1.0 
PRESSURE I: 71.1 

I 

1.8 
11.8 

18.0 
35.1 
51.9 
69.5 
85.3 

103.0 
118.3 
133.7 
151.9 

I-interoept 
-0.195 

GAS TR1N3USSION ,,1.042&-3 

, 
1 
2 
3 
II 
5 
6 
7 
8 
9 

10 

gradient 
9.275 

x 

0.0 
0.5 
2.0 
4.0 
6.0 
8.0 

10.0 
12.0 
14.0 
18.0 

X-interoept 
3.071 

TEST 11). • 28 
FLOW RITE • 11.0 
HaOH CONe. 1.0 
PRESSURE • 71.1 

I 

1·3 
1·3 

20.8 
110.4 
60.2 
77.0 
97.1 

115.6 
135.8 
165.6 

I-intercept 
-0.331 

GAS TRlJ3USSION ,,1 .158£..3 

oorrelation 
0.9999 

correlation 
0.9993 

~ 
\0 
~ 



, X I 
, 

X I 

1 0.0 1.0 1 0.0 1.1 
2 0.5 1.7 2 0.5 2.2 
3 2.0 11.8 3 2.0 5.6 
II 4.0 9.0 4 11.0 10.3 
5 6.0 13.5 5 6.0 15.7 
6 8.0 17.9 6 8.0 20.9 
7 10.0 22.0 7 10.0 25.1 
8 12.0 26.7 8 12.0 ~.2 
9 14.0 31·3 9 111.0 311.6 

10 16.0 35.6 10 16.0 110.0 
11 18.0 40.2 11 18.0 lilt. 3 
12 20.0 43.2 

gradient X-intercept I-intercept cClTelation 
gradient X-intercept I-intercept correlation 2.1121 0.993 -0.410 0.9998 

2.167 0.6"18 -0.285 0.9997 

TEST NO. • 31 
TEST 1«). • 29 FLOW RATE c 11.0 
FLOW RATE. 3.5 NaOH CONC • 1.0 
HaOH CONC • 1.0 PRESSURE • 67.6 
PRESSURE • 67.6 GAS TRANSMISSION • 9.207&-1I 

GAS TRANSMISSION • 8.2113&-1I 

, 
X I , X I 

0.0 1.6 
1 0.0 1.2 2 0.5 2.2 
2 0.5 2.2 3 2.0 5.8 
3 2.0 5.11 II 11.0 11.3 
II 11.0 9.8 5 6.0 16.3 
5 6.0 111.0 6 8.0 22.2 
6 8.0 18.2 7 10.0 27.8 
7 10.0 22.9 8 12.0 32.11 
8 12.0 26.7 9 111.0 37.9 
9 111.0 31.1 10 16.0 112.7 

10 16.0 35.5 11 18.0 119.7 
11 18.0 39.7 12 20.0 53.8 
12 20.0 113.8 

gradient X-intercept I-intercept 2.655 correlation 
,"dIent X-intercept I-intercept cOrTelation 0.859 -0.323 0.9996 

2.138 1.191 -0.557 1.0000 

TEST 1«). • 32 
TEST 1«). -30 FLOW RATE c 11.0 
rWi RAT! • 3.5 NaOH CONC • 1.0 
laOH CONe _ 1.0 PRESSURE • 68.6 .... 
PRESSORE _ 67.6 GAS TRAlI~ISSION • 9.951&-11 \C 

au TUISHISSIOli - 8.1301-11 
V1 



, 
I I 

, I I 

0.0 0.9 1 0.0 0.6 z 0.5 2.8 2 0.5 2.3 
3 2.0 6.8 3 2.0 7.0 .. 11.0 1].0 .. 11.0 12.9 s 6.0 19.3 5 6.0 18.8 
6 8.0 25.2 6 8.0 24.6 
7 10.0 31.5 7 10.0 31.2 
8 12.0 37.3 8 12.0 31.1 
9 111.0 113.9 9 111.0 113.3 

10 16.0 119.9 10 16.0 48 ... 
11 18.0 55.1 11 18.0 55.1 

12 20.0 60.9 12 20.0 62." 

&radient X-intercept I-intercept oorrelation &radient I-interoept I-interoept correlaUon 3.050 0.922 -0.302 0.9999 3.012 0.830 -0.276 0.9999 

TEST NO. • 33 
TEST NO. • 35 

FL.OW RATE .. 3.0 FLOW RATE .. 3.5 
HaOH CONC • 1.0 HaOH CONC • 1.0 
PRESSURE • 70.1 PRESSURE • 70.1 

G13 TRlXSfISSION • 1.105&-3 GAS TRAN:I1ISSION .1.119&-3 

, 
I Y 

, X I 

1 0.0 1.2 . 1 0.0 1.4 2 0.5 2.6 2 0.5 2.3 3 2.0 6.9 3 2.0 6.3 4 4.0 13.5 4 11.0 11.7 5 6.0 19.1 5 6.0 17.6 6 B.O 26.2 6 B.o 22.1 1 10.0 31.8 7 10.0 29.0 B 14.0 1111.1 B 12.0 33.6 9 16.0 51.9 9 14.0 40.6 10 18.0 57.0 10 16.0 411.7 11 20.0 63.11 11 lB.o 51.11 
12 20.0 56.1 

&radient I-interoept I-interoept oorrelaUon 3.1]0 0.9611 -0.308 0·9999 aradient I-intercept I-intercept correlation 
2.1BII 0.B60 -0.309 0.9997 

