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VOORWOORD

Het schrijven van een proefschrift is as het bewandelen van een berg. Naamate het einde
nadert, wil je sneller je doal bereiken, maa steile hellingen en een kronkelig pad vormen
hindernissen die niet atijd viot te overbruggen zijn.

Prof. dr. ir. Pascd Verdorck nodgde me uit voor een wandeling in het multidisciplinair
landschap van de biomedische ingenieurswetenschappen. Dr. ir. Dirk De Wadter werd mijn
gids. Hij introduceede mij in verschillende vakgebieden en samen met mijn gasthee
begeleidde hij mij zee gedreven en vakkundg doaheen het labyrint van modellering,
stroming, massatransport, ...en ja, zelfsinformatica

Tijdens zo een wandeling kom je nogal wat boeiende mensen tegen. Nean nu Fili p De Somer,
dé man de ik nodg had om mijn reis verder te zetten. Door zijn enorme avaring in de
klinische praktijk en zijn gevoel voor wetenschap, ben ik steeds bij hem te rade kunren gaan.
Ik meen dat we kunren terugblikken opeen mooie en wruchtbare samenwerking.

Prof. dr. Guido Van Nooten dank ik van harte voor het ter beschikking stellen van het
dierexperimented |aboratorium en de bij behorende medapparatuur.

De tocht verloopt edhter niet altijd van een leien dakje. Af entoerak je vermoeid en wil je &
eas uit. Gelukkig waren er dan Patrick en Stefaan. Dankzij hun morele steun en aangenaam
gezelschap hebben zij mij kunren owvertuigen om de moed niet op te geven. Er is tusen ors
ea hedite vriendschap gegroeid de, nadat we dk onze egen weg zijn ingeslaan, zal blijven
voortduren.

Ik besef dat de resultaten die onderweg geboekt zijn, tot stand zijn gekomen doa de
medewerking van velen. In het bijzonder wil 1k mijn thesisgudenten Nico, Guy, Gerd en Tom
bedanken voa huninspanningen. Ik dank ook all e medewerkers van het Laboratorium voor
Hydrauli cadat steeds een thuisbasisis geweest.

Mijn welgemeende dank gaa naa Prof. dr. ir. Ronny Verhoeven voa de goede zorgen de hij
aan zijn nat labo besteadt en voa de gemoedelij ke sfee die hij samen met het fantastische
personed wed op te bouwven.

Het einde van de tocht is nabij.

Weliswaa enigszins vermoeid kijk ik tevreden en toch ook wel opgelucht terug op e
voorbije jaren van “zoeken”. De drukte die mijn zoektocht wel eens met zich meeoradt, kan
nu luwen. Ik besef dat ik ook de mensen viak naast mij mijn zware rugzak meeliet dragen.
Ook voa mijn edhtgenote Katrien en dachtertjes Emilyn en Sybelle wogen de ladste loodes
zwaa. De dagen doabrengen met een ernstige papa aditer de @mputer is niet zo
gemakkelij k. Het was voor mij wel fijn te midden van hen te kunnen werken.

Ook orze ouders hebben steads langs de kant van mijn trgjed gestaan en mijn avontuur met
ved interese en aaxmoedigingen gevolgd. Dankzij hun steun kan ik dit proefschrift
uiteindelij k toch bundilen als een viag die op detop van de berg wordt neegeplant.

Gragy dragg ik dit werk aan hen allen op.

Hartelij k en welgemeende dank aan Pascd en Dirk voor het vertrouwen dat zij in mij hebben
gesteld. Hun inzet, eindel oos geduld en goede raad zijn, naast de samenwerking, voa mij zee
waadevol geweest. De opdradht was niet altijd even gemakkelijk maa uiteindelijk is mijn
thesis er toch gekomen opmijn manier.

Ik hoop dit dit verslag van mijn wandeling op zijn beurt een gids mag zijn voa anderen ...

Peter
Hamme — St.-Anna, maat 2001






STRUCTUUR VAN HET PROEFSCHRIFT

Het proefschrift omvat een Nederlandstalige synthese, acht Engelstalige hoddstukken en één
appendix. De Nederlandstali ge synthese gedt een owverzicht van de probleem- en dcelstelli ng van
het proefschrift. Ze biedt tevens een inleiding tot de werking en geometrie van de kunstlong
(83.1 en 83.2), het zuurstoftransport in bloed (83.3 en §3.4) en een beschrijving van
dimensieloze ontwerpparameters voor een kurstlong (83.7). 8 biedt een owerzicht van de
wetenschappelij ke numerieke (*in numero”) en experimentele (“in vitro”) resultaten, zowel voor
de hydrodynamica van de kunstlong as het massatransport ervan. Ten slotte wordt in 85,
respedievelij k 86, een owverzicht van ariginele bijdragen en van toekomstig onderzoek gegeven.
Het Engelstalige ded start met een Engelstalig abstrad waain de doelstellingen en de structuur
van het proefschrift worden uteengezet. De Engelstalige hoddstukken bieden de lezer een
uitgebreid owerzicht van de historiek van de kunstlong (Chapter 1), de modellering van het
zuurstoftransport in de kunstlong (Chapter 1I) en een bundling van de beangrijkste
gepuliceade of ingediende wetenschappelij ke pulicaies. In het besluit wordt een owerzicht
van ariginele bijdragen en van het toekomstig onderzoek gegeven.
In de agpendix vind men een summier overzicht van in numero resultaten van oe
hemodynamica en het zuurstoftransport in boed voa verschill ende vezel configuraties.
Het proefschrift isdus a's volgt ingededd:

¢ Nederlandstalige synthese

e Engestalige dstrad

* Acht Engelstalige hoddstukken:

I Introduction to and History of Cardiopumonary Bypassand Artificial Lungs

Il Introduction to and Modeling of Oxygen Transfer in Artificial Lungs

Il Hydrodynamic Charaderistics of Artificial Lungs

v Blood Flow aroundHoll ow Fibers

\ MassTransfer Charaderistics of Artificial Lungs

VI Two-dimensiond finite dement model for oxygen transfer in crossflow hallow fiber

membrane atificial lungs
VIl Air-Handing Charaderistics of Pediatric Artificial Lungs

VIl Conclusion

e Appendx
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SYMBOLENLIJST'

Afkortingen

AAMI “Asciation for the Advancement of Medicd Instrumentation”
ARF “Acute Respiratory Failure”

CPB “CardioPulmonary Bypass'

ECC ExtraCorporele Circulatie

ECMO ExtraCorporele Membraan Oxygenatie
ET vezelconfiguratie “gelij kzij dige driehoek”
GME Gasvormige Microembadlen

HLM HartLongMadhine

IL vezelconfiguratie “vierkant in lijn”

IVOX IntraV eneuze Oxygenatie

RBC Rode Bloed Cel

Sl “Systéme Internationale d’ Unités’

SS vezelcorfiguratie “gekanteld vierkant”
Symbolen

a nat oppervlak per eenheidsvolume [mm?]
A uitwisseli ngsopperviakte [m?]

A af schuifsnel heidstensor [s™]

At doarstroomoppervlakte [cn]

Bo, bindingscgpadteit van zuurstof aan hemoglobine [ml/g]
CO, kod stofdioxide

Cus hemoglobine massamncentratie [g/1]

Co, totale zuurstofconcentratie [ml/I]

" Op het einde van deze symbdlenlijst is een lijst met conversiefadoren toegevoegd om niet-S.l.-eenheden in Si-
eaheden om te zdten. Dezekunren dan worden aangewend in de definities / berekeningen van de dimensieloze
grootheden.



Probleemstelling van het proefschrift

NRe
Nsc

gebonden zuurstofconcentratie [ml/l]
opgel oste zuurstofconcentratie [mi/1]
zuurstofconcentratie aan de gaszijde [mi/1]

vezeldiameter [mm]

capill airdiameter [mm]
inwendige diameter [cm]
uitwendige diameter [cm]

diffusieéfficiént voor zuurstof [cm?/s]
eff edieve diff usiecéfficiént voor zuurstof in bloed [cm?#/s]

wrijvingsfaador

hoagte [L]

hemoglobine

hematocriet
Chilton-Colburn j-fador
massatransportcoéfficiént [cm/s] [ml/s/cm?]
lengte van het membraancompartiment [cm]
lengte-eenheid

lengte [L]

bloedpadlengte [cm]
stroomverdelerlengte [cm]
verplaasing van kwik [mm]
parameter

parameter

masseeheid

parameter

Hill parameter
normadvedor

Eulergetal

aantal vezelslongitudinad
Pédetgetal

Reynoldsgetal

Schmidtgetal
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Sherwoodgetal

zuurstof

druk [Pa]

zuurtegraad
zuurstofpartieddruk [mmH(g]

gemiddelde zuurstofpartieddruk [mmHg]
zuurstofpartieddruk aan gaszijde [mmHq]
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longitudinale dstand [mm]

zuurstofsaturatie

inlagzuurstofsaturatie
uitl agzuurstof saturatie
transversale dstand [mm|

spanningstensor [M/L/T?]
temperatuur [°C]

tijdseenheid

snelheidsvedor [L/T]

gemiddelde snelheid [L/T]
superficiéle snelheid [L/T]
volume lucht [ml]

volume van het compartiment [ml]
legg volume [ml]

zuurstofmassadebiet [ml/min]
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catesische wdrdinad [L]
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Griekse symbolen

a parameter

o parameter

0o, Bunsen ofdosbaaheidscoéfficiént [ml/ml/mmHg]
B parameter

B’ parameter

¥ afschuifsnelheid [s7]

r rand

[ e periodieke randvoorwaarde

Cym symmetrische randvoorwaarde

€ porositeit

A bindingscgpadteit van zuurstof aan het hemoglobine
M dynamische viscositeit [M/L/T]

[T dynamische bloedviscositeit [mPa:s]

H, dynamische plasmaviscositeit [mPas]

I tweede invariant van de af schuifsnel hel dstensor
P dichtheid [kg/m3)]

To vloeigrens [mPa]

v kinematische viscositeit [cm?/s]

¢ parameter

(0} parameter

& dimensiel oze karakteristieke lengte
Subscripts

b bloed

b gebonden

c capillair

d opgel ost

eff effectief

f frontaal

g gasfase

Hg kwik
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[ inwendig
[ iteratie

i nummer eenheldscel

in inlaat

L longitudinaal

m gemiddelde

max maximum

0 uitwendig

0 subscript vloeigrens

out uitlaat

p plasma

per periodiek

S superficiesl

sym symmetrie

T transversaal

w water

Superscripts

k iteratie

T transponering

Wiskundige oper atoren

d differentiaal

A Laplaceoperator [L™]

u] gradiént [L]

- gewogen gemiddelde

J’ integrad

Eenheden

mm [L] millim eter 10°m
ml [L] millilit er 10° m3
cm [L] centimeter 10%m
| [L3] liter 10° m?

min [T] minuu 60s
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mPa
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[T]
[M/T2IL]
[M]
[M]

[L]

seonde

milli Pascd
gram

kil ogram
Kelvin
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10° Pa
10° kg
1 kg

133.3Pa

14



SYNTHESE “ BLOEDSTROMING EN
GASTRANSPORT IN EEN KUNSTL ONG:

IN NUMERO EN IN VITRO ANALYSE”

1 Probleanstelling van het proefschrift

De hartlongmacdiine (HLM) wordt gebruikt tijdens openhartchirurgie om tijdelijk de
pompwerking van het hart en de gasuitwissgling in de longen van de patiént over te nemen. Door
middel van een boedpamp wordt veneus bloed van de patiént doaheen de HLM tot in de
hoddslagader gepompt. De kunstlong in deze HLM bevat enerzijds een micropaeus
poypropyleenmembraan voa de gasuitwissgling, en anderzijds een warmtewisslaa die het
mogelij k magkt de bloedtemperatuur te regelen.

Ondanks het hoge aatal succesvolle openhartoperaties jaalijks (USA: 750000 UK: 2400Q
Belgie& 12000 <12> (en een geleiddijke evolutie van de kunstlong), worden nay steeds
regelmatig problemen beschreven de e@ verhoogde patiéntenmortaliteit veroorzaken (nl. in 1
op 4000gevallen). Minstens ean ded van deze problemen zijn te wijten aan onvddoende kennis
van de stromingskarakteristieken van het bloed (hemodynamica) in de kunstlong, hetzij bij de
perfusionist, hetzij bij de fabrikant. De hemodynamicahedt immers een rechtstreekse invioed op
het ontstaan van bloedstolling en boedbeschadiging (hemolyse, pladjesadivatie). Ook het
warmtetransport en de gasuitwissling met het bloed van de patiént worden meebepadd doa de
lokale mnwvediestroming en -gradiént in de kunstlong. Een betere kennis van de hemodynamica
in de kunstlong is absoluut vereist as uitgangspurt voor de verdere optimalisatie van de
operationele karakteristieken van de kunstlong, oncer andere om de therapeutische slaagkansen
te verhogen hij de pediatrische hartchirurgie en hij de niet-invasieve ademhali ngsondersteuning
(ExtraCorporele  Membraan Oxygenatie-techniek (ECMO) en Intravasculaire Oxygenatie
(IVOX)).

Bij kleine kinderen en baby's zal een ontwikkeling van compadere e@heden een verminderd
gebruik van boedproducten tot gevolg hebben en een kleiner risico op pat-operatoire

15
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Figuur 1: Schematisch overzicht van de doelstellingen van het proefschrift.

oedeemvorming mogelijk maken. Door de verlaging van het lichaansvreand opperviak kan
tevens de immund ogische resporns afnemen.

ECMO en IVOX hebben tot doel de longfunctie gedurende e langere tijd door middel van een
kunstlong te ondersteunen o te vervangen. Vanwege de langere toepassngsduur (dagen tot
weken in plads van uren) en de verschill ende bloeddebieten, spreekt het vanzelf dat zowel de
hemocompatibiliteit as de dficiéntie van de kunstlong moeten verbeteren ten opmichte van de
kunstlong in de hartchirurgie. Ook de beoogde implanteebaaheid van de kunstlong stelt nieuwe
uitdagingen.

Een optimali sering van de hemodynamicain en het ontwerp van de kunstlong zal tevens toelaten
de ontluchtingskarakteristiecken van de kunstlong te verbeteren. Ten dlotte is er nood aan een
aantal ontwerpregels waaaan een kurstlong op stroomtechnisch gebied minimad zou moeten
voldoen.

Het recentste technisch onderzoek op het gebied van de kunstlong concentreat zich rond e
beschrijving van het gastransport met behulp van eendimensionale modellen voa permanente
bloedstroming, met de bedoeling de ontwerpkarakteristieken voa gastransport vast te leggen
<34> Dit onderzoek wordt voornamelijk uitgevoerd aan de North Western University (USA) en
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ook aan de University of Strathclyde (Schotland). Daanaast wordt aan de University of
Pittsburgh, de University of Michigan en de Politeaico d Milano vergelij kbaa onderzoek
verricht. Vanwege de kruisgroming in de huidige kunstlongen (zie infra), zijn deze modellen
sledits een easte benadering. Voora voor de modell ering van de dvoer van kodstofdioxide zijn
deze modell en niet verfijnd genoeg.

Vele nieuwe principes worden klinisch of met behulp van dertesten utgetest zonder een
grondge kennis en analyse van de bepalende hemodynamica in de kunstlong. Een numeriek
tweadimensionad onderzoeksmodel voor stroming en masstransport kan hierbij helpen om
zwakke en sterke purten in de verf te zetten, voaadea de agenlijke testen aangevat worden.
Daadoa kan tevens het aantal diertesten beperkt worden.

2 Doelstelling van het proefschrift

Het doel van het proefschrift bestaa erin om de stromingsweeastand en het zuurstoftransport in
het membraancompartiment van een hdle vezel membraankurstiong met kruisgroming
enerzijds numeriek (“in numero”) te modelleren en anderzijds experimented (“in vitro”) te
bepalen. De fluida in het numerieke model en de experimenten zijn water (“hydro”) en bloed
(“hemo”), met as doel de resultaten bekomen met water om te kunren rekenen naa resultaten
voor bloed. Figuur 1 gedt een schematisch owerzicht van de doelstellingen en de structuur van
het proefschrift.