TEST NO. • 36 
TEST NO. • 311 

FLOW RATE. 3.5 
FLOW RATE. 3.0 HaOH CONC .. 1.0 

PRESSURE • 70.1 HaOH CONC .. 1.0 
GAS TRANSfISSION • 1.111B&-3 ..... PRESSURE • 10.1 

\0 
0\ 

GAS TRANSMISSION • 1.021&-3 



, 
1 
2 
3 

" 5 
6 
7 
8 
9 

10 
11 
12 

gradient 
2.977 

I 

0.0 
0.5 
2.0 
4.0 
6.0 
8.0 

10.0 
12.0 
14.0 
16.0 
18.0 
20.0 

X-Interoept 
0.830 

TEST f«). • 37 
FLOW RATE. 11.0 
NaOH CONe. 1.0 
PRESSURE • 70.1 

I 

1.2 
2.0 
6.6 

12.5 
18.9 
25.0 
30.3 
36.8 
42.6 
48.5 
53.9 
60.6 

I-intercept 
-0.279 

GAS TRANSMISSION • 1.092E-3 

, 
1 
2 
3 • 5 
6 
7 
8 
9 

10 
11 
12 

gradient 
3.02] 

I 

0.0 
0.5 
2.0 
'.0 
6.0 
8.0 

10.0 
12.0 

".0 
16.0 
18.0 
20.0 

X-Intercept 
1.]57 

TEST 1«). • 38 
'LOll lATE • '.0 
NaOR COlIC. 1.0 
"ESSOU • TO. 1 

I 

1./1 
2.7 
7.3 

13.5 
19.6 
25.5 
31.9 
31.6 

"3.' 
50.1 
55.6 
61.7 

I-Intercept 
-0.'/19 

(as TllUSHISSIOtI • 1.109£-] 

oorrelation 
0.9999 

correlation 
1.0000 

, 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

gradient 
8.239 

I 

0.0 
0.5 
2.0 
4.0 
6.0 
8.0 

10.0 
12.0 
14.0 
16.0 
18.0 
20.0 

X-intercept 
3.294 

TEST M). ,,39 
rim RATE = 3.5 
NaOH CONe " 1.0 
PRESSURE ,,67.11 

I 

1.1 
5.6 

18.6 
37.0 
54.2 
70.2 
88.2 

104.6 
119.9 
136.4 
150.7 
163.4 

I-intercept 
-0.1100 

GAS TRANSMISSION ,,1 .085&-3 

, 
1 
2 
3 
II 
5 
6 
7 
8 
9 

10 

aradlent 
8.923 

X 

0.0 
0.5 
2.0 
11.0 
6.0 
8.0 

10.0 
12.0 
111.0 
16.0 

X-intercept 
1.9110 

TEST 1«). • liD 
rWi RITE • 3.5 
JlBOH CONe • 1.0 
PRESSURE ,,67.' 

I 

1.1 
5.3 

18.7 
39.0 
55.5 
7".3 
93.1 

112." 
1211.9 
1112.0 

I-intercept 
-0.217 

GAS TRlIISMISSION ,,1 .115E-3 

oorrelatlon 
0.9993 

oon-elatlon 
0.9993 

~ 
\0 ....., 



, 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

grad1ent 
9.080 

, 
1 
2 
3 
II 
5 
6 
7 
8 
9 

10 
11 
12 

sradlent 
8.9116 

I 

0.0 
0.5 
2.0 
4.0 
6.0 
8.0 

10.0 
12.0 
14.0 
16.0 

I-interoept 
1.641 

TEST te. • 41 
FLOW RATE I: 3.5 
NaOH CONC • 1.0 
PRESSURE • 67.11 

I 

1.1 
5.2 

19.0 
38.5 
57.11 
75.6 
93.0 

111.6 
127.7 
1115.6 

I-interoept 
-0.181 

GAS TRAN~ISSION II 1.196E-3 

I 

0.0 
0.5 
2.0 
11.0 
6.0 
8.0 

10.0 
12.0 
111.0 
16.0 
18.0 
20.0 

I-Intercept 
11.587 

TEST te. • 112 
FLOW RATE I: 3.5 
NaOH CONe. 1.0 
PRESSURE I: 69.1 

I 

1.3 
6.1 

20.7 
110.9 
59.3 
78.11 
98.1 

116.6 
132.5 
151.0 
165.0 
113.7 

I-interoept 
-0.513 

als TR'I~ISSION • 1.1_9E-3 

oorrelation 
0.9998 

correlation 
0.9978 

, 
1 
2 
3 
II 
5 
6 
7 
8 
9 

10 
11 

gradient 
8.638 

I 

0.0 
0.5 
2.0 
11.0 
6.0 
8.0 

10.0 
12.0 
111.0 
16.0 
18.0 

I-interoept 
2.0}) 

TEST NO. ""3 
FLOW RATE I: 3.5 
HaOH CONC II 1.0 
PRESSURE ,,69.3 

I 

1.3 
5.2 

18.7 
37.9 
511.1 
72.6 
89.8 

1011.9 
122.11 
1'11.7 
155.5 

I-interoept 
-0.235 

GAS TRAN~ISSION I: 1.1 06E-3 

, 
1 
2 
3 
II 
5 
6 
7 
8 
9 

10 
11 

gradient 
9.605 

I 

0.0 
0.5 
2.0 
4.0 
6.0 
8.0 

10.0 
12.0 
111.0 
16.0 
18.0 

I-intercept 
2.551 

TEST t«). ,,"" 
FLOW RATE" 3.'5 
NaOH CONC " 1.0 
PRESSURE I: 69.1 

I 

1.2 
6.0 

21.1 
41.1 
62.0 
82.3 
99.5 

119.6 
135.1 
15".0 
175." 