Binnen dt proefschrift is een numeriek tweadimensionad model opgesteld dat toelaa de
stroming en het zuurstoftransport rond één enkele vezel in het membraancompartiment van de
hall e vezel mebraankurstlong met kruisgroming te modell eren. De integratie van deze resultaten
over ean vdledige membraanmat laa toe de resultaten te valideren met experimentele metingen
van zowel stroming van water en bloed as zuurstoftransport in water en bloed. Deze validatie is
uitgevoerd voa drie commercied beschikbare hodle vezel membraankurstiongen met
kruisgroming.

De aadyse hedt geleid tot het opstellen van urnieke relaties voor zowel stroming als
massatransport in een kurstlong. Deze kunren worden aangewend voa een opimad

hydrodynamisch ortwerp van nieuwe kunstlongen.
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3 Inleiding

3.1 Openhartchirurgie: historiek van de kunstlong

De natuurlijke long voorziet het zuurstofarm bloed uit het rechter hart van zuurstof, O,, en
wisselt koolstofdioxide, CO,, uit met de omgeving. Dit zuurstofrijk bloed wordt door het linker
hart in de systeemcirculatie (vasculair systeem) gepompt waar zuurstof wordt opgenomen door
de lichaamsweefsels voor de nodige stofwisseling en energietoevoer. Wanneer de longfunctie

faalt, kan men deze tijdelijk vervangen door het inschakelen van een kunstlong, die instaat voor
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Figuur 2: Schema van een typisch extracorpored circuit voor openhartchirurgie. In dit circuit
wordt gebruik gemaégkt van een membraankurstlong met rigied veneus reservoir (open systeam)
(ged) en extern cardiotomie reservoir (magenta). Veneus bloed wordt via e& veneuze caue
(blauw) vanuit de vena caza en het redhter atrium tot in het veneus reservoir (ged) gedraineed.
Het veneuze bloed wordt vervolgens doar een bloedpamp (groen) doarheen de kunstlong (oranje)
gepompt waain het east de warmtewisslaa doastroomt voor de regeling van de
bloedtemperatuur, en vervolgens het membraancompartiment doastroomt voor de
gasuitwissling. Een externe warmtewisslaa regelt de temperatuur van het water dat de
warmtewiselaa van de kunstlong doarstroomt. Het zuurstofrijk gas wordt via ee menger en
debietmeter en na doarstroming doar een gesfilter in het membraancompartiment van de kunstlong
gebradcht. Nadat het bloed een arteriéle filter (rood) heet doarstroomd, wordt het bloed via ea

arteriéle canule tot in de hoofdslagader van de patiént geleid. <5>
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de zuurstof- en kodstofdioxide-uitwisssling. Een kurstlong wordt gebruikt:

. tij dens openhartchirurgie waabij de pompfunctie van het hart en de gasuitwissling doa
de longen wordt overgenomen doa de hartlongmadine (E: “cardiopumorary bypass
(CPB))

. bij de behandeling van aaute ademhalingsgoornis (E: “acute respiratory failure” (ARF))

De hartlongmadhine is een onderded van een veno-arteried extracrpored circuit (ECC) om het

hart (en hbjgevolg de longen) te overbruggen. Het extracorpored circuit isin serie verbonden met

de systeemcirculatie van de patiént. Het bloed tijdens openhartchirurgie wordt verdund

(hemodilutie) en gekoeld (hypothermie) waabij een niet-pulsatiele doarstroming en continue

circulatie van het bloed in het extracmrpored circuit wordt voorzien. De gaszijde wordt, onder

lage druk, continu doa een zuurstofrijk gasmengsel doastroomd en stad aan de uitlaazijde
bloot aan de omgeving. Doar middel van een bloedpamp wordt veneus bloed van de patiént
doaheen de madhinetot in de hoddslagader (aorta) gepompt.

Het bloed wordt gedrainead met behulp van canules gepladst in de vena cara en/of het rechter

atrium. Een goede canulatie zorgt voor een vdledige drainage met voldoende debiet, een

perfusie van ale organen en een boedvrij operatieveld. De hartlongmadiine bevat een veneus
reservoir om als buffer plotse veranderingen in de bloedtoevoer op te vangen. De perfusionist,
die de hartlongmacdine bedient, hedt zo mee tijd om de situatie te kunren controleren. Het
veneus reservoir kan bestaan ut een collabeabare payvinylchloridezak (gesloten systeem) of

e rigied reservoir (open systeem). Een arteriéle filter zorgt voor de verwijdering van

luchtembolen en partikels uit het bloed voadat het bloed de patiént bereikt. Figuur 2 gedt e

overzicht van een typisch extracorpored circuit voor openhartchirurgie.

Tijdens openhartchirurgie wordt een lagere temperatuur (hypothermie) aangewend aangezien dit

het metabdisme (zuurstofoprame) beperkt. Dit hedt as voorded dat de totale

zuurstofconsumptie voldoende laay blijft en de zuurstofbehoefte doa de kunstlong kan gedekt
worden. Uiteraad moet bij het einde van de perfusiefase de patiént langzaam terug op
temperatuur gebradcht worden. Een lagere temperatuur doet evenwel de viscositeit van het bloed
toenemen. Met behulp van een warmtewisslaa in de kunstlong, waabij als koelvloeistof water
op kamertemperatuur wordt gebruikt, wordt het bloed op & juiste temperatuur gebract. Het
bloed wordt verdund met een fysiologische oplossng (hemodilutie) die bij aanvang van de
bypass de hartlongmadiine vult ten einde luchtbelletjes in de drculatie van de patiént te
voorkomen en embdlie te vermijden. Terzelfdertijd dcet die oplossng de viscositeit van het
bloed afnemen <6>, Tijdens niet-invasieve ademhali ngsondersteuning moet de patiént slechts op
lichaamstemperatuur gehouden worden. Het bloed dat zich in het extracorpored circuit bevindt
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zal lichtjes afkoelen, voaa doa het contad met het koude gasin de kunstlong. In vivo varieat
de bloedtemperatuur tussen 37en 26 T met een ingangssaturatie tussen de 26 en 75 %, waahij
ook het hematocriet sterk afneemt doar hemodil utie (27 %) <6>T,

Een easte poging om de functie van de natuurlij ke long doa een kurstlong te vervangen werd
reeds ondernomen op tet einde van de 19™ eauw, dach de eeste betrouwbare resultaten werden
sedits bereikt rond 1950.Een groot uitwissslingsopperviak voor de gasuitwissling in de
kunstlong werd ofwel verwezenlij kt doar het opbarelen van zuurstof in circulerend Hoed in een
reservoir, ofwel doa een dunre bloedfilm redistree&ks in contad te brengen met een
zuurstofrijke omgeving. Als gevolge van het direde, zee bio-incompatibel contad tussen boed
en gas, en de grote moeilij kheild om een stabiel uitwisselingsproces te bekomen gedurende
langere periodes, past men nu wereldwijd membraan-gemedieade uitwisslingsprocesen toe
<7>_

Tussen de gas- en de bloedzijde wordt een gaspermedbel kunststofmembraan gepladst. In easte
instantie (1970 werden silicone membranen toegepast om de natuurlijke long gedurende e@
langere periode te ondersteunen. De hoge kosten van Sili cone membranen en het uitblij ven van
positieve klinische resultaten <8.9> brachten de sili cone membraankurstiong op de aditergrond.
De ontdekking van hydrofobe micropareuze membranen de onder meea toelaten dat het gas vrij
diffundeert, en de mogelij kheid om dergelij ke membranen (goedkoopen betrouwbaa) op grote
schad te produwceren en in te bouwven in een kurstlong, effenden de weg naa de hadle vezel
membraankurstlong rond 1980<7:1%>, Binnen deze groep kurstlongen zijn er drie weastanden
voor het gastransport: de gaszijde, het membraan en de vloeistoffase. Bij micropaeuze
membranen vervalen de eeste twee @& spreekt men van MVoeistofgelimiteade systemen.
Immers, doa het poreuze karakter van het membraan is de permeabiliteit voor zuurstof en
kod stofdioxide hoog, waadoa het massatransport aan de bloedzijde de grootste weeastand in
het massatransport vormt. Vandaa het belang bij deze kunstlongen om het massatransport aan
de bloedzij de te verhogen doa convedie (seaundaire stromingen).

Een gedetaill eede beschrijving van de geschiedenis van de kunstlong is weegegegeven in
Chapter | “Introduction to and History of Cardiopumonary Bypassand Artificial Lungs’.

" Bloed met een temperatuur van 37 °C (normotherm) en een hematocriet van 45 % wordt in dit proefschrift

omschreven as normad bloed.
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Sarns Turbo 44
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Figuur 3: De ommerciéle holle vezd membraankurnstiong met kruisgroming “Sarns Turbo 440
met aanduiding van de stroomverdeler, de warmtewisslaa en het membraancompartiment. De
pijlen duiden de stromingsrichting aan van het bloed.

3.2 Type membraankunstliongen

Momented zijn twee types membraankunstiongen commercied beschikbaa, namelijk de
platenmembraankurstiong en de hall e vezel membraankurstiong met kruisgroming.

De platenmembraankurstlong maekt gebruik van het afwisselend stapelen van een membraan en
ea rooster. Het rooster biedt verscheidene voordelen waaonder de steun voa het dunre
membraan en een periodiek stromingspatroon it doa zijn conwvedief karakter de
gasuitwissling bevordert. In een hdle vezel membraankunstlong met kruisgroming stroomt het
bloed rond hdle, micropaeuze paypropyleen- of polyethyleenvezels, terwijl het gas in het
lumen van de vezels groomt. Deze techniek hedt als voorded dat het convedieve karakter van
de stroming de gasoverdracht verhoagt, en er bijgevolg compade eaheden (kleine, beperkte
uitwisseli ngsoppervilakte) mogelij k zijn.

De kunstlong is opgebouwd ut twee modues (Figuur 3): een warmtewissslaa die toelad de
bloedtemperatuur te regelen en een membraancompartiment dat is opgebound ut een
tienduzendtal hadle, micropaeuze, pdypropyleenvezels, samengeweven in een matstructuur,
die instaan voa de opname van zuurstof en afgave van kodstofdioxide (gasuitwissling). Het
bloed stroomt east doar de warmtewisslaa en daana extraluminad en in kruisgroming met de

vezels doar het membraancompartiment.
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In dit proefschrift wordt de halle vezel membraankurstlong met kruissroming' zowel numeriek
(“in numero”) als experimented (“in vitro”) bestudeed voa wat betreft de hydrodynamica e
het zuurstoftransport. De volgende drie commerciéle hadle vezel membraankurstilongen met
kruisgsroming komen aan de orde: Sarns Turbo 440 (Terumo, voaheen 3M), Cobe Optima
(Sorin Biomedica, voaheen Cobe Cardiovascular) en Dideao Compadflo (Sorin Biomedica,

voorheen Dideo Cardiovascular) (Figuur 4).

3.3 Fysische eigenschappen van bloed

Stroming van boed verschilt grondg van hamogene waterstroming. Zo is bloed onder bepaalde
voorwaaden een niet-newtoniaanse vloeistof met een viscositeit die minstens 4 kee zo hoa ligt
asdievan water <11>,

De spedfieke samenstelli ng van boed en zijn rheologie spelen ookeen rol bij het massatransport
van en maa het bloed. Zo is er een verschil tussen de fysische transportconstanten (dichtheid,

viscositeit, opdosbaaheid en dff usieéfficiént) van plasma en van rode bloedcdlen. De oprame

Figuur 4: De drie ommercied beschikbare holle vezd membraankurstlongen met kruisgroming
die in dit proefschrift zijn bestudead. Links boven: Sarns Turbo 440(Terumo, voorheen 3M);
Links onder: Cobe Optima (Sorin Biomedica voorheen Cobe Cardiovascular); Rechts. Didem
Compadflo (Sorin Biomedica voorheen Didea Cardiovascular). De pijlen duiden de
stromingsrichting aan van het bloed.

" Tenzij expliciet anders vermeld, wordt hierna met kunstlong de holle vezé membraankurstiong met kruissroming
bedoeld.
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en afgifte van zuurstof door het bloed gebeurt slechts gedeeltelijk door oplossing. De
biochemische binding van zuurstof aan het hemoglobine in de rode bloedcellen voegt een extra
complexiteit toe aan het fysiol ogische uitwisselingsproces.

De dynamische viscositeit, ., , is onder andere afhankelijk van de hoeveelheid rode bloedcellen
(hematocriet, Hct) <12> en de temperatuur, T <13>;

T TRT [1]
waarin p, de absolute plasmaviscositeit voorstelt <314>. Het plasma is een newtoniaanse

vloeistof waarvan de viscositeit afneemt bij toenemende temperatuur, T, uitgedrukt in Kelvin:

1800
e_ S 73 [2]

Hp =
Bij lage af schuifsnelheden neemt de viscositeit van bloed toe: het gedraagt zich pseudoplastisch.

Dit effect kan beschreven worden volgens Casson <15-17> met deze vergelijking:

N ] [3]
Hierin is 1, de vloeispanning (“yield stress’), de minimale schuifspanning vooralee er stroming
kan gebeuren. T en  zijn respectievelijk de schuifspanning en de afschuifsnelheid.

De dichtheid van bloed, p, neemt lineair toe met het hematocriet volgens een eenvoudige
mengregel:

p =1090[Hct +1035{L - Hct) [4]

De Bunsen ogosbaaheidscoéfficient van zuurstof in boed, o, , is afhankelijk van de

temperatuur en het hematocriet <1819, Ook de diffusiecéfficiént van opgeloste zuurstof in het
bloed, D, , is temperatuursafhankelij k en kan worden beschreven vagens de theorie van Fricke

<20-22>

34 Zuur stoftransport

De natuurlij ke long voorziet het zuurstofarm bloed ut de redhterhelft van hart van zuurstof en
wisslt kool stofdioxide uit met de omgeving. Dit zuurstofrijk bloed wordt doar de li nkerhelft van
het hart in de systeemcirculatie (vasculair systeem) gepompt waa zuurstof wordt opgenomen
doar de lichaamswed sels voor de nod ge stofwisseling en energietoevoer.

Bloed is een hiologische vloeistof die enkele spedfieke kenmerken hedt voor wat betreft het
zuurstoftransport. Zuurstof wordt sledhts in zea geringe mate opgelost in plasma. Het grootste
ded van de zuurstof in het bloed is gebonden aan één van de hean-moleaulen die ded uitmaken

van het hemoglobine (Hb) uit de rode bloedcd. De totale hoevedheid zuurstof is een functie van
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de zuurstofpartieddruk in het bloed. De zuurstofconcentratie’ in het bloed, Co, , is de som van

de opgeloste hoevedheid zuurstof, C,, , en de gebonden hoevedheid zuurstof, C,

Co, =Co,, +Co,, [5]

De totale hoevedheid zuurstof in het bloed is een functie van de zuurstofpartieddruk, P, . Voor
opgeloste zuurstof is dit een linedre functie (Henry’s wet <23):

Co,q = 0o, IR, [6]
De oxyhemoglobine-disociatieaurve of saturatieaurve beschrijft het chemisch bindingsgedrag
van zuurstof met Hb doa de saturatie van bloed ut te zetten als een niet-linedre functie van de
zuurstofpartieddruk. De saturatie drukt de verhoudng uit van de hoevedheid hemoglobine, Hb,
die gebonckn is met zuurstof tot de totale hoevedheid Hb. De airve is o.a. afhankelijk van de

temperatuur, T, en de zuurtegraad, pH <24-26>, Een vedgebruikte formule die de zuurstof saturatie
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T=37°C;pH=74
— T=37°C;pH=73
T=30°C;pH=74
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25 -

Figuur 5: De oxyhemoglobine-dissociatieaurve voor bloed van mensen en runderen bij
verschill ende temperatuur, T, en zuurtegraad, pH. Het niet-linedre, sigmoidale karakter van de
hemoglobine saturatie en de zuurstofpartieddruk is duidelijk zichtbaa. Er treedt een verschuiving
naa reds op kij toenemende temperatuur en dalende auurtegraal. De Hill -vergelijking beschrijft
de oxyhemoglobine-dissciatieaurve voor menselijk bloed en runderbl oed.