I-interoept 
-0.266 

GAS TRAN3iISSION ,,1 .231\E-3 

oorrelation 
0.9997 

oorrelation 
0.9996 

.... 
\0 
CD 



, 
I Y 

1 0.0 1.3 
2 0.5 5.3 
3 2.0 11.8 
II 11.0 35.1 
5 6.0 52.5 
6 8.0 70.3 
1 10.0 81.5 
8 12.0 104.3 
9 111.0 120.8 

10 16.0 135.9 

srad 1ent I-interoept I-interoept 
8.509 1.11118 -0.170 

TEST 1«). • 115 
FLOW RATE. 3.5 
NaOH CONC • 1.0 
PRESSURE • 69.3 

GAS TRANSMISSION • 1.090E-3 

, 
1 
2 
3 .. 
5 
6 
1 
8 
9 

10 
11 

lradient 
9.330 

I 

0.0 
0.5 
2.0 
".0 
6.0 
8.0 

10.0 
12.0 
111.0 
16.0 
18.0 

X-intercept 
2.1111 

TEST M). ,,116 
fLOW RATE" 3.5 
NaOH CONC " 1.0 
PRESSURE ,,69.3 

y 

1.3 
5.3 

19.11 
39.1 
59.0 
17.6 
97.3 

111." 
136.0 
152.1 
163.3 

I-intercept 
-0.2J> 

GAS T1IlJ(!I(ISSION • 1.195£-3 

oorrela tion 
0.9999 

correlation 
0.9989 

, 
I ! 

1 0.0 1.3 
2 0.5 2.8 
3 2.0 11.9 .. 4.0 31.5 
5 6.0 58.8 
6 8.0 71.7 
1 10.0 96.2 
8 12.0 In.l 
9 14.0 132.9 

10 16.0 145.8 
11 16.0 168.3 
12 20.0 118.9 

gradient X-interoept I-intercept 
9.161 1.658 -0.181 

TEST 1«). I: "7 
FLOW RATE I: 4.0 
NaOH CONC I: 1.0 
PRESSURE " 69.3 

GAS TRANSMISSION " 1.113E-3 

, 
1 
2 
3 

" 5 
6 
1 
8 
9 

10 
11 
12 

gradient 
9.669 

x 

0.0 
0.5 
2.0 
4.0 
6.0 
8.0 

10.0 
12.0 
111.0 
16.0 
18.0 
20.0 

I-interoept 
5.169 

TEST NO. ,,118 
FLOW RATE" 3.0 
NaOH CONC I: 1.0 
PRESSURE ,,69.3 

I 

1.5 
6.3 

21.1 
43.9 
65.2 
85.6 

106.2 
129.0 
1411.5 
161.6 
171.3 
181.9 

I-intercept 
-0.537 

GAS TRANSMISSION I: 1.238&-3 

oorrelation 
0.9969 

oorrelatlon 
0.9973 

.... 
\0 
\0 



, 
I I , 

I I 1 0.0 1.7 
1 0.0 2.2 2 0.5 6.0 
2 0.5 5.5 3 2.0 20.3 
3 2.0 20.7 II 11.0 /f0.8 
II /f.O 39.5 5 6.0 60.1 
5 6.0 59.11 6 8.0 78.0 
6 8.0 77.2 7 10.0 97.0 
7 10.0 96." 8 12.0 115.8 
8 12.0 115.1 9 1If .0 132.8 
9 14.0 1311.9 10 16.0 151. I 

10 16.0 '''7.9 11 18.0 166.9 

" 18.0 1611.2 12 20.0 183.7 
12 20.0 179.2 

Iradiant X-intercept Y-interoept correlation 
sradient X-interoept I-interoept oorrelation 9.180 3.319 -0.362 0.9996 

9.026 3.720 -0.412 0.9990 

TEST NO. • 119 
rUN RATE. 3.0 TEST NO. ,. 51 
HaOH CONC .. 1.0 FUN RATE"' 2.5 
PRESSURE .. 69.3 NaOH CONC .. 1.0 

GIS TRANSMISSION • 1.176E-3 PRESSURE • 69.9 
GiS TRANSMISSION • 1. I 116E-3 

, 
I I , 

X I 
1 0.0 1.11 
2 0.5 6.0 1 0.0 1.5 

2 0.5 6.3 3 2.0 21.5 
3 2.0 21.5 II 11.0 112. I 
II 11.0 "3.0 5 6.0 63.3 
5 6.0 63.7 6 8.0 811.1 
6 8.0 811.3 7 10.0 103.9 
7 10.0 103.0 8 12.0 123.9 
8 12.0 122.1 9 '''.0 1110.3 

10 16.0 156.3 9 111.0 1111.1 
11 18.0 179.9 10 16.0 1611.0 
12 20.0 1911.7 II 18.0 172.7 

12 20.0 191.6 

,radient X-interoept Y-intercept oOITelation 
lrad1ent X-1ntercept I-1nteroept 00 rrelation 9.758 3.265 -0.335 0.9993 

9.650 11.037 -0.1118 0.9987 

TEST NO. .. 50 
rUN RAT! • 3.0 TEST NO. .. 52 
NaOH CONe • 1.0 FUN RAT! .. 2.5 
PRESSOR! .. 69.3 HaOH CONC .. 1.0 

GAS TRI.SHISSIOK • 1.250E-3 PRESSURE ,. 69.9 N 
0 GAS TRAKSMISSION "' 1.225E-3 0 



, 
I I , I I 1 0.0 1.2 

2 0.5 6.2 1 0.0 1.2 
3 2.0 22.3 2 0.5 11.9 II 11.0 113.9 3 2.0 19~ 1 5 6.0 65.8 II 11.0 38.3 6 8.0 86.8 5 6.0 58.3 
7 10.0 108.9 6 8.0 76.8 8 12.0 130.0 7 10.0 93.9 
9 111.0 149.1 8 12.0 112.6 10 16.0 169.0 9 111.0 130.3 11 18.0 189.9 10 16.0 148.0 

11 18.0 163.11 
12 20.0 171.6 

gradIent I-interoept I-interoept oorrelation 
10.535 1.8112 -0.175 0.9999 

gradient X-interoept I-intercept 00 rrelation 
8.992 2.561 -0.285 0.99911 

TEST 1«). .. 53 
r1m RATE .. 2.5 
MaOH CONC .. 1.0 TEST 1«). .. 55 
PRESSURE .. 69.9 FLOW RATE c 2.0 

GAS TRANSMISSION .. 1.338&-3 HaOH CONC .. 1.0 
PRESSURE c 69.9 

GAS TRANSMISSION .. 1.142&-3 

, I I 

1 0.0 2.0 
, I I 

2 0.5 5.6 1 0.0 1.5 3 2.0 19.6 2 0.5 5.6 II 11.0 36.8 3 2.0 19.5 5 6.0 511.5 II 11.0 39.4 6 8.0 72.3 5 6.0 59.0 1 10.0 89.8 6 8.0 77.8 8 12.0 108.1 7 10.0 98.3 9 111.0 125.5 8 12.0 115.9 10 16.0 1111.8 9 '''.0 135.0 II 18.0 157.0 10 16.0 151.5 12 20.0 171.0 11 18.0 169.3 
12 20.0 1811.1 

gradient I-interoept I-intercept oorrelation 
8.613 2.138 -0.318 0.9996 gradient I-Intercept I-Intercept 00 rrela tion 

9.299 2.4119 -0.263 0.9995 
TEST 11). .. 511 
FLOW RATE .. 2.0 TEST 1«). .. 56 HaOH CONe. 1.0 

F1m RATE .. ".0 
N PRESSURE • 69.9 

HaOH CONe .. 1.0 0 GAS TRANSMISSION • 1.0911£-3 
PRESSURE .. 69.9 ..... 

GAS TRANSMISSION • 1.181£-3 



I 

1 
2 
3 
II 
5 
6 
1 
8 
9 

10 
11 

grad1ent 
10.391 

I 

0.0 
0.5 
2.0 
11.0 
6.0 
8.0 

10.0 
12.0 
111.0 
16.0 
18.0 

I-intercept 
3.968 

TE~ NO. ,. 51 
FLOW IIATE II 4.0 
NaOH CONe It 1.0 

y 

1.1 
6.8 

24.1 
411.9 
68.5 
91.0 

110.8 
130.7 
151.1 
168.1 
186.3 

I-intercept 
-0.382 

PIIESSUIIS It 69.9 
Gl3 TRAN3iISSION t 1.320E-3 

, 
1 
2 
3 
II 
5 
6 
1 
8 
9 

10 
11 
12 

gradient 
9.318 

x 

0'0 
O·S 
~·O 
4'0 
6.0 
8.0 

10.0 
12.0 
111.0 
16.0 
18.0 
20.0 

t'lntercePt 
11.260 

I 

2.6 
1.1 

21.5 
111.8 
61.7 
80.1 

101.11 
119.8 
137.11 
153.1 
112.5 
181.8 

I-intercept 
-0.11511 

tEST HO. • 58 
FLOW IIlTE • 11.0 
MaOH CONC • 1.0 
PRESSURE • 69.3 

013 1l'M!I4ISSION • 1.201£-3 

correlation 
0.9992 

oorrelation 
0.999' 

, 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

gradient 
9.431 

, 
1 
2 
3 
II 
5 
6 
7 
8 
9 

10 
11 

gradient 
9.331 

I 

0.0 
0.5 
2.0 
11.0 
6.0 
8.0 

10.0 
12.0 
111.0 
16.0 
18.0 

1-1nteroept 
2.916 

TEST NO. ,,59 
FLDW RATE .. 4.0 
NaOH CONC • 1.0 
PRESSURE .. 69. 3 

I 

1.3 
5.1 

20.5 
".9 
60.6 
80.7 
99.5 

118.0 
135.3 
152.9 
169.2 

I-1nteroept 
-0.309 

GAS TIIIN3iISSION ,. 1.208!-3 

I 

0.0 
0.5 
2.0 
11.0 
6.0 
8.0 

10.0 
12.0 
14.0 
16.0 
20.0 

I-interoept 
1.8118 

TEST NO. ,,60 
FIDf IIlTE " 2.0 
HaOH CONe ,. 1.0 
PRESSURE ,,68.9 

I 

0.5 
5.3 

20.2 
38.9 
58.11 
71.8 
96.2 

116.0 
133.8 
152.11 
1811.5 

I-intercept 
-0.198 

GIS TRlN3iISSION ,,1.203!-3 

correlation 
0.9995 

oorrelat1on 
0.9996 

N 
o 
N 



, I I , I I 1 0.0 1.7 
2 0.5 5.1 

1 0.0 1.0 3 2.0 20." 2 0.5 11.9 II 11.0 40.9 
3 2.0 18.2 5 6.0 61." II 11.0 37 .1 6 8.0 78.1 
5 6.0 55.6 7 10.0 99.9 6 8.0 73.2 8 12.0 115.7 
7 10.0 92.3 9 111.0 135.0 
8 12.0 110.5 10 16.0 152.1 
9 111.0 126.5 11 18.0 168.7 

10 16.0 1115.0 12 20.0 1711.2 
11 18.0 160.5 
12 20.0 175.9 

gradient I-interoept I-interoept oorrelation 9.055 11.381 -0.11811 0.9975 gradient I-interoept I-intercept oorrel.tioD 
8.8711 1.677 -0.189 0.9997 