" De auurstofconcentratie wordt in dit proefschrift uitgedrukt in [ml O,/I] of kortweg [mli/l].
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benaderend keschrijft in functie van de zuurstofpartieddruk is de formule van Hill <26> (Figuur
5):

So, = [7
1+ POZ%'
Pso

waain n afhankelijk is van het bloedtype (menselijk bloed of runderbloed’) en Psy de
zuurstofpartieddruk hij een saturatie van 50 %. Pso is afhankelijk van het bloedtype, de
temperatuur en de zuurtegraad. Tijdens rust is de gasuitwisseling minimad. Door koeling van de
patiént (hypothermie) wordt de stofuitwisseling eveneens serk verminderd.

De gebonden hcevedheid zuurstof wordt beschreven doa de oxyhemoglobine-dissociatieaurve,

So, (Figuur 5):
Co,, =Bo, [, 50, (s, ) [8]
Hierin is B, de bindingscapadteit van zuurstof aan hemoglobine en Cy, de hoevedheid

hemoglobine per volume-eenheid bloed.
Het zuurstofmassadebiet, V,, , in de kunstlong kan worden begroot doar aan de bloedzijde,

zowel aan de inlad as de uitlad, de zuurstofconcentratie te meten en het behoud \an massa toe
te passn <27, Dat gedt volgende vergelij king:

Voz =0, [Q E(POZOUI - Pozin )+ BoZ [CHb [Q EQsozout - Sozin ) [9]
waain de indices “in” en “out” verwijzen naa respedievelijk de inlaa en de uitlaa van de
kunstlong. Q stelt het bloeddebiet voor.

35 Theor etische beschouwingen

351 Stroming: de Navier-Stokes ver gelijkingen

We beschouwven een twealimensionale isotherme, laminaire, onsamendrukbare, permanente
stroming in het membraancompartiment. De warmteoverdracht tussen de gas- en bloedfase in het
membraancompartiment is verwaaloosbaa klein, zodat de energievergelijking niet moet in
rekening gebradit worden. De lage Reynoldsgetallen (83.7) in het membraancompartiment
rechtvaadigen laminaire stroming. We veronderstellen eveneens dat een constant debiet
doaheen de kunstlong stroomt.

" Runderbloed wordt in het numeriek model en in de bloedexperimenten gebruikt al's testfluidum.
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De vegdijkingen de de vloeistofstroming beschrijven zijn de ntinditeitss en
momentumvergelij king. Bloed kan behandeld worden als een orsamendrukbare vioeistof zodat
de vergdij kingen vereenvoudgd kunren worden. De Navier-Stokes vergedlij kingen drukken het
behoud \an mass=:

Osu=0 [10]

en momentum uit:

pus Ou+Op=00t [11]
waain u de vloeistofsnelheid voastelt, p de dichtheid, p ck lokale hydrostatische druk en t de
schuifspanningstensor. O is de gradiént. Men veronderstelt dat de zwaatekracht geen invioed
hedt. De schuifspanningstensor wordt beschreven in functie van de snelheidsgradiénten et as
de oonstitutieve vergelij king voor de viscositeit (bv. Casson):

t = p(0u)ou+0u") [12]
waain i de dynamische viscositeit voorstelt en T het superscript voor transporering van ode
snelheldsgradiénttensor. In het geva van een newtoniaanse vloeistof is de viscositeit
onafhankelij k van de snelheidsgradiént:

n(Ou)=n,

De invioed van het niet-newtoniaanse karakter laa zich pas voelen hij | agere Reynoldsgetall en,
Ngre (Nre < 10) (83.7)

Een van de e@voudgste manieren am een stroompad te karakteriseren is de stromingsweastand
bepalen. De stromingsweestand van een kurstlong (hetzij het membraancompartiment, hetzij de
warmtewiselaa, hetzij de kunstlong in haa gehed) wordt bepadd doa in het toestel de relatie
tusen het stromingsdebiet, Q, en de bijhorende drukval, Ap, te bepalen. Aldus bekomt men de
druk-debietrelatie, Q-Ap. Druk en debiet zijn de bepalende factoren voor de andere

stromingsparameters waaronder de |okal e schuifspanningen.

352 Het zuurstoftransport: de convectie-diffusie vergelijking

Het zuurstoftransport in de kunstlong kan beschreven worden met behulp van de convectie-
diffusievergelijking. De convectie-diffusievergelijking drukt het behoud van massa uit waarbij
rekening wordt gehouden met het diffusief massatransport (wet van Fick), D, [AC, , en het

convectief massatransport, u« OC,, :
U+ 0C,, =Dy, [AC,, [13]

met A de Laplaciaan.
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De niet-linedre demische binding van zuurstof in het bloed is in de onwedie
diffusievergelij king gebradht en gelineaisead. Dit kan doa de conwvedie-diffusievergelij king te
herschrijven in functie van de zuurstofpartieddruk, in plags van in functie van de
zuurstofconcentratie. De dgeleide van de zuurstofsaturatie wordt gesplitst naa de partieddruk.
Lineaisatie van de partiéle differentiadvergelij king is dan mogelijk doa de dgeleide van de
saturatie naa de partieddruk te benaderen als een voaaf te berekenen waade <26>, De
diffusieterm werkt enkel in op e opgeloste hoevedheid zuurstof. De gebonden zuurstof wordt er
niet redhtstreeks doar beinvioed.

Als we enerzijds rekening houden met de dhemische binding van zuurstof en hemoglobine, en
anderzijds met het feit dat de diffusie van hemoglobine kan worden verwaaloosd, kan de
convedie-diffusievergelij king voor het zuurstoftransport in boed worden herschreven in functie
van de zuurstofpartieddruk. Dit geeft:

us il:)oz =Dg,en AR, [14]

waain D, ., de dfedieve diffusiecoéfficiént voorstelt en gelijk is aan:

Doy =
O,eff 1+)\(Poz) [15]

)\(POZ) is een maa voor de bindingscapadteit van zuurstof in de rode bloedcd.

De dficiéntie van het zuurstoftransport in de kunstlong kan worden begroat met behulp van de
massatransportcoéfficiént, K:

K = massaflux 16
Cozg - Coz [ ]

De masstransportcoéfficient drukt de hoeveelheid massaflux uit per eenhed
concentratieverschil en is gedefinieed as de redproke van de massatransportweeastand, R. De
massflux is het massadebiet per tijdseenheid en per eenheid utwisselingsopperviakte:

Vo
massaflux Az [17]

De drijvende kracht voor het massatransport is het zuurstofconcentratieverschil dat over het

membraan heast:
Cozg - Coz [18]

waain C, ;, dezuurstofconcentratie aa de gaszijde voorstelt.
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353 De eindige elementenmethode

De resulterende niet-lineare partiéle differentiadvergelijkingen zijn ower het agemeen te
complex om een algemeen geldende aaytische oplossng te berekenen. Met numerieke
methoden is het mogeijk om particuliere oplossngen te berekenen bj gegeven
randvoawaaden. Naagelang van de gebruikte numerieke techniek, de resolutie van de
discretisatie, de relatieve grootte van de fysische constanten van het wiskundg probleem ten
opzichte van elkaa en de randvoawaaden za de bereikte oplossng meea of minder nauwkeurig
zijn. De endige dementenmethode <2830> wordt gebruikt om het stelsel van partiéle
differentiadvergelij kingen de de vloestofstroming en het massatransport beschrijven, op te
losen. Een voaded van de endige dementenmethocde is de mogelijkheild om complexe
configuraties te modelleren. Voor de toepassng van eindige dementen bij de oplossng van
partiéle differentiadvergelijkingen wordt in dt proefschrift het eindige dementen
softwarepakket SEPRAN <3031> gebruikt dat een stromingsmodue en een modue voor tweede-
orde linedre dliptische en parabdlische vergelij kingen met één wrijheidsgraad bevat, waamee

deze vergelij kingen kunren opgelost worden.

3.6 Geometrische kenmerken van de kunstlong

3.6.1 M acr oscopisch geometrische kenmer ken

Het membraancompartiment van de kunstlong wordt gekenmerkt doa enkele geometrische
karakteristieken: de diameter van de hadle vezels (0.380mm), de dstand tussen de vezelsin de
verschill ende richtingen, de stromingsrichting, de bloedpadlengte en de porositeit. Idediter tracht
men een maximad bloeddebiet te rediseren met een lage drukval over de kunstlong en met een
voldoende transportcgpadteit ten behoeve van zowel de warmtewissling als de gasuitwissling
in ean zo compad mogelij k gehed. Gezien het belang van de structuur van de membraanmat ligt
de focus van de studie daa.

Een kurstlong kan worden gekarakteriseerd met verschill ende geometrische parameters <34.32
34 (Figuur 6): uitwisglingsoppervlakte, A, vezeldiameter, d, lengte van het
membraancompartiment, L, doastroomopperviakte, A¢, inwendige diameter, D;, en utwendige
diameter, D,, van de dli ndervormige behuizing (annuus) van het membraancompartiment. Het
membraancompartiment van de kunstlong bevat een zekere porositeit, €, gedefinieed as de
verhoudng tussen het lege volume, Vg, tot het volume van de behuizing, Ve Het lege

volumeis het volume van de behuizing, Ve, Verminderd met het vezelvolume, Viiper:
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_V

void — Vied = Viver
Vbed Vbed

[19]

Als karakteristieke lengte voor stroming doaheen een paeus medium kan de hydraulische
strad, Ry, worden genomen. Ry, is gedefinieed als de verhoudng van de porositeit, €, tot het nat

opperviak per volume-eenheid, a

void
— Vbed E e_ eld
" E a 4fl-¢)

bed

[20]

De stroomverdelerlengte, L, is gedefiniead as de lengte dat het gehele debiet verdedd per
eenheidsbreedte van het membraancompartiment. De gemiddelde bloedpadliengte, Ly, is de
gemiddelde dstand de het bloed aflegt doa de vezelbundd. Bijgevolg kan men een

dimensieloze karakteristieke lengte, &, definiéren als de verhoudng van Ly, tot Ly

Sarns Turbo 440 Dideco Compactflo
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Figuur 6: Schematische voorstelling van de geometrie voor verschill ende types commercied

beschikbare kunstlongen. Links boven: Sarns Turbo 44Q Links onder: Cobe Optima; Rechts:
Didea Compadflo.
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Tabel 1. Geometrische kenmerken van de @mmercied beschikbare holle vezé
membraankunstlongen met kruisgroming: Sarns Turbo 44Q Cobe Optima en Dideco Compadflo.

Sarns Turbo Cobe Dideco
440 Optima Compactflo

uitwisslingsoppervlakte, A [m?] 1.6 1.7 2
vezddiameter, d [um] 380 380 380
inwendige diameter behuizing, D; [cm] 5.0 4.4 5.0
uitwendige diameter behuizing, D, [cm] 7.0 7.3 7.8
lengte membraancompartiment, L [cm] 20.5 12.4 12
porositeit membraancompartiment, ¢ 0.61 0.51 0.44
karakteristieke lengte, & 0.23 0.37 0.60
£= I: [21]

We onderstellen dat het bloed unform wordt verdedd over de vezelbundal.

In Figuur 6 worden L, en L, weagegeven voa Sarns Turbo 440 (Figuur 6, links boven) en
Optima (Figuur 6, links onder). Het bloed wordt uniform verdedd ower de lengte van het
membraancompartiment, L, en wordt opgesplitst in tweevoor het linker en redhter ded van het
membraancompartiment. Het bloeddebiet, Q°, per eenheidsbreadte vezelbundd is:

- Q_ Q
Q_L 200

m

[22]

De bloedpadlengte wordt als volgt berekend:

L, =Pt e | [23

20 2 €
In Didea Compadflo wordt het bloed circumferentied verdedd over de vezelbundel (Figuur 6,
redhts). De stroomverdelerlengte is hier gedefiniead als volgt:

L =mdPi " Do [24]
0 2 ¢

Voor de bloedpadlengte van Didea Compadlfo geldit:

L,=L [25]
Tabel 1 gedt een owerzicht van de geometrische kenmerken van de drie kunstlongen die in dit
proefschrift worden bestudeerd.
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Figuur 7: De drie vezelconfiguraties met een porositeit, €, van 0.5 en een vezeldiameter van 0.380
mm. Boven: het vierkant in lijn “inline square”; Links onder: de gelijkzijdige driehoek
“equil ateral triangle”: Rechts onder: het gekanteld vierkant “ staggered square”.

De snelheld in een paeus medium kan worden gekenmerkt doa enerzijds de superficiéle
snelheid, Us, en anderzijds de gemiddelde snelheid, U, <35>, De superficidle snelheid of
Darcysnelheid wordt gedefinieed als de gemiddelde snelheid in de stromingsrichting die zou
optreden indien er geen vezelsin het membraancompartiment aanwezig zouden zij n:

U, =2 [26]

De gemiddelde snelheid wordt gedefiniead a's de gemiddelde snelheid doaheen de porién van
het poreus medium, i.e. doaheen de vrije ruimtesin het membraancompartiment:

_ Q
Un = [27)
Zodat:

US
&= [28]
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Figuur 8: Links. Schematische voorstelling van een vezdbank met hoogte, H’, lengte, L’, en
diepte, W’. x duidt de stromingsrichting aan (longitudinad), y is de transversale richting en z ligt
volgens de lengteas van de vezds. Q' stelt het debiet doarheen de vezdbank voor. Rechts: De
vezdbank wordt hier voorgesteld als een geidediseade bundel vezds die loodecht op e
stromingsrichting zijn gepladst. De eaheidscdlen zijn in een rechthoekig rooster geschik.

3.6.2 Microscopisch geometrische kenmer ken

Het membraan van de kunstlong is opgebouwd ut duizenden hdle vezels die tot een structuur
zijn samengeweven. Afhankelijk van het gebruikte wedpatroon en de pladsing van het
membraan in de behuizing van de kunstlong, zullen de vezels op een verschillende manier
tegenover elkaa georiéntead staan. Indien men enerzijds de invioed op de stroming van de
inlad, de uitlaag en de wand van het membraancompartiment verwaaloost en anderzijds een
volledig  ontwikkelde, tweedimensiondle, constante  stroming  doaheen het
membraancompartiment veronderstelt, kan men ervan utgaan dat de stroming volledig
ontwikkeld en periodiek is. Het membraancompartiment kan dan worden onderverdedd in een
(groat) aantal eenheidscdlen die dk één enkele vezel bevatten.

Een vezelbank kan worden gekenmerkt doar de transversdle, S;/d, en longitudinae, S_/d,

afstand (S) tot diameter (d) verhoudng (Figuur 7).

Figuur 7 toort drie verschill ende vezelconfiguraties met een paositeit van 0.5en een dameter,
d, van 0.380 mm: “vierkant in lijn” (E: “in line square” (1S)), “gelijkzijdige driehoek” (E:
“equil ateral triangle” (ET)) en “gekanteld vierkant” (E: “staggered square” (SS). Men herkent
hierin S. ads de dstand tussen twee opeenvagende vezelkolommen en Sy als de dstand tussen
tweeopeavolgende vezelrijen.

Figuur 8 stelt een vezelbank met hoagte, H’, lengte, L', en breadte, W voor (links) als een
bundd van vezels die loodecht op de stromingsrichting zijn geplaast (redits). Deze vezelbank
IS een geidediseade voorstelling van het membraancompartiment van een commercied

beschikbare hadll e vezel membraankunstlong met kruisgroming in Figuur 6:
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Hl: Do ; Di
L'=L, [29]
W'=L

Vertrekkende van een twealimensionde e@heidscd kan na e integratie in de lengterichting
(x-richting) en ma transversale extrapolatie e@ membraancompartiment worden gecnstrueed
dat het membraancompartiment van de kunstlong benadert, rekening houdend met de
geometrische kenmerken (bloedpadiengte, vezellengte, dikte, ...). De drukval en het
zuurstofmassadebiet kan aldus berekend worden voa een vdl edig membraancompartiment.

In dt proefschrift zijn de drie voorgestelde karakteristieke anfiguraties (Figuur 7) gebruikt om
de stroming en het massatransport in de kunstlong te bestuderen. Deze drie @nfiguraties beslaan
dedts enkele van de mogdlijke nfiguraties, maa zijn hier gekozen omwille van hun
spedfieke stromingsei genschappen en symmetrie. Algemeen kan men er van utgaan dat een mix
van deze oonfiguraties in stad is de stromingseigenschappen van een gehele kunstlong te
modell eren.

3.7 Gelijkvormigheidsanalyse en dimensieloze getallen

Bij de beschrijving van transportverschijnselen kunren de resultaten bekomen met behulp van
verschillende fluida met elkaa vergeleken worden. Dat gebeurt met behulp van de
gelij kvormigheidsanalyse, die gebruik magkt van dmensieloze getallen. Elk van deze getalen is
meestal opgebouwd ut de verhoudng van twee fysische fenomenen en gedt bijgevolg
uitdrukking aan het respedieve belang van beide fenomenen voa de bestudeede kunstlong.
Tabel 2 gedt een overzicht wea van de voornaamste parameters die in de stromingslee en het
massatransport worden gebruikt.
Door het toepassen van gelij kvormigheidsanalyse op duk-debiet data, kan men de in vitro
resultaten, bekomen met water, berekenen naa druk-debietrelaties voor bloed.
Het Reynoldsgetal, Nge, IS de verhoudng van de inertiekrachten tot de viskeuze kradhten. In
formule uitgedrukt gedt dat:

4R, [p

Ng, =U EIT [30]
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Tabel 2: Overzicht van de voornaamste parameters die in de stromingsee en het massatransport
worden gebruikt. Door een combinatie van deze getallen kan men dimensieloze grootheden
samenstellen die de verhouding van twee fysische fenomenen weegeven. (L, lengte-eenheid; T,
tijdseenheid; M, massa-eenheid)

parameter symbod dimensie

karakteristieke lengte: hydraulische diameter 4R, L
karakteristieke snelheid in numero analyse: U, = Q T

superficiéle snelheid, Us A
karakteristieke snelheid in vitro analyse: U= Q T

gemiddelde snelheid, Up, e LA
dichtheid P M/L3
dynamische viscositeit M M/L/T
kinematische viscositeit v L2/T
drukval Ap M/L/T?
diff usieaoéfficiént Do, L2/T
massatr anspor tcoéfficiént K L/T

waarin U de karakteristieke snelheid voorstelt, hetzij Us voor de in numero modellering, hetzij
Um voor de in vitro analyse. Voor normaal bloed (Hct =45 % en T = 37 °C waarvoor p = 1060
kg/m?® en p = 3.76 mPa- s) met een debiet van 5 I/min ligt Nge tussen 2.1 en 3.3 bij de meeste
kunstlongen (0.4 < & < 0.6), waarbij de superficiéle snelheid, Us, is gebruikt as karakteristieke
snelheld (in numero). Wanneea de gemiddelde snelheid, Uy, as karakteristieke snelheid wordt
gebruikt (in vitro) ligt Nre tusen 4.7 en 5.5.Voor bloed met een hematocriet van 30% en een
temperatuur van 30 °C (p = 1052 kg/m? en p = 3.02 mPa- s) en met een debiet van 5 I/min ligt
Nre tussen 2.6 en 4.2 met Us als karakteristieke snelheid en tussen 5.8 en 6.8 met Uy, as
karakteristieke snelheid. Voor water met een temperatuur van 20 °C (p = 998 kg/m* en p = 1.00
mPa: s) en een debiet van 51/min ligt Nge tusen 7.4en 12.2(in numero analyse) en tussen 17.0
en 20.2(in vitro analyse) met U, als karakteristieke snelheid.
Het gebruik van de superficiéle snelheid in het in numero model laa toe de verschill ende
vezelconfiguraties met elkaa te vergelij ken op lasis van eenzelfde snelheid.
Het Eulergetal, Ng,, drukt de verhoudng van de drukval tot de kinetische energie uit:
Ap
pLU’

Ng, = [31]
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Het Schmidtgetal, N, is gedefinieed as de verhoudng van het momentum tot het diffusief
transport en is een karakteristiek van massatransport voor de vioeistof zoals het Prandtlgetal, Np,
dat isin de warmtewissaling:

L

_ U _
Ng = = 32
° pl:IDo2 I:)oz 32

Wannee zowel een convedief as diffusief massatransportproces tegelij kertijd plagsvinden in
de vloeistoffase, zal het fysische proces zich, afhankelijk van de relatieve invioed van beide
fenomenen, eader convedief, gemengd o diffusief gedragen. Dit kan nagegaan worden met
behulp van het dimensieloze Pédetgetal, Npe. Npe is het product van Nge met Ns. en drukt de
verhoudng van de mnvedieve stroming tot het diff usief massatransport uit:

4R, U

NPe:NReDNSc: D

[33]

0,

In analogie met de warmtewisEling kan voa het masstransport een Nussltgetal of
Sherwoodgetal, Ng,, worden gedefinieed. Ng, drukt het relatief belang van het convedief
transport tot het diffusief transport uit met betrekking tot het transport doarheen het membraan.

_ KRR,
N —T)Z [34]
4 Wetenschappelijke resultaten

Het experimented (in vitro) onderzoek concentreat zich enerzijds op ce hydrodynamische
weastand van de kunstlong (84.1.1) en anderzijds op het zuurstoftransport in de kunstlong
(84.2.)). Het hedt de bedoeling de ontwerpkarakteristieken voa de hydrodynamische weeastand
en het zuurstoftransport in de kunstlong te beschrijven. Hiertoe is gebruik gemagkt van
experimentele en numerieke modell ering.

Als testfluidum in de in vitro-opstellingen is meestal gebruik gemadgkt van gedistill eerd water.
Voor de validatie van het transportmodel zijn een aantal in vitro metingen met stollingsvrij
runderbloed utgevoerd. In tegenstelli ng tot bloed kan er bij water geen stolli ng optreden en is de
viscositeit ook beduidend lager. Hierdoar treden er verschillen opin de fysische constanten van
de gebruikte testfluida. Dimensie-analyse en het gebruik van dmensieloze getdlen,
karakteristiek voor het beschouwde probleam, moeten er dan voa zorgen dat de bereikte
resultaten conform het gebruikte fluidum zijn.

Daanasst is er een numeriek tweadimensionad model ontwikkeld dat toelag de stroming

(84.1.2 en het zuurstoftransport (84.2.2 rond een enkele vezel in het membraancompartiment in
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detail te modelleren. De resultaten bekomen ut dit model kunren geintegreed worden in een
volledig membraancompartiment. De ddus verkregen resultaten kan men dan vergelij ken met
die resultaten, de proefondervindelij k bij bestaande kunstlongen werden vastgesteld.

De resultaten van de eperimentele en numeriecke modellering zijn geandysead voa drie
commercied beschikbare kunstlongen.

In egste instantie zijn de hydrodynamische karakteristieken bestudead (84.1). Vervolgens zijn
met behulp van het numerieke model <3¢> deze karakteristieken gesimulead en vergeleken met
de gemeten waaden. Tendlotte zijn een aantal metingen utgevoerd met water en boed as
testfluidum om de dficiéntie van het zuurstoftransport te begroten met behulp van
eendimensionale semi-empirische modellen voa permanente stroming <3>. Deze studie heeft
geleid tot het opstellen van een unieke relatie voor de hydrodynamische weestand van een
kunstlong en haa geometrische karakteristieken <34.37>,

In een twedle fase is voor de drie bestudeade kunstlongen een urieke relatie voor het
zuurstoftransport in functie van de geometrische kenmerken van de kunstlong opgesteld (84.2).
Het zuurstoftransport is eveneens gemodellead in het numerieke model en de resultaten voa
water zijn vergeleken met de metingen. Simulaties met bloed laten toe de bloedpadiengte te
bepalen de nodg isom het bloed vddoende te satureren.

Het derde en laaste ded bespreekt de ontluchtingskarakteristieken van pediatrische <38
kunstlongen (84.3). Het ontwerp en de wijze van doastroming doaheen de kunstlong kan
namelijk een rol spelen als men het ontstaan van gasvormige microembali (GME) (E: “gaseous
microemboali”) of kleine gasbellen wil vermijden. Een goed inzicht in enerzijds derisico’s die tot
GME leiden en anderzijds de mogelij kheid tot het verwijderen van GME, is noodzakelij k om een
minimale luchtintrede in het extracrporele drcuit te bekomen en om de patiént maximad te

beschermen.

4.1 Hydrodynamica van een kunstlong

Een ded van het onderzoek bestad er in een zo efficiént mogelij ke doastroming van de
kunstlong te rediseren. Dit wil zeggen dat er wordt gestredd naa een grote bloeddoastroming,
gemmbineed met een aangepaste drukval. De drukval over de kunstlong treedt op ower de
warmtewisElaa en het membraancompartiment. In het membraancompartiment is de drukval
een functie van twee parameterreeksen. Een easte reeks parameters wordt gegeven doa de
geometrische &metingen van het membraan de bepalend zijn voa de drukval bij een gegeven
debiet: de diameter van de halle vezels, de dstand tussen de vezels in verschill ende richtingen,

de richting waain het membraan wordt doastroomd en de lengte van het stroompad
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(bloedpadiengte). Belangrijk is op te merken dat het bloed in kruisgroming met de vezels doar
het membraan stroomt. De tweeale reeks parameters die de drukval bepadt, is verbonden met de
gelij kmatigheid van de instroming. Dit |aaste asped is niet bestudead in dt proefschrift.

41.1 Experimentele bepaling van de druk-debietrelatie

4111 Meetopstelling water en bloed

Om een ideete verkrijgen van de hydrodynamicain de kunstlong, is het nodg het debiet en de
drukken aan de in- en utlaa van de warmtewisselaa en membraancompartiment te meten. Het
groatste drukverschil over de kunstlong situeat zich in het membraancompartiment. Deze
drukval is een functie van enerzijds de porositeit en anderzijds de karakteristieke lengte van de
kunstlong.

Een experimentele medopstelling is geredisead om druk-debietrelaties in vitro vast te leggen
bij permanente stroming (Figuur 9). Permanente stroming vindt plaas onder invioed van de
zwaatekradht vanuit een opwaats reservoir met overlad, zodat een constante opwaatse druk
geredisead wordt. Een afwaats reservoir met overlaa zorgt voor een tegendruk van 150mmHg
aan cde uitlaa van de kunstlong bij een debiet van 21/min. De tegendruk vermijdt het aanzuigen
van lucht doa het membraan ten gevolge van een ondxdruk aan de vloeistofzijde in het
membraancompartiment. Het afwaats reservoir doet dienst al's nabel asting.

De reservoirs zijn doa middel van een namale perfusiedarm (3/8 inch) verbonden met de
kunstlong. Het debiet wordt geregeld doa middel van een kraan en verloopt gradued van 0
I/min tot een maximum debiet van 61/min om vervolgens te dalen tot O I/min. Het debiet wordt
gemeten met behulp van een utrasone debietmeter die volumetrisch is geijkt. De druk opwvaats,
de druk tusen de warmtewisslaa en het membraancompartiment, en de druk afwaats van de
kunstlong worden simultaan gemeten met medische druksensoren. Voor en na dke meting
worden de druksensoren gekalibreead. De stromingsweestand wordt dan bepadd hij
verschill ende debieten (0 — 6 I/min). Na gebruik worden de kunstlongen gedroogd met perslucht
om de hydrodynamische e@genschappen te bewaren.

In totad zijn 3types kunstlongen getest (Sarns Turbo 440,Cobe Optima, en Didea Compadflo)
met minstens tweelongen per type en drie onafhankelij ke metingen per long.
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Figuur 9: Schematische voorstelling van de experimentele opstelling (in vitro) voor het bepalen
van de druk-debietrelatie in een kurstlong bij permanente stroming. Vloeistofgevulde
piézoresistieve druksensoren worden gepladst aan de inlad, tussen het membraancompartiment en
de warmtewisslaa en aan de uitlaa van de kunstiong. Een kiem laa toe het debiet te moduleren.
Een utrasone debietmeter begroot het debiet. Een rollerpomp wordt gebruikt om de vloeistof
vanuit het bufferreservoir naa het opwaatse reservoir te pompen. Pijlen duiden de
stromingsrichting aan.

4112 Resultaten

Figuur 10 toort de druk-debietrelaties voor de drie kunstlongen met water a's fluidum, gemeten
over zowel het membraancompartiment as de warmtewisselaa. Men herkent hierin een
parabalisch verloop \van de drukval in functie van het debiet:

Ap=a [@Q*+b @ [35]
De verschill en tusen de druk-debietrelaties van de kunstlongen kunren worden toegeschreven
aan de ondelinge verschillen in  constructie van de warmtewisslaa, het
membraancompartiment of een combinatie van beide. Sarns Turbo 440en Cobe Optima geven
vergelijkbare hoge drukvallen ower de gehele kunstlong terwijl Cobe Optima en Didem
Compadflo een vergelij kbare drukval hebben over de warmtewisselaa. Figuur 10 toort aan dat
het grootste ded van de drukval over de kunstlong kan worden toegeschreven aan het
membraancompartiment. Dit is vrij logisch aangezien het membraancompartiment een lagere
porositeit bevat, een langer bloedpad en een minder gestroomlijnde doastroming dan de
warmtewiselaa. Sarns Turbo 440 ertoort de laggste drukval in de warmtewisselaa.

Figuur 11 (boven) gedt de druk-debietrelatie met water as fluidum voor het
membraancompartiment  in  de drie kunstlongen wea. Met behup van de
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gelijkvormigheidsanalyse kan de druk-debietrelatie voor water worden omgezet in een Ngy-Nge
relatie (Figuur 11, middenste panedl):
B!

Re

Ng, =o' + [36]

waarin Nre en Ng, zijn berekend op basis van de gemiddelde snelheid, U, doorheen het
membraancompartiment. o’ en B’ zijn voor de drie kunstlongen gegeven in Tabel 3.

Rekening houdend met de geometrische kenmerken van de drie kunstlongen in Tabel 1 kan men
een verband tussen de parameters (o’ en B’) en de geometrische kenmerken (porositeit, €, en
dimensieloze karakteristicke lengte, &) van de kunstlongen opstellen (Figuur 13). Aldus bekomt
men een unieke relatie voor Ng, en Nge in functie van € en & (Figuur 11, onderste panesl):

S _ B
e T N ) !

met o= 2365+ 52 en f = 8509 £+ 25.

De unieke relatie in vgl. [37] kan vervolgens worden aangewend am de druk-debietrelatie van
het membraancompartiment in een kurstlong te bepalen en te vergelij ken met de medresultaten
(Figuur 12).

De druk-debietrelaties voor de gehele kunstlong, zoals bekomen met water en met runderbloed,
worden met elkaa vergeleken doa de theorie van de dynamische gelij kvormigheid (83.7) toe te
pasen. Dit |lad toe de resultaten bekomen met water om te rekenen naa bloed.

Voor een gegeven druk-debietrelatie water, (Ap), —Q,,, met dichtheid p,, en viscositeit i, kan
men bijhorende (N.), en (Ng,), berekenen. Indien men bloed beschouwt met dichtheid py, en

viscositeit [y, (functie van hematocriet en temperatuur), kan men - doa gelij kstellen van (NRe)b

aa (Ny)

w !

respedievelij k (NEU)b aan (NEU)W - bijhorend debiet, Qp, en drukval, (Ap)b, voar
bloed berekenen.

Het resultaa van een dergelij ke omrekening voor bloed met een hematocriet van 34.9+ 1.3% en
een temperatuur van 36.7% 0.8 °C is weagegeven in Figuur 14. Uit Figuur 14 blijkt dat de
omrekening van water naa bloed het drukverloop voo bloed onderschat. Dit kan worden
toegeschreven aan het feit dat de viscositeit van het bloed in de experimenten niet gemeten is,
maa berekend is op hkesis van vgl. [2]. Onderzoek hedt aangetoond ait de berekende viscositeit
de werkelij ke viscositeit overschat <3%,
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Voor bloeddebieten tusen 3 en 51/min bedraggt de dwijking maximad 10 % voor de Sarns
Turbo 440 en Cobe Optima. De grote dwijking voor Didecd Compadflo kan worden
toegeschreven aan de grote spreiding tussen de kunstlongen onderling, zoals uit Figuur 10

(boven) kan worden afgeleid.