TEST M). • 61 
FLOW RATE. 2.5 
HaOH CONC • 1.0 TEST NO. • 63 

FLOW RATE = 11.0 PRESSURE .. 69.3 
NaOH CONC .. 1.0 GAS TRANSMISSION • 1.160£-3 
PRESSURE .. 69.6 

GAS TRANSMISSION .. 1.132£-3 

, 
I I 

1 0.0 1.0 
, I I 

2 0.5 5.2 
0.0 1.3 3 2.0 19.9 2 0.5 11.6 II 11.0 39.5 3 2.0 18.6 5 6.0 58.2 II 4.0 37.0 6 8.0 76.2 5 6.0 511.3 7 10.0 97.1 6 8.0 711.11 8 12.0 115.1 

7 10.0 89.9 9 111.0 131.0 8 12.0 109.3 10 16.0 147.3 
9 111.0 126.1 11 18.0 163.8 

10 16.0 142.2 12 20.0 177.1 11 18.0 156.2 
12 20.0 174.5 

gradient I-intercept I-interoept oorrelation 
8.982 3.2111 -0.361 0.9990 gradient I-interoept I-intercept oorrelation 

8.723 2.0112 -0.2311 0.9996 
TEST N). • 62 
FLOW lATE • 3.0 

TEST M). • 611 MaOH COliC • 1.0 
FLOW RATE • 2.0 ..., 

0 PRESSURE .. 69.3 
HaOH CONC • 1.0 

W GU TR.USMISSION • 1.150£-3 
PRESSURE .. 69.6 

GAS TRANSMISSION • 1.112£-3 



, 
X I , X I 

1 0.0 1.0 
I 0.0 2.' 2 0.5 11.8 
2 0.5 6.9 3 2.0 18.5 
3 2.0 22.1 II 4.0 36.2 II '.0 112.2 5 6.0 511.0 
5 6.0 61.2 6 8.0 71.9 6 8.0 80.8 7 10.0 88.11 
7 10.0 100.5 8 12.0 106.7 
8 12.0 117.6 9 14.0 121.9 
9 111.0 131.2 10 16.0 13B.B 

10 16.0 152.7 11 lB.O 153. B 
11 lB.O 170.' 12 20.0 171.0 

gradient X-interoept I-interoept oorrelatlon &radlent X-interoept I-lnteroept oorrelation 9.1107 3.877 _0.1112 0.9996 8.531 2.032 -0.238 0.9997 

TEST NO. • 65 
TEST 1«). • 67 

FLOW RATE. 2.5 FLOW RATE. 11.0 
NaOH CONC II 1.0 NaOH CONC • 1.0 
PRESSURE • 69.6 PRESSURE • 68.5 

GAS TRANSMISSION • 1.066E-3 GAS TRANSMISSION .1.219£-3 

, 
X Y , I I 

1 0.0 1.2 1 0.0 1.2 
2 0.5 5.0 2 0.5 4.6 
3 2.0 17.6 3 2.0 17.9 
4 11.0 35·3 

II 4.0 36.6 
5 6.0 51.1 5 6.0 511.0 
6 6.0 67.5 6 B.O 71.2 
7 10.0 B4.8 7 10.0 88.3 
8 12.0 99.8 

8 12.0 104.9 
9 14.0 115.5 9 111.0 123.6 

10 16.0 130.9 
10 16.0 139.9 

11 lB.o 1115.4 11 18.0 155.6 
12 20.0 159.2 

gradient X-interoept I-interoept oorrelatlon 
gradient X-interoept I-int.eroept oorrelation 

8.658 1.296 -0.150 0.9999 
1.9B2 2.626 -0.329 0.9996 

TEST 1«). • 66 
FLOW RATE "' 3.0 TEST 1«). .68 
NaOH CONC • 1.0 FLOW RATE. 2.0 
PRE SStJ RE .. 69.6 NaOH CONC • 1.0 

GAS TRANSMISSION • 1.1011£-3 PRESSURE • 68.5 N 
GAS TRANSMISSION .. 1.03ll£-3 0 

~ 



, 
I I , X T 

1 0.0 1.4 1 0.0 1.3 2 0.5 5.3 2 0.5 5.3 3 2.0 18.0 
3 2.0 20.1 II 11.0 311.8 II 4.0 39.' 5 6.0 50.9 
5 6.0 60.5 6 8.0 68.9 6 8.0 19.0 7 10.0 84.5 
7 10.0 97.1 8 12.0 100.5 
8 12.0 116.3 9 1'1.0 115.11 
9 14.0 136.0 10 16.0 133.7 

11 18.0 1115.7 
12 20.0 158.5 

gradient X-intercept I-intercept OOlTelation 
9.642 1.139 -0.118 0.9999 

gradient X-interoept I-interoept oOlTelation 
8.003 2.7711 -0.3117 0.9994 

TEST NO. .. 71 
FLOW RATE I: 4.0 
NaOH CONC .. 1.0 TEST tl). • 69 
PRESSURE " 68.5 FLOW RAT! • 2.5 

NaOH CONe • 1.0 GAS TRANSMISSION " 1.249&-3 
PRESSURE • 68.5 

GAS TRANSMISSION .. 1.037&-3 

, x y 

1 0.0 1.5 , I I 2 0.5 11.5 
3 2.0 17.2 1 0.0 1.0 II 11.0 35.0 2 0.5 5.7 5 6.0 52.8 3 2.0 20.6 6 8.0 70.8 II ".0 39.6 7 10.0 88.11 5 6.0 58.8 8 12.0 105.9 6 8.0 79.1 9 111.0 122.6 7 10.0 97.7 10 16.0 141.1 8 12.0 118.11 11 18.0 159.5 9 111.0 1311.6 12 20.0 172.2 10 16.0 152.2 

11 18.0 173.6 
grad lent X-interoept I-interoept oOlTelation 

8.719 0.669 -0.077 0.9998 crad1ent I-intercept I-intercept oOlTelation 
9.552 1.531 -0.160 0.9998 