Sarns Turbo 440

—a— gehelekunstiong
—e — membraancompartiment kunstlong
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Figuur 10: Gemeten druk-debietrelaties voor de drie commercied beschikbare kunstlongen met
water als fluidum. Boven: Sarns Turbo 44Q Midden: Cobe Optima; Onder: Dideao Compadflo.
De druk-debietrelaties voor het membraancompartiment, de warmtewisselaa en de kunstlong in
zZijn gehed zijn weegegeven.



Wetenschappelijke resultaten

60

[m}

o — — Cobe Optima
Dideco Compactflo

Ae o o

Sarns Turbo 440

Ap [mmHg]

105 4

Eu

10* 4

108 4

N, -E/e°

Nge€(1-€)

Figuur 11: Voor de drie kunstlongen Sarns Turbo 44Q Cobe Optima en Dideao Compadflo zijn
de volgende figuren weergegeven: Boven: Druk-debietrelaties met betrouwbaaheidsintervallen
voor het membraancompartiment met water as fluidum; Midden: Ng,Nge voor het
membraancompartiment op besis van voormelde druk-debietrelatie; Onder: Unieke Ng,-Nge
relatie in functie van porositeit en dimensieloze karakteristieke lengte.



Wetenschappelijke resultaten 42

Sarns Turbo 440 Cobe Optima Dideco Compadflo
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Figuur 12: Vergelijking tussen de berekende en gemeten druk-debietrelaties voor het
membraancompartiment in de drie kunstiongen met water als fluidum. Boven: Sarns Turbo;
Midden: Cobe Optima; Onder: Dideco Compadflo.

4.1.2 Numerieke modellering van de hemodynamica in het

membraancompartiment van een kunstlong

41.2.1 Tweedimensionaal stromingsmodel

In (83.6.2 is reals aangehadd dat het membraancompartiment van de kunstlong is opgebouwd
uit duizenden hdle vezels die tot een structuur zijn samengeweven. Indien men enerzijds de
invioed op c stroming van de inlad, de uitlagd en de wand van het membraancompartiment
verwaaloost en anderzijds een vdledig ontwikkelde, tweedimensionale, constante stroming
doaheen het membraancompartiment veronderstelt, kan men ervan utgaan dat de stroming
volledig ontwikkeld en periodiek is. Het membraancompartiment kan dan worden onderverdedd

Tabel 3: Model parameters o’ en B’ uit vgl. [36] voor de drie kunstlongen.

Sarns Turbo Cobe Dideco
440 Optima Compactflo
model parameter o’ 3686 2076 514

model parameter f’ 57450 22050 12930
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in een (groot) aantal eenheidscdlen de dk één enkele vezel bevatten.

Een vezelbundel kan worden gekenmerkt doar de transversale, S;/d, en longitudinale, S_/d,
afstand (S) tot diameter (d) verhoudng (Figuur 7).

Als gevolg van het periodiek karakter van de vezelbundel zullen de stromingsparameters, met
name de snelheid en de drukval, een typisch periodiek patroon \ertonen <4041> en vdstaa het de

stroming in een eenheidscd (Figuur 15) te berekenen. Symmetrie-randvoawaaden, I

ym ?
worden opgelegd op ce symmetrie-assen terwijl de snelheid aan de oppervlakte van de vezel nul
is. Doordat de snelheidsverdeling (maa niet het drukverloop na@h de verdeling van de
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Figuur 13: Parameters o (boven) en B’ (onder) in functie van porositeit, &, en dimensieloze
karakteristieke lengte, &. De volle lijn duidt de gefitte relatie aan, (0) de punten uit Tabel 3.
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zuurstofpartieddruk) in alle eaheidscdlen identiek is, kunren periodieke randvoawaaden,

I, aa deingang en utgang van de eaheidscd worden aangewend <4 (Figuur 15). De

periodieke randvoawaaden leggen zowel de instroom- as uitstroomrandvoawaaden vast.

Symmetrisch periodieke randvoawaaden kunren in SEPRAN enkel worden geimplementead

doa het invoeren van een gegeven (instroom)debiet, g, per eenheidslengte <3141>, Dit debiet is

afgeleid ut de lokde superficiéle instroomsnelheid, Us, die is berekend ut de
doarstromingsoppervlakte van het membraancompartiment en het gemodell eerde instroomdebi et
van de kunstlong:

q=U, 5 [38]

Deze (extra) randvoawaade laa toe de drukval te berekenen. Het instroomdebiet in dit

rekendamein kan berekend worden utgaande van het instroomdebiet in de kunstlong en enkele

onderstelli ngen de hiernaworden opgesomd:

. ee gdlij kmatige, unforme instroming via het instroomkanad. Het bloed wordt aan de
ingang van de kunstlong axiad en radiad uniform verdedd ower de vezelbundH.
Doorheen elke emheidscd stroomt dan eenzelfde debiet.

. dle vezels hebben dezelfde geometrie, ze zijn redht en evenwijdig. De pardlelle

Sarns Turbo 440 Cobe Optima Didea Compadflo
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voorspeld 9 8
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Figuur 14: Vergelijking tusen de voorspelde en gemeten druk-debietrelaties van de gehele
kunstiong wor de drie kunstiongen met bloed as fluidum op besis van de
gelijkvormigheidsnalayse (Ne,-Nge relatie). Boven: Sarns Turbo; Midden: Cobe Optima; Onder:
Didem Compadflo.
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schikking van de vezels vereenvoudgt sterk de geometrie.

. de vezels zijn gerangschikt volgens een regelmatig patroon en staan op regelmatige
afstand van elkaa. De dstand in de longitudinale en dwarsrichting in elke eaheidscd is
identiek zodat de radiale d@feden op & bloedstroming worden verwaaloosd.

De beschrijving van stromingsfenomenen in het microscopisch model is gebasead op e

combinatie van de continditeitsvergelij king en de Navier-Stokes vergelij kingen (83.5.1).

Door het gebruik van eindige dementenmethoden (SEPRAN) kan de geometrie naa will ekeur

uitgetest en aangepast worden. Vanwege het complexe karakter van de @rfiguratie is het

eindige dementenrooster niet gestructureed. Door sledits één parameter tegelij kertijd te

variéren, verkrijgt men inzicht in het aanded en de invioed van deze parameter op e

membraanstroming. Voor elk van deze gevallen worden dan druk en snelheid berekend. Het

lokale Reynoldsgetal kan gebruikt worden om het bloeddebiet te karakteriseren:

_AR QU DD (39
He

Omwill e van de spedfieke stroming tussen de vezels, moet ook rekening gehoucden worden met

NRe

S5
vav,
VAVATAY)

.y
A
it
VAVAVAVAVA!

IR,
AVivoaravi
A
VAVAVYL AV
SAVAVAVAVAVAVAVAVAVAVAY:
TAVATAYAAVAV.VAVAVAVAVAVAVAVA

VALY iV AVAVAYYa

OO

b

5
X7

vavs
Yavay
A

0
AVAVAViVAVAVAVAVAVAYLY

i
50

B
vl

K]
:
PR

5
rave
KON
AT
SAEC

iy
X
ey
VATAVAVAV LYoy e
RECCasiET

Sk
i
It
YATAYAYS
Tavaiy

V)
‘%»
AR

!

vAvAYS
]

K

AV;'A

KR
K

IRVAVAYAY

YAVAVAVAVAVAA
AvAVAVAe:A‘
Ko
AaAvAvATiY,

YAYAYS
K
A%
g

-

SRR

R RSERRISES

R REERREK
vavg

A A

AT
g

AVAYAVAVAVAVAVAY

VAVAVAVAVAY

b
b
L

i
vl TR
R ERERR]
e Kbl
i

vay i
AV vg)
17 I
s it
e
IAVAVAVAVAVAVAVAVAVAVAVA

sy
£
o K]

o + ]
P
AVAY

oV
YAVAYaY
FAYAY

AVAN

i;A

%)
2
R

R
o8
sl
VAVaV,
'A%AVAVA

%
£l
i

17y

i
%)
PAVAYAVAVAV.AVAYS

5
S
Vi

ray
o
CRIIOR KKK

AVANAVATA S TAAVAYTS
AVAVAVAVAVAVAVAVAVAVAY

20
;

S

Yavs
s
YAva¥s
XK
Y

o VAVA __ _FAVAY.__ I

PAVAVAVAV

vavat

Eres
o
Erlvs
v

Figuur 15: Schematische voorstelling van een eenheidscd met  bijhorend eindige
elementenrooster. I's;, Stelt de symmetrie-randvoorwaarde voor en Iy de periodieke
randvoorwaarde. x duidt de stromingsrichting aan en y de afstand vanaf het centrum van de vezel

loodrecht op de stroming.



Wetenschappelijke resultaten 46

de vormweastand tegen stroming van de vezelbank en de resulterende weestandskrachten.
Hiertoe wordt een dmensieloze wrijvingsfador, f, gedefiniead:

f= péﬁz @L?h [40)
S L

In het numeriek stromingsmodel is rekening gehouden met de rheologische kenmerken van
bloed: het pseudofastisch karakter en de verhoagde dynamische viscositeit zijn doa middel van
een Casn Mscositeitsmodel in de berekeningen ingebradht. Simulaties zijn utgevoerd met
zowel een newtoniaanse as niet-newtoniaanse Cason Hoedviscositeit om de invioed van het
niet-newtoniaans karakter te bestuderen.

Vertrekkende van een twedaimensionde eeaheidscd kan na e@ integratie in de
stromingsrichting (x-richting) en na transversale ectrapolatie e& membraancompartiment
worden gewnstruead dat het membraancompartiment van de kunstlong benadert, rekening
houcend met de geometrische kenmerken van de betreffende kunstlong (bloedpadiengte,
vezellengte, dikte van het membraancompartiment, ...) (83.6.2. Aangezien in dt proefschrift
drie verschill ende vezelconfiguraties zijn bestudeed, wordt het gemiddelde van het resultaa van
de etrapadatie voor elk van de drie vezelconfiguraties genomen al's benadering van de vezelmat

van een commerciéle kunstlong.

4122 Resultaten

De invioed en het gedrag van lokae seaunchire stromingen op @ stroming en het
zuurstoftransport onder verschill ende fysiologische stromings- en randvoawaaden de kunren
voorkomen in de Klinische praktijk zijn bestudead. Deze lokale seaundaire stromingen hebben
e invioed op de ladingsverliezen en de globale dficiéntie en kunren tegelijkertijd de

hemocompatibilit eit negatief beinvioeden.
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Figuur 16: De wrijvingsfador, f, vermenigvudigd met Nge, versus Nge in een
bil ogaritmische figuur voor zowel newtoniaanse ds niet-newtoniaanse bloedstroming in de
drie vezdconfiguraties. Boven: vierkant in lijn; Midden: gekanteld vierkant; Onder:
gelijkzijdige driehoek. De resultaten zijn vergeleken met gepubliceede numerieke en

experimentele resultaten <4243,
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Het lokale Reynddsgetal wordt gebruikt om het bloeddebiet te karakteriseren. Bij een hager
Reynoldsgetal zullen de inertiekrachten steeds mea aan invioed winnen ten opzichte van de
wrijvingskrachten. Het lokale stromingsprofiel rond een hdle vezel wijzigt dan ook (Figuur 17).
Mea concred lad de randaag vroeger los van de vezel, wat gepaad gaad met een
redrculatiezone of seaundaire stromingen. Omwill e van de spedfieke stroming tussen de vezels,
kan rekening gehoucden worden met de vormweestand van de vezelbank (Figuur 16). Figuur 16
toort aan dat er een goede overeenkomst is met gepuli ceede numerieke resultaten <4243>, Voor
een gegeven Reynoldsgetal en paositet, vertoort de cnfiguratie van de gelij kzijdige driehoek
duidelijk een kleinere weastand dan de twee andere configuraties. Een daling van de porositeit

houd ook een meea dan propattionele toename van de weastand in vanaf € < 0.5.

vierkant in lijn gelijkzijdige driehoek

Figuur 17: Stroomlijnenpatroon voor een newtioniaanse bloedstroming (temperatuur 30 °C en
hematocriet 30 %) voor tweevezdconfiguraties bij twee Reynoldsgetall en. Links: vierkant in lijn;
Rechts: gelijkzijdige driehoek; Boven: Nge = 0.13; Onder: Nge = 14.7. De invioed van Nge Op
seaundaire stromingen is duidelijk.
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Figuur 18: Dezefiguu toont voor de drie kunstlongen de gemeten druk-debietrelatie versus de
druk-debietrelatie die is berekend doar extrapolatie van de drukval in een eenheidscd tot de
drukval in een gelijkvormig membraancompartiment. Boven: Sarns Turbo 44Q Midden: Cobe
Optima; Onder: Dideco Compadflo.

De kennis verkregen ut het berekende stromingsveld is van belang om het lokale massatransport
te kunren bestuderen.

De invioed van het niet-newtoniaanse karakter op de stromingsweeastand laa zich voelen hij
lage Reynoldsgetalen (Nge < 10) (Figuur 16). Bij hogere Reynoldsgetall en is het verschil tusen
bloed gemodelleed met een newtoniaanse en een niet-newtoniaanse Cason Viscositeit nagenoeg
nihil doa de hoge dschuifsnelheden de bij hoge Reynaoldsgetall en optreden.

Bij de vergdijking van de etrapdatie van de resultaten van het numerieke model met
experimentele metingen in de drie kunstlongen is er een dscrepantie in het ladingsverlies
(Figuur 18). Enerzijds komt in de gemeten druk-debietrelatie duidelijk de invioed van spedale
ladingsverliezen in het membraancompartiment (ingang, uitgang, niet uniforme stroomverdeling,
cili ndervormig membraancompartiment, randeffeden, ...) naa voor. Deze |ladingsverliezen zijn
niet in het tweadimensionale numerieke stromingsmodel geimplementeed. Anderzijds houd een
afname van de porositeit een meer dan proportionele toename van de weerstand in vanaf € < 0.5.
Dit kan de sterke overschatting van de druk-debietrelatie in Dideco Compactflo (¢ = 0.44)

verklaren.
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Figuren met representatieve in numero resultaten van de hemodynamica in verschill ende
vezelconfiguraties zijn samengebradt in de gopendix.

4.1.3 Besluit

Een numeriek tweedimensionad model is opgesteld dat toelaa de stroming rond één enkele
vezel in het membraancompartiment van een kurstlong te modelleren voor verschill ende
vezelconfiguraties. Zowel de stroming as de weastand zijn bestudeed. Bij de vergdlijking van
de resultaten van het numerieke model met experimentele metingen in de kunstlong is er een
discrepantie in het gemeten en berekende ladingsverlies. In de gemeten druk-debietrelatie komt
de invloed van spedale ladingsverliezen in het membraancompartiment (ingang, uitgang, niet
uniforme stroomverdeling, cili ndervormig membraancompartiment, randeffeden, ...) tot uiting
dieniet in het tweeadimensionale numerieke stromingsmodel zijn geimplementead.

De eperimentele analyse van de stromingsweastand in het membraancompartiment van de
kunstlong leidt tot het opstellen van uneke relaties voor de stromingsweastand in een
kunstlong. Eveneens is aangetoornd dat toepassng van gelij kvormigheidsanalyse toelad de
resultaten bekomen met water om te rekenen naa stroming met bloed. Deze resulaten kunren

aangewend worden voa een ogimad hydrodynamisch ortwerp van nieuwe kunstlongen.