TEST f«). .. 72 
FLOW RATE .. 2.0 TEST tl). • 70 NaOH CONC " 1.0 ,~ RITE • 3.0 
PRESSURE • 68.5 NaOH CONe • 1.0 G13 TRANSMISSION .. 1.130&-3 PRESSURE • 68.5 

013 TRAISMISSION • 1.238&-3 N 
0 
U1 



, 
1 
2 
3 

" 5 
6 
7 
8 
9 

10 
11 
12 

gradient 
9.093 

, 
1 
2 
3 
II 
5 
6 
1 
8 
9 

10 
11 
12 

cradlent 
8.861 

I Y 

0.0 1.8 
0.5 5.5 
2.0 19.9 
11.0 40.2 
6.0 58.7 
8.0 78.9 

10.0 97.4 
12.0 115.2 
14.0 132.0 
16.0 150.3 
18.0 165.8 
20.0 180.2 

X-Intercept I-Intercept 
3.1\24 -0.377 

TEST NO. • 73 
FLOW RATE"' 2.5 
HaOH CONC • 1.0 
PRESSURE • 68.7 

GAS TRAJl34ISSION • 1.175&.3 

I 

0.0 
0.5 
2.0 
11.0 
6.0 
8.0 

10.0 
12.0 
111.0 
16.0 
18.0 
20.0 

I-Intercept 
2.861 

TEST 11). • 711 
rlDi RATE • 3.0 
HaOH CONe • 1.0 
PRESSUR! • 68.1 

I 

1.6 
5.11 

19.6 
38.8 
57.1 
711.7 
93.8 

111.11 
128.0 
'''11.1 
161.3 
117 .1 

I-interoept 
-0·323 

015 tlU34ISSIOI • 1.11151-3 

, 
1 
2 
3 
II 
5 
6 
7 
8 
9 

10 
11 
12 

correlation 
0.9992 gradient 

8.311 

oorrelation 
0.9996 

I I 

0.0 1.6 
0.5 11.8 
2.0 17.7 
11.0 35.8 
6.0 53.5 
8.0 69.5 

10.0 87.8 
12.0 103.9 
14.0 121.5 
16.0 137.9 
18.0 150.2 
20.0 1611.2 

I-intercept I-interoept 
2.499 -0.301 

TEST NO. ,. 75 
FLOW RATE,. 2.0 
HaOH CONC " 1.0 
PRESSURE " 68.7 

GAS TRANSMISSION " 1.0711&.3 

oonoelation 
0.9993 

N 
o 
Q'\ 



, 
TEST NO. , - 22 SCI-MEn SILICONE RUBBER 

I 

1 
2 
3 
II 
5 
6 
7 
8 
9 

10 
11 
12 

grad1ent 
0.200 

I 

0.0 
0.5 
2.0 
11.0 
6.0 
8.0 

10.0 
12.0 
111.0 
16.0 
18.0 
20.0 

X-intercept 
0.856 

TEST t«>. • 1 
FLOW IlATE • 2.5 
MaOH CONC • 1.0 
PRESSURE • 68.8 

I 

0.7 
0.8 
1.3 
1.8 
2.2 
2.5 
2.9 
3.11 
3.6 
3.9 
4.5 
11.8 

I-intercept 
-11.278 

aAS TRANSMISSION • 2.583E-5 

, 
1 
2 
3 
II 
5 
6 
7 
8 
9 

10 
11 

gradient 
0.2611 

X 

0.0 
2.0 
4.0 
6.0 
8.0 

10.0 
12.0 
14.0 
16.0 
18.0 
20.0 

I-intercept 
1.005 

TEST t«>. • 2 
FLOW RITE • 3.0 
MaOH CONC • 1.0 
PRESSURE • 68.8 

I 

1.3 
1 .11 
2.0 
2.5 
3.0 
3.6 
11.1 
11.8 
5.3 
5.9 
6.2 

I-intercept 
-3.8011 

alS TRAilItISSIOH • 3.1I07E-5 

cOrTelation 
0.9965 

cOrTelation 
0.9971 

, 
1 
2 
3 
II 
5 
6 
7 
8 
9 

10 
11 

grad lent 
0.279 

X 

0.0 
0.5 
2.0 
11.0 
6.0 
8.0 

12.0 
11l.0 
16.0 
18.0 
20.0 

I-lnteroept" 
0.815 

TEST NO. • 3 
FLOW IIATE & 3.5 
MaOH CONC • 1.0 
PRESSURE • 68.8 

r 

0.9 
1.0 
1.3 
2.0 
2.11 
3.0 
'.0 
11.8 
5.3 
5.9 
6.11 

I-interoept 
-2.919 

GAS TRANSMISSION • 3.599E-5 

, 
1 
2 
3 
II 
5 
6 
7 
8 

gradlent 
0.209 

I 

0.0 
2.0 
11.0 
6.0 
8.0 

10.0 
12.0 
16.0 

X-lnteroept 
0.971 

TEST NO. • II 
FLOW RATE " 11.0 
HaOH CONC " 1.0 
PRESSURE • 67.7 

I 

1.1 
1.11 
1.1 
2.2 
2.1 
3.0 
3.3 
1l.5 

I-interoept 
-1l.6113 

aAS TRAN::i4ISSION • 2.7 42E-5 

oorrelaUon 
0.9992 

oOrTelaUon 
0.99112 

N 
o ..... 