4.2 M assatransportkar akteristieken

Eén van de dodstelingen van het proefschrift is het zuurstoftransport in  het
membraancompartiment van een kurstlong enerzijds numeriek (“in numero”) te modelleren en
anderzijds experimented (“in vitro”) te bepalen. De dficiéntie van het zuurstoftransport is
begroat met behulp van een eendmensionad semi-empirisch model voor permanente stroming.
De eperimentele resultaten voa het zuurstoftransport bekomen met water worden dan
omgerekend maa bloed en vergeleken met gemeten data. In analogie met de hydrodynamicavan
de kunstlong is een urieke relatie voor het zuurstoftransport in functie van de geometrische
kenmerken van de kunstlong opgesteld. Het zuurstoftransport is eveneens gemodellead in het
numerieke model en de simulaties voor water zijn vergeleken met de in vitro metingen.
Simulaties met bloed stellen ors in staa de bloedpadlengte te bepalen de nodg is om het bloed

voldoende te satureren.
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4.2.1 Experimentele bepaling van het zuur stoftransport

4211 Meetopstelling

Om de dficiéntie van het zuurstoftransport in de kunstlong te begroten, is het nodg het debiet en
het zuurstofmassadebiet doaheen de kunstlong te kennen. Het zuurstoftransport is functie van de
diffusiecéfficiént, de permeabiliteit (porositeit) van het membraan en de drijvende kradht (de
aangewende partieddrukken) <44>,

Een experimentele testopstelling is gerediseed om het zuurstofmassadebiet in de kunstlong te
begroten. De metingen zijn utgevoerd hij verschillende debieten en inladsaturaties. De
uitvoering van de dficiéntiemetingen bestagd uit twee fazen. In een easte fase dient het
testflurdum tot de gewenste zuurstofconcentratie te worden gebradht alvorens de agenlij ke test
(tweede fase) uit te voeren. Hierbij is het testcircuit aanvankelijk afgesloten. Nadat de nodge
ingangsvoorwaaden zijn bereikt, wordt het condtioneringscircuit afgesioten en het testcircuit
aangesloten. Het testcircuit is gelij kaadig aan het circuit dat gebruikt wordt voor de meting van
de stroomtechnische parameters (Figuur 9), met dit verschil dat aan de in- en utlaa van de
kunstlong voorzieningen zijn getroffen om de nodge gas- en temperatuurmetingen te redi seren.
Daanaast wordt ook gebruik gemaékt van een rollerpomp om het fluidum doarheen het circuit te
laten stromen (Figuur 19). Het niet-permanente karakter van deze stroming kan in de verdere
analyse worden verwaaloosd. Het debiet van de rollerpomp is onafhankelij k van de nabelasting
en kan typisch bepadd worden doa het aantal omwentelingen te vermenigvuldigen met het
dlagvolume dat zich tussen de rollers bevindt. Ook de barometerdruk, het gasdebiet, het
bloeddebiet en de drukken aan dein- en utlaa van de kunstlong worden gemeten.

Met water a's testfluidum wordt het gedistill eerd water in het condti oneringscircuit zuurstofarm
gemadkt doa twee ondtioneringskunstlongen met zuiver stikstof, N, (100% N) te doarblazen.
Stikstof is een inert gas met betrekking tot de oplosbaaheid in water en bloed <432, Eenmad de
gewenste ingangsvoorwaaden zijn bereikt, wordt het zuurstofarme water doaheen het
testcircuit gepompt waahbij de testlong wordt doarblazen met perslucht (21 % O,). Aldus wordt
het water beademd en eventued verzadigd met zuurstof.



Wetenschappelijke resultaten 52

reservoir 2
A
___>_ ........... j— . —_—
: k \ 4 L 7
1 I -
ﬁ & r n ! de-oxygenator
R B S X i T
5|2 . i
B :
5 | B X !
° | de-oxygenator
X L
A
g 7 =
I=
8 —— water // bloed lijn
> - - - gastoevoer
| - - — water lijn warmtewisselaar
< [] reservoir 1 —>» stromingsrichting
L] rollerpomp
px  klem

Figuur 19: Schematische voorstelling van de in vitro-opstelling voor het bepalen van het
zuurstofmassadebiet in de kunstlong. Stikstof (N,) wordt gebruikt om het fluidum te
deoxygeneren. Een warmtewisselaa houdt het fluidum op de nodige temperatuur. Twee klemmen
zorgen voor de omschakeling tussen het conditioneringscircuit (met twee kunstlongen) en het
testcircuit (met de te testen kurstlong). De roll erpompen zorgen voor de nodige doarstroming van
beide drcuits. Pijlen duiden de stromingsrichting aan.

Bloed wordt in het condtioneringscircuit zuurstofarm (R, = 25 = 2 mmHg) gemaskt met

perslucht en in het testcircuit beademd met zuivere zuurstof (100% O,). In vitro testen met bloed
zijn utgevoerd oncer de AAMI standaad <45>. Bij bloedtesten dent men rekening te houden
met de bloedparameters die e invioed utoefenen op @ saturatie van het bloed. Deze
bloedparameters  zijn: de  zuurtegraad  (pH), de  zuurstofpartieddruk, de
koal stofdioxidepartieddruk, de temperatuur en het hemoglobinegehalte. Alle zijn met een “288
blood gas anayzer” bloedgasmadiine (Bayer, Brussl, Belgié) gemeten. Aan de hand van de
partieddruk, temperatuur en zuurtegraad is het mogelijk de zuurstofsaturatie te bepaen. De
AAMI standaad houd in dat bloed wordt gebruikt met de volgende egenschappen:
bloedtemperatuur 37 °C, ingangssaturatie 65 % en hematocriet 45 %. Bloedtesten zijn ook
uitgevoerd met een lagere (40 %) en hagere (80 %) ingangssaturatie bij een bloedtemperatuur
van 37 T. Tabel 4 gedt een owerzicht van de inlagvoorwaaden voa zowel de water- as de

bloedexperimenten.
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Tabel 4: Ingangsvoorwaaden voor de experimenten.

53

waterexperimenten

bloedexperimenten

temperatuur [°C]

barometerdruk [mmH(]

debiet, Q [I / min]

pH

kodstofdioxidepartieddruk, P., [mmH(]

ingangszuur stofpartieddruk, P, ;, [mmH(]

ingangszuur stofsaturatie, S, ;, [%]

hematocriet, Hct [%]

20.6+ 0.7
[754.6 772.4
[0.5; 6.0]

25.1+2.0

36.7+0.8
[754.8 767.9
1.0-3.0-5.0

7.34+0.05

41.1+ 3.3

42+ 3

64+ 2

80+3
349+1.3

4212 Resultaten

Figuur 20 (boven) toort het zuurstofmassadebiet, V,, , in functie van het debiet, Q, met water s

testvloeistof voor de drie kunstlongen. Zoals blij kt uit deze figuur lijkt Cobe Optima het minst

efficient. De relatie, V, -Q, kan ook dmensieloos worden voagesteld vdgens een

eendimensionale semi-empirische relatie voor het massatransport <34>, gebaseed op c Chilton-

Colburn analogie tussen het massatransport en de warmtewissling <4647>, Deze relatie drukt het
verband ut tussen het Sherwoodgetal, Ns,, het Schmidtgetal, N, en het Reynoldsgetal, Nge. Dat

gedt deformule:

Tabel 5: Model parameters ¢’ en m’ voor de drie kunstlongen met correlatiecoéfficiént, R2.

Sarns Cobe Dideco
Turbo440  Optima  Compactflo
Npe <3200 ¢’ 0.35 0.19 0.13
R2 0.66 0.62 0.96
Npe > 3200 ¢’ 0.60 0.38 0.27
m’ 0.69 0.60 0.63
R2 0.84 0.95 0.97
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Figuur 20: Voor de drie kunstlongen Sarns Turbo 44Q Cobe Optima en Dideco Compadflo zijn
de volgende figuren weergegeven. Boven: Het zuurstofmassadebiet versus waterdebiet; Midden:
Ns-Ns-Nge Op besis van voormelde auurstofmassadebiet-waterdebiet relatie; Onder: Unieke Ng,-
Ns-Nge relatie in functie van porositeit en dimensieloze karakteristieke lengte.

Ng (N ™ = ¢' INg" [41]

waarin @’ en m” worden bepaald door de geometrie <48>, Figuur 20 (midden) stelt vgl. [41] voor
in een dubbel logaritmische grafiek. Hieruit blijkt dat enerzijds Dideco Compactflo het minst
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Figuur 21: Parameters @ en m’ in functie van porositeit, €, dimensieloze karakteristieke
lengte, &, en het Pédetgetal, Npe.

performant is voor het zuurstoftransport en dat anderzijds de parameters ¢’ en m’ door zowel de
geometrie ds het Pédetgetal, Np,, worden bepadd. Tabel 5 gedt een owerzicht van de
modelparameters ¢’ en m’ voor de drie kunstlongen in functie van Npe.

Rekening houdend met de geometrische kenmerken van de drie kunstlongen in Tabel 1 kan men
een verband tussen de parameters (¢’ en m’) en de geometrische kenmerken (porositeit, €, en
dimensieloze karakteristieke lengte, &) van de kunstlongen opstellen (Figuur 21).

Aldus bekomt men een urieke relatie voor Ns,, Nsc en Nge in functie van € en & (Figuur 20,
onder):

,\Tii]?g@“wismmm [42]
met ¢ = 0.26 en m = 1.00 voor Npe < 3200 en ¢ = 0.47 en m = 0.64 voor Npe > 3200.De unieke
relatie in vgl. [42] kan vervolgens worden aangewend am het zuurstofmassadebiet van de
kunstlong te bepalen en te vergelij ken met de bloedmetingen (Figuur 22). Figuur 22 toort het
gemeten versus voorspeld zuurstofmassadebiet in bloed met verschill ende ingangssaturaties en
bloeddebieten voa de drie kunstlongen. Hier komt de invioed van de ingangssaturatie en het
bloeddebiet op het zuurstofmassadebiet goed tot uiting. Een laay zuurstofmassadebiet
corresponceat met een klein boeddebiet waabij de hoevedheid zuurstofmassadebiet
afhankelijk is van de ingangssaturatie. Een lagere ingangssaturatie gaa gepaad met een hager
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zuurstofmassadebiet. Merk op dat het model bij grote debieten (5 I/min) en bij lage

ingangssaturaties (S, = 40 %) het zuurstofmassadebiet overschat.

4.2.2 Modellering van het massatransport in het membraancompar timent

van een kunstlong

4221 Tweedimensionaal model

Het microscopisch in numero model voor de simulatie van de stroming doarheen een vezelbank
Is aangepast voor de modell ering van het zuurstoftransport rond een hdle vezel. Met behulp van
de endige dementenmethode (SEPRAN <3031>) zijn numerigke modellen voa de drie
vezelconfiguraties opgesteld en een berekeningsprogramma voor de stromingsparameters (druk
en snelheden) en het daabij horende masstransport (ruimtelijke verdeling van de
zuurstofpartieddruk) onder permanente stromingsconditi es.

De kennis verkregen ut het berekende stromingsveld is van belang om het lokale massatransport
te kunren bestuderen. Opnieuw zijn dezelfde symmetrische voorwaaden opgelegd (Figuur 15).

600
Sarns Turbo 440 n

_ 504 °© Cobe Optima o
£ 4 Dideam Compactflo
£ o] ¢ So42+3%
£ ® S02 64+2%
kel o S,80%+3%
T 300 1 2
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S
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Figuur 22: Gemeten wversus voorspeld zuurstofmassadebiet in bloed met verschill ende
ingangssaturaties (42 + 3 %, 64 + 2% en 80 £ 3%) en bloeddebieten voor de drie kunstlongen.
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Aan de wand van de vezel heast een constante zuurstofpartieddruk. Deze veronderstelli ng
wordt gerechtvaadigd doa het gebruik van een zuurstofrijk gasmengsel met een relatief hoag
debiet waadoa de zuurstofconcentratie aan gaszij de nagenoeg constant is over de lengte van de
vezel. Immers, doa het gebruik van micropareuze paypropyleenmembranen kan de weeastand
voor het zuurstoftransport doar het membraan en aan de gaszijde worden verwaaloosd. Men
veroncerstelt eveneens dat er geen interadie optreeadt tussen de vezels onderling voor wat betreft
het zuurstoftransport.

Als ingangsvoorwaade wordt initied een uriforme zuurstofpartieddruk opgelegd. Het verloop
van de zuurstofpartieddruk aan de uitgang van de eaheidscd wordt als ingangsvoorwaade aa
de volgende eaheidscd opgelegd. Aldus kan men het zuurstofmassadebiet langsheen een
bloedpad berekenen waabij men telkens het zuurstofmassadebiet per eenheidscd berekent
uitgaande van de resultaten bekomen in de voorgaande eaheidscd.

Aan de uitgang wordt verondersteld dat het concentratieverloop het snelheidsverloop in de
stromingsrichting volgt <4°:

us0C,, =0 [43]
Verscheidene numerieke eperimenten zijn  utgevoerd met een groot berelk van
randvoawaaden, zowel wat betreft de stroomsnelheid als de zuurstofpartieddruk van het
instromende fluidum. Uit de resultaten kunren globale parameters afgeleid worden zoals de
gemiddelde (“cup-mixed”) zuurstofpartieddruk (en de zuurstofsaturatie in het geval van bloed)
aan de in- en utgang van de eaheidscd en het zuurstofmassadebiet, V, , tijdens de

doarstroming van de eaheidscd. De gemiddelde zuurstofpartieddruk aan dein- en utlaa wordt
berekend als een gewogen gemiddelde met de lokale snelheid as wegingsfador (“cup-mixed”):

POZZ:LDIPOZEJ'dn [44]

Toer

waarin g het volumedebiet per eenheidslengte doorheen de eenheidscel is (vgl. [38]). Integratie
van de resultaten bekomen over een eenheidscel langsheen het bloedpad laat toe het
zuurstoftransport in een membraancompartiment met welbepaalde geometrische kenmerken
binnen nauwkeurige grenzen te voorspellen. Deze integratie maakt het ook mogelijk om het
dimensieloos, semi-empirisch zuurstoftransportmodel voor holle vezel membraankunstlongen
met kruisstroming <3> (vgl. [41]) toe te passen op een matrix van eenheidscellen. Bij de
integratie worden de vezellengte en het aantal eenheidscellen per eenheidslengte (longitudinaal

en transversaal) mee in rekening gebracht.
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Voo bloed is de niet-linedre demische binding van zuurstof in de @nwedie
diffusievergelijking gebradit. Dit kan doa de @nwvedie-diffusievergdlijking te herschrijven in
functie van de zuurstofpartieddruk (83.5.2. Vgl. [14] en vgl. [15 kunren dan herschreven

worden tot:

ue ﬁ(PO ) = Do, D&(Po ) [45]

waain (POZ )i de zuurstofpartieddruk in eenheidscd i voorstelt. Lineaisatie van de partiéle
differentiadvergelijking in vgl. ([45]) is dan mogelij k doa de dgeleide van de saturatie naa de
partieddruk in x(Poz) te benaderen as een voaaf te berekenen waade <26, Een odossng

wordt bekomen met volgend iteratief proces:

e E(Pozkﬂ)i _ m[[)_(;;—k)—] m(Pozkﬂ)i [46]

waain (Pozk). de oplosgng uit de vorige iteratiestap voastelt in eenheidscd i. Voor de eeste

iteratie (k = 0) in de eeste emheidscd (i = 1) wordt een hamogene verdeling van de
ingangspartieddruk in de eaheidscd verondersteld. Voor de eeste iteratie (k = 0) in de
volgende eaheidscdlen (i > 1) wordt telkens de oplossng van de vorige eaheidscd (i-1)
gebruikt om de niet-lineare cmnwedie-diffusie vergelijking te lineaiseren. Voor water is de
convedie-diffusievergelijking linear doa de dwezigheid van een readieterm voor het

zuurstoftransport x(Poz )

Het totad aantal eenheidscdlen in de stromingsrichting, N, wordt berekend utgaande van de
longitudinale dstand, S, en de bloedpadlengte, Ly:

Y [47]

Het eindige dementenrooster nodg voor de modell ering van het zuurstoftransport is voorgesteld
in Figuur 15. Om een nauwkeurige numerieke oplossng te bekomen dient het rooster-Pédetgetal
voldoende klein te zijn. Hiertoe dringt een lokale verfijning van het eindige dementenrooster aan

dewand van de vezd zich op.

42272 Resultaten

Figuur 23 gedt voor de drie vezelconfiguraties de dimensieloze, semi-empirische Ngh,-Nsc-Nge

relatie (vgl.[41]) voor water wee in één enkele eaheidscd. De zuurstofpartieddruk, PT;Zm , aan

de inlagd van de eaheidscd is voor ale eaheidscdlen 40 mmHg. De integratie van de
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resultaten in een eenheidscd over een vdledige membraanmat met vaste lengte, L', vezell engte,
W, en constante uitwisselingsoppervlakte, A, maar verschillende porositeit, €, (¢ = 0.5 en € =
0.6) (Tabel 6) worden voagesteld in Figuur 24 voar de drie vezelconfiguraties met water als
fluidum en met eenzelfde ingangszuurstofpartieddruk. In Tabel 6 vindt men de bijhorende
zuurstofpartieddrukken aan de uitlaag van het membraancompartiment terug. Deze resultaten
kunren aan de hand van het semi-empirisch model, Ng;-Ns-Nge, dimensieloos worden
voorgesteld (Figuur 25). Figuur 26 toort voor de drie kunstlongen het gemeten
zuurstofmassadebiet versus het berekende zuurstofmassadebiet, bekomen doa integratie over
ean vdledige membraanmat en rekening houdend met bloedpadlengte, parositeit en
uitwisseli ngsopperviakte van de betreffende kunstlong (Tabel 1). De resultaten voa een enkele
kunstlong zijn bekomen doa het gemiddelde van de resultaten van de drie vezelconfiguraties te
nemen.

Uit Figuur 23 blijkt dat het gekanteld vierkant het meest performant is voor wat betreft het
zuurstoftransport. Tevens blijkt dat een hagere porositeit gepaad gaad met een verhoogde
transportefficiéntie.

Daaentegen, ut Tabel 6 en Figuur 24 zou men kunren opgmaken dat een lagere porositeit een
grotere dficiéntie met zich meéorengt. De uitladpartieddruk is hoger en voa een gegeven
debiet is het zuurstofmassadebiet hoger. Men dient echter rekening te houden met enerzijds de
hydrauli sche straal van het membraancompartiment (0.10 voor € = 0.5 versus 0.14 voor € = 0.6)
en anderzijds met het vloeistofvolume (leeg volume) in het membraancompartiment (185 ml
voor € = 0.5 versus 265 ml voor € = 0.6). Voor een hoge porositeit heeft het vloeistofvolume dat
niet volledig geoxygenead is, een belangrijke negatieve invioed op het zuurstofmassadebiet,
Vo, (Figuur 24). De hydraulische strad, Ry, hedt een propationed belangrij kere invioed op het

Sherwoodgetal, Ng, (vgl. [34]), dan dat de massatransportcoéffiént, K, een invioed hedt op Ng,
(Figuur 25). Dit betekent dat een hagere porositeit efficiénter massa transporteet, maa dit
resulteet in een Kleiner zuurstofmassadebiet.

De resultaten in Figuur 24 kunren worden geanadyseed doa het eendimensionad, semi-
empirisch model uit vgl. [4]] toe te pasen op het membraancompartiment. Figuur 25 gedt de
Nsh-Nsc-Nge relatie weea voor een membraancompartiment met een paositeit van 0.5. Merk
hierbij de gelij kenis met Figuur 20 (midden) op.
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De knik bij een debiet van 2 I/min kan worden toegeschreven aan het overwegend dffusief
massatransport bij | age debieten (Q < 2 I/min). De vloeistof hedt voldoende tijd om de zuurstof
via het diffusief proces tot zich te nemen. Bij hogere debieten (Q > 2 I/min) komt het convedief
massatransport op ce voorgrond. De snelheld in de kunstlong neemt toe waadoa de stromings-
en masstransportgrenslaay  afnemen  in dkte. Dit  brengt een  verhoagde
zuurstofconcentratiegradiént met zich mee De tijd nodg om zuurstof uit te wisslen is editer
beperkt. Er zal een grotere hoevedheid vioeistof aanwezig zijn de niet volledig geoxygenead is.
Dit ladste hedt ean negatieve invioed op et zuurstofmassadebiet.

De voorspelling voor het zuurstofmassadebiet is vrij nauwkeurig ( < 6 % procentuele dwijking,
Figuur 26) en toort de waade van het model aan. Het verschil in zuurstofmassadebiet bij hoge
debieten in de Sarns Turbo 440 lan worden geminimalisead doa enkel de resultaten van het
gekantelde vierkant te gebruiken. Voor een waterdebiet van 4 I/min is het zuurstofmassadebiet

19.11/min in numero versus 20.0ml/min in vitro (< 5% verschil).

vierkant in lijn gekanteld vierkant gelijkzijdige driehoek
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Figuur 23: Voor de drie vezelconfiguraties is Ng,-Ns-Nge in €en bilogaritmische figuur voor het
zuurstoftransport in water weergegeven.
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Tabel 6: Geometrie van het membraancompartiment met vaste lengte, L', diepte, W', en
uitwisslingsopperviakte, A, voor verschillende porositeiten. IL: vierkant in lijn; SS gekanteld

vierkant; ET: gelijkzijdige driehoek.

porositeit, &

05 0.6
lengte, L’ [mm] 100 100
breedte, W’ [ mm] 120 120
uitwisslingsoppervlakte, A [m?] 17 17
hooge, H' [mm] 27 34
hydraulische straa, Ry, [mm] 0.10 0.14
leeg vdume, Vg [Ml] 185 265
aantal vezds 11867 11867
inlaat zuurstofpartieddruk [mmH(] 20 20
IL SS ET |IL SS ET
uitlaat zuurstofpartieddruk [mmHg] 121 150 131 | 955 134 105

Simulaties met bloed (Hct = 30 %, T = 37 C en S, ;,, = 40 %) as vioeistof en met 100 %

zuurstof aan de gaszijde, tonen aan dat een utgangssaturatie van 99.%3% (corresponcerend met

een utgangszuurstofpartieddruk, P,

van 170 mmHg) kan worden bekomen met een

bloedpadlengte van enkele tientallen millimeter voor Reynoldsgetallen variérend tussen 2.5en

4.0. De bloedpadlengte van de commercied beschikbare kunstlongen is ongevee 95 mm. Dit

grote verschil in bloedpadlengtes zorgt voor een grote velli gheidsmarge die toelaa om bij aauut

zuurstoftekort toch nay aan de nodge zuurstoftoevoer te voldoen.

Figuren met in numero resultaten van het zuurstoftransport in boed voa verschill ende

vezelconfiguraties zijn samengebradt in de gopendix.
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Figuur 24: Zuurstofmassadebiet in functie van debiet voor de drie vezdconfiguraties met een
porositeit van 0.5 en 0.6, geétrapoeerd naa een membraancompartiment met dezdfde lengte, L',
diepte, W’, en utwisslingsopperviakte, A.
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Figuur 25: Ng-Ng-Nge relatie voor de drie vezdconfiguraties met een porositeit van 0.5,
geintegread voor een membraancompartiment met dezdfde lengte, L', diepte, W’, en
uitwissslingsopperviakte, A. In dit geval is voor de karakteristicke snelheid voor Ng. de
gemiddelde snelheid, U;,,, genomen.
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Figuur 26: Voor de drie kunstiongen wordt het gemeten zuurstofmassadebiet versus het
zuurstofmassadebiet berekend doa integratie van de resultaten over een voll edige membraanmat
weergegeven, rekening oudend met bloedpadlengte, porositeit en uitwisselingsopperviakte van de
betreff ende kunstlong (Tabel 1). Boven: Sarns Turbo 44Q Midden: Cobe Optima; Onder: Didem
Compadflo.

4.2.3 Bedluit

Een numeriek twealimensionad model is opgesteld en maégkt het mogelij k de stroming rond één
enkele vezel in het membraancompartiment van een kurstlong te modelleren. Door de integratie
van deze resultaten over een valedige membraanmat kan men tevens de resultaten valideren met
experimentele metingen van zowel stroming als transport van water en boed doagheen die
commercied beschikbare kunstlongen.

Een combinatie van het eendmensionad semi-empirisch zuurstoftransportmodel met het
twealimensionad numeriek model modelleet het massatransport doarheen de kunstlong op
microscopisch en maaoscopisch niveau. Deze resulaten kunren aangewend worden voa een

optimad ontwerp van nieuwe kunstlongen.

4.3 Ontluchtingskar akteristieken van een kunstlong

Om voldoende inzicht te krijgen in het probleeamgebied, werden de ontluchtingskarakteristieken
van pediatrische <38 kurstlongen in vitro bestudeed. Tijdens openhartchirurgie staa de
kunstlong in voa de nodge gasuitwissEling en temperatuurregeling. Dit proces dient edchter
geredisead te worden met een minimum aan bloedbeschadiging en embadie <50, Bij het
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ontwerp van een kurstlong stredt men naa een aangepaste drukval, een efficiénte
gasuitwissling en warmtewissling samen met een goede hemocompatibiliteit en
ontluchtingskarakteristieken <7.51>,

Gasvormige microembali (GME) (E: “gaseous microembadli”) of kleine gasbellen kunren naa
de patiént worden geleid doa verschill ende vormen van gasintrede in het extracorpored circuit
(ECC). Een goed inzicht in enerzijds de risico's die tot GME leiden en anderzijds het
verwijderen van GME, is noodzakelij k om een minimale luchtintrede in het ECC te bekomen.
Een experimentele studie met betrekking tot GME in neonatale kunstlongen laa toe het belang
van de invioed van de stromingskarakteristieken en het ontwerp van de kunstlong toe te lichten.
Meea bepadd hebben de schikking van de vezels en de stromingsweastand <52 geen
onbelangrijke invioed op ce ontluchting van membraankunstlongen.

Een gasembod bestaa voornamelijk uit zuurstof, kodstofdioxide, stikstof en eventued
stikstofoxide en is afhankelijk van oa. het ventilatiegas en de gebruikte anesthesie <33>. De
grootte van een gasembod varieat voornamelijk tusen 10 en 1000 pm <505455> Enkele
oorzaken de kunren leiden tot gasembdie zijn chirurgische handelingen,
werkingskarakteristieken van de kunstlong en het ECC, koeling en opwarming van het bloed,
cavitatie, aanzuigen van het bloed, ..<525356:58>,

In de systeemcirculatie van de patiént kunren GME aanleiding geven tot een verhoogde
morbiditeit en mortaliteit tijdens en na CPB <52565%> De vernauwing of verstoppng van
capill airen doa GME verhindert de levensnoodzakelij ke doarbloeding van vitale organen <60-62>
waadoa orgaandysfunctie en beschadiging kan optreden.

Gasvormige microembali kunnen met behulp van een arteriéle filter worden verwijderd ut het
ECC.

Men kan de vrag stellen of het ontwerp van de membraankurstiong een rol spedt in het
verwijderen van GME aan de bloedzijde. Is het mogelij k dat het stromingspatroon, @ schikking
van de vezels, de ontluchtingscgpadteit en de gasoverdradit van boed- naa gaszijde de
betrouwbaaheid en veiligheid van de kunstlong verhogen met betrekking tot de ontluchting en
eliminatie van GME ?

4.3.1 M eetmethode

De dficiéntie van de ontluchting van een kurstlong wordt meestal begroot met behulp van een
bellendetecor <63>, Nochtans is deze techniek niet quantitatief en is de reproduceabaaheid
eader beperkt doa het werkingsprincipe <6466> Hierdoar is geen oljedieve vergelijking van
kunstlongen mogedlijk. Deze studie bestag erin dat men de hoevedheid lucht begroat, die
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Figuur 27: Schematische voorstelling van de dil atometer.

enerzijds doa het membraan naa de gaszijde wordt getransportead, en anderzijds via de
arteriéle lijn naa de patiént wordt gevoerd. Bijgevolg kan men eveneens de hoevedheid lucht
begroten dein de kunstlong achterblij ft.

Een dlatometer (Figuur 27) begroot de hoevedheid lucht die doar het membraan naa de
gaszijde wordt getransportead. De dil atometer is opgebouwvd ut een glazen busje waain kwik
is aangebradht. Nadat alle uitlaten aan de gaszijde in de kunstlong zijn afgesloten met sili cone
wordt de dil atometer aan de gasinlaa bevestigd. Indien er zich lucht opstapelt aan de gaszijde zal
het kwik in de dilatometer zich oncer invioed van de drukopbow verplaasen tot er een
evenwicht is bereikt met de omgevingsdruk. De verplaasing van het kwik is dan een maa voor
de hoevedheid lucht diein de gaszijde komt.

Twee neonatale kunstlongen, Didew Lilli put (Sorin) en Polystan Microsafe (Polystan A/S,
Denmark) zijn getest op hun otluchtingskarakteristieken. Ondanks het feit dat de dficiéntie met
betrekking tot de gasuitwissling en warmtewissling zee vergelijkbaa is, is het ontwerp van
deze kunstlongen sterk verschill end. De testen zijn utgevoerd met runderbloed. Een bepadde

hoevedheid lucht wordt voor deinlaa in de bloedlij n geinjedeead in bdusvorm of continu.
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Figuur 28: De hoeveelheid lucht, gemeten in de dilatometer, de bellenvang en de kunstlong voor
de twee pediatrische kunstlongen, Lilliput en Microsafe. Boven: bolusinjectie van 20 ml; Onder:
continue injectie van 20 ml.

4.3.2 Resultaten

Twee resultaten zijn voorgesteld in Figuur 28 samen met de drukva bij een debiet van 600
mi/min. Uit de verschillende testen blijkt duidelijk dat het ontwerp en de constructie van de
kunstlong een invioed hebben op de ontluchtingscapaciteit <38>. Met name een combinatie van
een relatief hoge drukval, een direct contact met het membraan, het vermijden van hoge
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snelheden en een vezelstructuur (mattechndogie) verbeteren de ontluchting van kurstlongen.
Een hagere drukval blij kt voordelig te zijn bij ontwerpen waa geen ormiddellij k contad tussen
het bloed en het membraanis.

Algemeean kan men stellen dat men de klinische gevolgen van GME tijdens CPB kan reduceren
doa de duu van CPB te verminderen, een arteriéle filter te plaasen, een membraankurstiong te
gebruiken en bloedverlies in het operatieveld tot een minimum te beperken. Een hdle vezel
membraankurstlong met kruisgroming biedt het bijkomend voaded dat hij de werking van een
dieptefilter benadert.

5 Originele bijdragen

In dt proefschrift is de hydrodynamica e het massatransport in de kunstlong zowel in numero
asinvitro bestudead.

De stromingsweastand in het membraancompartiment van die hdle vezd
membraankurstiongen met kruisgroming is begroot in vitro. Een analyse van deze
stromingsweeastand in functie van de geometrische kenmerken van de kunstlong hedt geleid tot
het opstellen van een uneke, dimensieloze, semi-empirische relatie voor de stromingsweestand
in het membraancompartiment van een kurstlong tusen het Eulergetal, Ng, en het
Reynoldsgetal, Nge, Mmet de geometrische parameters: membraanporositeit, €, en karakteristieke
lengte, & Deze semi-empirische relatie lad toe de drukval in het membraancompartiment van de

kunstlong te voorspell en <34,

& _ p
N. =2 = —_—
BU g2 OH-NREE[QI—S)

Op analoge wijze is het zuurstoftransport in de kunstlong experimented bepadd zowel met
water als bloed. Het zuurstoftransport is op besis van een bestaand eendimensionad,
dimensieloos, semi-empirische model voor het zuurstoftransport in de hdle veze
membraankurstiong met kruisgroming <3> geanalyseed in functie van de geometrische
kenmerken van de kunstlong. Deze analyse hedt geleid tot het opstellen van een uneke,
dimensieloze, semi-empirische relatie voor het zuurstoftransport in het membraancompartiment
van een kurstlong tusen enerzijds het Sherwoodgetal, Ns, en het Schmidtgetal, Ns, en
anderzijds het Reynoldsgetal. Deze semi-empirische relatie laa toe het zuurstoftransport in het
membraancompartiment te voorspellen <37,

NSh

N &2 =¢ Eﬂeym (Nge
NSC
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Hierin zijn ¢ en m de constanten van het eendimensionaal model die athankelijk zijn van het
Pédet-getal.