, 
1 
2 
3 
II 
5 
6 
7 
8 
9 

gradient 
0.192 

I 

0.0 
2.0 
11.0 
6.0 
8.0 

10.0 
12.0 
16.0 
20.0 

I-interoept 
1.178 

TEST NO. ,. 5 
FLOW RATE .. 11.0 
NaOH CONe .. 1.0 
PRESSURE • 67.7 

I 

1.11 
1.11 
1.9 
2.3 
2.7 
3.1 
3.5 
11.2 
5.1 

I-intercept 
-6.129 

GAS TRIN31ISSION ,. 2.520E-5 

, 
1 
2 
3 
II 
5 
6 
1 
8 
9 

gradient 
0.203 

I 

0.0 
O.S 
11.0 
6.0 

10.0 
12.0 
111.0 
16.0 
lB.O 

I-interoept 
1.]611 

T!ST NO. ,. 6 
FLOW RATE,. ".0 
RaOH CONe • 1.0 
PRESSURE ,. 69.0 

r 

1.2 
1.7 
2.1 
2.7 
3.3 
3.7 
11.2 
11.5 
5.2 

I-intercept 
-6.723 

013 TR1Jr~ISSION ,. 2. 609E-S 

correIa tion 
0.9965 

oorrelation 
0.99113 

, 
1 
2 
3 
II 
5 
6 
7 
8 
9 

gradient 
0.201 

I 

0.0 
0.5 
2.0 
11.0 
6.0 

10.0 
12.0 
16.0 
18.0 

I-intercept 
1·337 

TEST NO. ,. 7 
FLOW RATE I: 11.0 
NaOH CONe ,. 1.0 
PRESSURE • 69.0 

r 

1." 1." 
1.7 
2.1 
2.6 
3.2 
3.9 
".7 
11.8 

I-interoept 
-6.652 

GAS TRAN31ISSION ,. 2.585E-5 

, 
1 
2 
3 
II 
5 
6 
7 
8 
9 

10 
11 

gradient 
0.276 

I 

0.0 
0.5 
11.0 
6.0 
8.0 

10.0 
12.0 
111.0 
16.0 
18.0 
20.0 

I-intercept 
1.1115 

TEST.:>. ,. 8 
FLOW RATE ,. ".0 
RaOK CONe ,. 1.0 
PRESSURE ,. 69.0 

I 

1.11 
1.6 
2.5 
3.0 
3.6 
11.3 
11.7 
5.2 
5.9 
6.11 
6.9 

I-interoept 
-S.126 

GIS TRAN~ISSION ,. 3.550E-S 

oorrelation 
0.9965 

oorrelation 
0.9995 

N 
o 
(Xl 



, 
X I , X I 

1 0.0 1.2 1 0.0 1./f 2 2.0 1.4 2 2.0 1.6 3 11.0 1.9 3 4.0 2.1 II 6.0 2.2 Ii 6.0 2.5 5 8.0 2.5 5 8.0 2.8 6 10.0 3.1 6 12.0 3.9 7 12.0 3.11 7 14.0 11.4 8 14.0 3.7 8 16.0 4.9 9 16.0 11.0 9 18.0 5.3 10 18.0 4.5 10 20.0 5.7 11 20.0 4.9 

gradient X-intercept I-intercept correlation gradient X-intercept I-intercept correlation 0.225 1.205 -5.3117 0.9978 0.187 '.1'" -5.961 0.9981 

TEST NO. = II TEST NO. • 9 FLOW RATE = 3.5 FLOW RATE • 2.0 NaOH CONC " 1.0 NaOH CONC • 1.0 PRESSURE = 68.7 PRESSURE • 68.7 GAS TRANSMISSION " 2.913E-5 GAS TRAJISMISSION • 2.1I111E-5 

, X I , X r 
0.0 0.8 

I 0.0 1.6 2 2.0 1.7 
2 2.0 2.1 3 4.0 2." 3 /f.0 2.3 II 6.0 2.8 

" 6.0 2.8 5 8.0 3.7 5 8.0 3.2 6 10.0 11.2 6 10.0 3.8 7 12.0 ".9 1 12.0 11.3 8 111.0 5.3 8 1If.0 11.8 9 16.0 6.0 
9 16.0 5.5 10 18.0 6.7 10 18.0 5.9 11 20.0 7.1 

II 20.0 6.5 

gradient I-intercept I-interoept correlation &radient I-interoept I-interoept oorrelation 0.311 1.032 -3.31/f 0.9980 0.2/f7 1./f18 -5.735 0.9966 

TEST NO. = 12 
TEST NO. • 10 FLOW lilT! • 11.0 
rlDl RATE • 3.0 NaOH CONC '" 1.0 
1la0H CONe " 1.0 PRESSURE " 69.0 
PRESSURE • 68.1 GAS TRANSMISSION " 1I.005E-5 

N 013 nU:l1ISSIOIC • 3.195E-5 0 
\0 



, 
1 
2 
3 
II 
5 
6 
7 
8 
9 

10 
11 

gradient 
0.265 

I 

0.0 
2.0 
11.0 
6.0 
8.0 

10.0 
12.0 
111.0 
16.0 
18.0 
20.0 

X-interoept 
1.109 

TEST NO. 0: 13 
FLOW RATE 0: 3.0 
HaOH CONC 0: 1.0 
PRESSURE .. 69.0 

Y 

1.3 
1.6 
2.1 
2.7 
3.2 
3.6 
11.3 
11.7 
5.Ii 
5.9 
6.5 

I-intercept 
-11.192 

GAS TRAN~ISSION .. 3.II03E-5 

, 
1 
2 
3 

" 5 
6 
7 
8 
9 

10 
11 

gradient 
0.184 

X 

0.0 
2.0 
4.0 
6.0 
8.0 

10.0 
12.0 
14.0 
16.0 
18.0 
20.0 

X-interoept 
1.286 

TEST t«). :: 14 
FLOW RATE. 11.0 
NeOH CONe .. 1.0 
PRESSURE 0: 69.0 

y 

1.5 
1.6 
1.9 
2.4 
2.7 
3.1 
3.5 
3.8 
11.2 
4.6 
5.1 

I-interoept 
-6.988 

GAS TRAH!lofISSION .. 2.368E-5 

oorrelation 
0.9985 

oorrelation 
0.9970 

, 
2 
3 
II 
5 
6 
7 
8 
9 

10 
11 

gradient 
0.262 

, 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

gradIent 
0.205 

,",'-', ... ~"'"~ ~.""">~_",,,\,"'r-_.,:'i::~'''';=' "'~ ",",r'~ ..,... ";~'" ~'" ",,"'~." __ ,, ___ r 

X 

0.0 
2.0 
Ii.O 
6.0 
8.0 

10.0 
12.0 
111.0 
16.0 
18.0 
20.0 

X-intercept 
0.821 

TEST 1«>. : 15 
FLOW RATE. 2.0 
NaOH CONC 0: 1.0 
PRESSURE .. 69.0 

I 

0.8 
1.5 
1.8 
2.11 
2.8 
3.11 
11.1 
11.6 
11.9 
5." 
6.2 

I-intercept 
-3.160 

GAS TRAN~ISSION :: 3.368E-5 

X 

0.0 
2.0 
11.0 
6.0 
8.0 

10.0 
12.0 
111.0 
16.0 
18.0 
20.0 

X-interoept 
0.909 

TEST NO. : 16 
FLOW RATE 0: 3.0 
HaO" CONC = 1.0 
PRESSURE : 69.0 

I 

1.0 
1.11 
1.7 
2.0 
2.5 
3.0 
3.4 
3.6 
4.1 
4.7 
5.1 

I-intercept 
_4.4114 

GAS TRAN~ISSION = 2.631[-5 

correlation 
0.9979 

correlation 
0.9973 

...., .... 
o 



, 
1 
2 
3 

" 5 
6 
1 
8 
9 

10 
11 

gradient 
0.269 

I 

0.0 
2.0 
4.0 
6.0 
8.0 

10.0 
12.0 
14.0 
16.0 
18.0 
20.0 

I-interoept 
1.113 

TEST NO. • 11 
FLOW RATE • 2.0 
NaOH CONC • 1.0 
PRESSURE • 10.3 

I 

1.0 
1.1 
2.4 
2.8 
3.11 
3.8 
11.5 
5.0 
5.5 
5.8 
6.6 

I-interoept 
-11.358 

aAs TRAN31ISSION • 3.391E-5 

, 
1 
2 
3 
II 
5 
6 
1 
8 
9 

10 
11 

gradient 
0.298 

I 

0.0 
2.0 
11.0 
6.0 
8.0 

10.0 
12.0 
111.0 
16.0 
18.0 
20.0 

I-intercept 
1.100 

TEST NO. "' 18 
FLOW RATE. 3.0 
HaOH CONe. 1.0 
PRESSURE a 11.3 

I 

1.0 
1.1 
2." 
2.9 
3.5 
11.1 
11.1 
5.2 
5.9 
6.11 
7.1 

I-interoept 
-3.689 

GAS TRAN31ISSION • 3.112E-5 

oorrela tion 
0.9980 

oorrelation 
0.9996 

I 

1 
2 
3 
II 
5 
6 
1 
8 
9 

10 
11 

gradient 
0.186 

I 

0.0 
2.0 
4.0 
6.0 
8.0 

10.0 
12.0 
111.0 
16.0 
18.0 
20.0 

I-intercept 
1.3111 

TEST NO. • 19 
FUlW RATE", 2.0 
NaOH CONC "' 1.0 
PRESSURE "' 11.3 

Y 

1.6 
1.1 
2.0 
2.3 
2.6 
3.3 
3.6 
3.9 
4.4 
4.1 
5.1 

I-interoept 
-1.213 

GAS TRAN31ISSION I: 2.31QE-5 

, 
1 
2 
3 
II 
5 
6 
1 
8 
9 

10 
11 

gradient 
0.285 

I 

0.0 
2.0 
11.0 
6.0 
8.0 

10.0 
12.0 
14.0 
16.0 
18.0 
20.0 

I-intercept 
1.523 

TEST NO. '" 20 
FLOW RATE c 3.0 
NaOH CONC '" 1.0 
PRESSURE '" 11.3 

I 

1.8 
2.1 
2.5 
3.2 
3.1 
11.3 
11.9 
5.5 
6.0 
6.1 
1.4 

I-interoept 
-5.3113 

GAS TRAN31ISSION '" 3.5118E-5 

'~~-4~"::"::"' •• :_-_:" 
--

oorrelation 
0.994/1 

oorrelation 
0.9971 

to.) 

..... ..... 



, 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

gradient 
0.204 

x 
0.0 
2.0 
4.0 
6.0 
8.0 

10.0 
12.0 
14.0 
16.0 
18.0 
20.0 

I-interoept 
1.314 

TEST tK). ,,21 
FLOW RATE " 2.0 
NaOH CONC • 1.0 
PRESSURE • 71·3 

y 

1." 
1.8 
2.2 
2.5 
2.8 
3.3 
3.7 
11.1 
11.5 
11.9 
5.7 

I-intercept 
-6.1137 

GAS TRANSMISSION • 2.541&-5 

, 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

gradient 
0.192 

I 

0.0 
2.0 
4.0 
6.0 
8.0 

10.0 
12.0 
14.0 
16.0 
18.0 
20.0 

I_interoept 
1.686 

TEST NO. • 22 
FLOW RATE • 3.0 
NaOH CONC • 1.0 
PRESSURE • 11.3 

I 

1.6 
2.2 
2.5 
2.8 
3.1 
3.6 
4.1 
11.11 
11.7 
5.2 
5.5 

I-interoept 
-8.771 

GAS TRANSHISSION • 2.393&-5 

correlation 
0.9957 

oorrelation 
0.9981 

N ..... 
N 
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