Een numeriek twealimensionad mode is ontwikkeld dat toelag de stroming en het
zuurstoftransport rond een enkele vezel in het membraancompartiment in detail te modell eren, en
dit voor de easte mad gebasead op eindige dementen technieken. Men veronderstelt hierbij
dat:

. het membraancompartiment is opgebouwd ut parall ell e, identieke, rechte vezels.
. de stroomverdeling uniform is.
. de stroming isotherm, laminair, tijdsonafhankelijk, vodledig ontwikkeld en

tweadimensionad is.
Deze veronderstellingen laten toe de numerieke studie van het membraancompartiment te
reduceren tot de studie in een enkele emheidscd (met slechts één vezel) doa symmetrische en
periodieke randvoawaaden in te voegen. De periodieke randvoawaaden zijn enkel van
toepassng op ke snelheden in het model. Drie verschill ende vezelstructuren (“vierkant in lijn”,
“gekanteld vierkant” en “gelij kzijdige driehoek”) zijn gemodelleed om de invioed van de
geometrie te kunren onderzoeken. Door de resultaten verkregen op een eenheidscd uit te
breiden tot het totad aantal cdlen in de membraanmat, kunren de resultaten vergeleken worden
met eigen experimentele metingen en met gegevens van de fabrikant.
Uit de resultaten kunren lokale parameters afgeleid worden, zoas de drukval over een
eaheidscd bij een bepadd kurstlongdebiet, de zuurstofsaturatie aa de uitgang van de
eenheidscd en het zuurstofmassadebiet tijdens de doarstroming van de eeheidscd.
De invioed van een niet-newtoniaanse bloedviscositeit <36>, alsook de invioed van seaundaire
stromingen op de stroming, is in een eenheidscd bestudeed. Het verschil tussen een niet-
newtoniaans en newtoniaans vloeistofgedrag blijkt nogal beperkt voor wat betreft het
snelheldspatroon dooheen de eeheidscd.
De samenstelli ng van eenheidscdlen tot een vadledige membraanmatrix laa toe om met inbreng
van de vezellengte de stromingsweastand ower en het zuurstoftransport in een
membraancompartiment te voorspellen. De voorspelling van de stromingsweeastand is vrij
beperkt daa we met de invioed van de stroomverdeler en de vorm van het stroompad geen
rekening houden. De voorspelling voor het zuurstoftransport is vrij nauwkeurig en toort de
waade van het model aan. Dit model wordt vervolgens toegepast voor het zuurstoftransport
onder verschillende fysiologische stromings- en bloedgas randvoawaaden ut de klinische
praktijk. Men kan voaspellen dat de minimae bloedpadiengte om een utgangssaturatie van

99.5 % te bereiken maximum 40 mm bedraagt met bloed hj een temperatuur van 30 T, een
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hematocriet van 30% en een ingangssaturatie van 40 %. De bloedpadlengte in een kurstlong is
edter groter, ongevea 95 mm. Dit grote verschil biedt echter een grote veili gheidsmarge om bij
aauut zuurstoftekort toch nay aan de nodge zuurstoftoevoer te kunren vadoen.

Tendotte is een nieuwe techniek ontwikkeld waadoa we de ontluchtingskarakteristieken in
kunstlongen kunren begroten. De techniek laa toe de hoevedheid lucht te begroten, de
enerzijds doa het membraan naa de gaszijde van de kunstlong wordt getransporteed, en
anderzijds viade ateriéle lijn naa de patiént gevoerd. Uit de verschill ende testen blij kt duidelij k
dat het ontwerp en de onstructie van de kunstiong een invioed hebben op
ontluchtingscapadteit <38, Met name e& combinatie van een relatief hoge drukval, een dred
contad met het membraan, het vermijden van hage snelheden en een vezelstructuur
(mattechndogie) verbeteren de ontluchting van kurstlongen.

Voor zowel de hydrodynamica ds het massatransport zijn uneke semi-empirische relaties en een
tweadimensionad model ontwikkeld de bij het ontwerp van nieuwe kunstlongen kunren worden

aangewend.

6 Toekomstig onder zoek

Het onderzoek dat uitgevoerd is binnen dit proefschrift hedt een aantal beperkingen. Algemeen
IS verondersteld dat de stroomverdeling in het membraancompartiment uniform is. Daanaast
gaa men er van ut dat het membraancompartiment een constante porositeit hedt. De stroming
in het numeriek model is tweedimensionad en isothermisch. Dit is edhter niet aan de orde voor
wat betreft de stroming in een kurstlong. Enerzijds is de stroming driedimensionad en
anderzijds treedt er een temperatuurverschil op hj de doarstroming van de kunstlong waadoar
de fysische mnstanten van het fluidum niet constant zijn. Verder onderzoek kan hierover mee
duidelij kheid bieden.

De kunstlong wordt in de praktijk met bloed doastroomd. Daaom is het belangrijk om de
invioed van de bloedviscositeit op ce resultaten verder te onderzoeken, meea bepadd de invioed
van het gebruikte viscositeitmodel bij verschill ende hematocrieten en temperaturen.

Een kurstlong dient niet alleen om zuurstof naa het bloed te transporteren, maa ook om
kodstofdioxide & te voeren. De hier voorgestelde analysen kunren opneuw uitgevoerd worden
in dt perspedief. Dit vraaggt wel dat in het numerieke model rekening wordt gehouden met de
partieddrukstijging van kodstofdioxide over de lengte van de vezels.

Met het model van het gehele membraancompartiment kunren dan simulaties onder AAMI

condti es uitgevoerd worden en vergeleken met metingen opwerkelij ke kunstlongen.
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Een evaluatie van de dimensieloze relaties op hasis van de doarstromingsopperviakte in paas
van de stroomverdelerlengte kan, naast nieuwe experimenten op andere dan de drie bestudeede
kunstlongen, de dgemene toepasbaaheid valideren van de ontwikkelde dimensieloze relaties.

Tendotte is een parameterstudie op het twealimensionale model aangewezen om de idede
vezelcorfiguratie, zowel voor drukval als voor gastransport, te definiéren. Daanaast zal een
gedetaill eade studie van de invioed van de schuifspanningen op Hoedbeschadiging enerzijds en
op het gastransport anderzijds een nieuw licht kunren werpen op tet optimad ontwerp van de

kunstlong.



ABSTRACT

An artificial lung is used duing cardiopumonary bypass to oxygenate blood and to control
blood temperature. This thesis aims at studying the hydrodynamics and the oxygen transfer in a
crossflow hall ow-fiber membrane atificial lung in numero aswell asin vitro. The fluidsused in
the numericd model and duing experiments are water (“hydro”) and Hood (“hemo”).
Comparison o the results confirms the aility to transform water results to blood dita.

The figure below presents a schematic overview of the ams and the structure of the thesis. A
two-dimensional numericd model is developed to study the hydrodynamics and the oxygen
transfer in a unit fiber cdl of a membrane compartment of a aossflow halow fiber membrane
artificial lung. Subsequent unit fiber cdls are then assembled to predict oxygen mass transfer-
flow rate relationship in a membrane @mpartment. The model is compared to water

experimental data from three @mmercia artificial lungs.
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WATER/HYDRO

v A
IN NUMERO <« I » IN VITRO
A 4
BLOOD/HEMO

OXYGEN TRANSFER ———

Schematic representation of the thesis, “Blood flow and gas transport in artificial lungs: in humero
and in vitro analysis’

Abstract-1



Abstract-2

The analyses present unique, dimensionless, semi-empirical relationships for both the
hydrodynamics and the oxygen transfer in the membrane of an artificial lung. These results can
be applied to obtain an optima hydrodynamic design of hollow fiber blood-gas exchange
devices.
The thesis comprehends a Dutch synthesis, an elaborate English survey and one appendix. The
Dutch synthesis presents a summary of the published and unpublished in numero and in vitro
results for both the hydrodynamics and the oxygen transfer in an artificia lung. The English
survey is composed of eight chapters providing the reader with an extended historical
background, an introduction to the modelling of oxygen transfer in an artificia lung and a
collection of published and submitted peer-reviewed manuscripts detailing the scientific work
and results. In the conclusion, the original contributions to scientific knowledge are summarized.
In the appendix, a brief survey of representative results on the hemodynamics and the oxygen
mass transfer in blood for different unit fiber cellsis given.
In this manner, the thesis is composed as follows:

e Dutch synthesis

e English abstract

e Eight English chapters:

I Introduction to and History of Cardiopulmonary Bypass and Artificial Lungs

[l Introduction to and Modeling of Oxygen Transfer in Artificial Lungs

"l Hydrodynamic Characteristics of Artificial Lungs

v Blood Flow around Hollow Fibers

Vv Mass Transfer Characteristics of Artificial Lungs

VI Two-dimensiona finite element model for oxygen transfer in cross-flow hollow fiber

membrane artificial lungs
VIl Air-Handling Characteristics of Pediatric Artificial Lungs
VIl Conclusion

e Appendix



I |NTRODUCTION TO AND HISTORY
OF CARDIOPULMONARY BYPASS

AND ARTIFICIAL LUNGS

.1 I ntroduction

The natural lung is the organ in which blood exchanges oxygen and carbon dioxide with the
body environment. In turn, blood carries oxygen to al body tissues, to oxidize the nutrients
needed to sustain life. The end products of the chemical reactions that take place in tissues,
globally referred to as metabolism, include carbon dioxide, water and heat, all of which must be
eliminated. Oxygen is obtained from the air we breathe through diffusion at the level of the
pulmonary aveoli and then carried to the tissues by the hemoglobin in the red blood cells. The
carbon dioxide produced by the living cells is picked up by the circulating blood and brought to
the pulmonary capillaries. There it diffuses into the alveoli. Carbon dioxide is then conveyed out
by ventilation through the airways. These processes can be slowed down to a speed close to
resting levels by hypothermia or accelerated by hyperthermia, fever, and muscular exercise.

The challenge of replacing the functions of the natural lungs by an exchange device allowing
continuous blood flow and blood arterialization, was first outlined by physiologists at the end of
the 19™ century, but it could not be realized until the 1950s. The large transfer areas needed for
blood-gas exchange in an artificia lung were initially obtained by continuous foaming and
defoaming in a circulating blood pool or by spreading a thin film of blood in an oxygen
atmosphere. Because the direct blood-gas interface was found to be damaging to the blood as
well as difficult to stabilize over extended periods, membrane mediated processes were
introduced and are now almost universally preferred.

Between 1935 and 1954, John Gibbon, Clarence Dennis, and others pursued the development of
amechanical device to take over the function of the heart and lungs to permit surgical operations
on the heart and great vessels. The entire project was stimulated by a patient with a lethal
pulmonary embolism. Obviously, a machine that could be used to permit cardiopulmonary

bypass for this problem could be used for cardiac surgery and a variety of other applications as
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well. As a substitute for the heat, Gibbon sed a roller pump that remains in general pradice
even today. To substitute for the lungs, he devised a system in which anticoagulated bood was
diredly exposed to axygen, dipping along the wires of a verticdly mourted metal screen. The
approach o dired exposure of bloodto axygen was successul, and was subsequently modified
by Dennis, Morrow, Cross DeWall, Rygg, and many others, lealing to the single-use,
disposable, dired gas interfaceoxygenators which are widely used today. Lilli hel was the first to
use extracorpored circulation for cardiac surgery, establishing crosscirculation between a parent
and a ahild with congenital heat disease, using the parent as the heat/lung madine. Gibbonwas
the first to use the prosthetic heat/lung madcine for a cadiac operation, ogening the doa to the
routine gopli caion and successof extracorpored circulation for cardiacsurgery.
Artificial lungs are designed to replace on a temporary basis, the respiratory function d the
natural lungs and are often cdled “blood oxygenators’. Oxygen transfer has traditionally been
seen as the most important function keing replaced and, in most situations, proved to be more
limiti ng than carbon doxide transfer. The change in blood color between inlet and oulet aso
encourages the term oxygenator, considering that changes in blood carbon doxide wntent are
nat visible to the g/e and are more difficult to measure than oxygen transfer. The term “pump-
oxygenator” has been commonly used since the ealy days of cadiopumonary bypass It
corredly describes its function: it is a pump which replaces the main function d the heat and it
oxygenates blood. However, the term ignores the role of carbon doxide dimination in
maintaining aad-base balance a aiticd asped in prolonged use. Therefore, an axygen and
carbon doxide gas exchange deviceis best referred to as an “artificial lung”.
Artificial lungs are primarily utilized in cadiopumonary bypass procedures (CPB) for open-
heat surgery. A second application is the treament of aaute respiratory fallure (ARF), asgsting
the deficient gas transfer cgpadty of the natural organ.
Asisthe cae for most artificial organs, artificial lungs may be cdled upon
. to bypass the pumonary circulation in arder to replace the pumonary gas exchange
function entirely when the natural organ is totally disabled or, while still sound, must be
taken ou of commisgon for alimited time to allow a cadiac or cardiovascular surgicd
intervention.
. to asgst the deficient gas transfer cgpadty of the natural organ temporarily in the hope
that the heding processwill eventually repair the diseased organ.
. to assst the deficient gas transfer cgpadty of the natural organ permanently when
irreversible lung damage leaves the patient permanently disabled. Artificial lungs are
then utili zed for longterm partial or total respiratory suppart.
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Since most artificial lungs canna be placal in the anatomicd position d the natural lung,
venouws blood must be diverted from its normal path through the central veins, right heat, and
pumonary vascular bed. Venous blood is then rerouted, via cdheters and tubes, through an
extracrpored circuit that includes a pump and an artificial lung. Finally, the aterialized bloodis
returned to the aterial system.

When the pulmonary circulation is temporarily interrupted for surgica purposes and gas
exchange is provided by an artificial lung, it is often referred to as extracrpored circulation
(ECC) <67 In the operating room, the gas exchange devices as well as the pumps, which
circulate the blood,are locaed ouside the body, for convenience sake.

Thevision d cougding extracorpored blood pumping with extracmrpored gas exchange & alevel
of a performance sufficient to permit unhuried surgicd interventions in adult patients originated
with Gibbon <68, His initial laboratory models relied onrotating cylinders which spread blood
in a ontinuowsly renewed thin film, in the tradition o 19" century physiologists.

Worldwide, the annual use of disposable atificial lungs has been estimated at 1.1 milli on <69>
with prices for ead gas exchange unit ranging from € 400 to 500. More than 90 % of those
procedures are performed onadult patients. This represents the major use of these devices. As a
result, the focus of this thesis will be on axygenators used for cardiac surgicd procedures in
adult patients.

|.2 Cardiopulmonary bypass

Cardiopumonary bypass (CPB), also cdled heat-lung bypass alows the temporary
replacement of the gas exchange function d the lungs and the blood-pumping function d the
heat. As aresult, blood nolonger flows through the heat and lungs, presenting the surgeon with
an almost bloodessoperative field.

The term heat-lung madine graphicdly describes the equipment used. The procedure is
cadiopdmonary bypass by extramrpored circulation. Strictly spe&ing, open-heat surgery
refers to interventions inside the heat cavities, e.g. cadiac vave replacanent, corredion o
congenital abnamality, ... These provide the most frequent demand for cardiopumonary bypass
tedindogy. By extension, the term is aso applied to surgicd procedures which take place
primarily on the external wall of the heat, e.g. coronary artery bypass grafting (CABG) or
bypass sirgery. In these operations, the cadiac caities are temporarily vented to avoid the

build-up d presare that could damage the cadiac muscle. This cardiotomy suction and venting



Introduction to and History of Cardiopulmonary Bypass and Artificial Lungs I-4

Figure 1.1: Conventional venous cannudae A: Standard, tapered, two-stage cannuda for insertion
into the right atrium or inferior vena cava; B: Wirereinforced cannda for atrial or caval
cannuation; C: Canndawith right-angled tip for insertion into the vena cava nea its junction with

the right atrium. <>

are intended to prevent distension d cardiac dambers and air embalism and to provide adequate
surgicd exposure.

The heat-lung madine is part of a total, veno-arterial cadiopumonary bypass circuit. This
means that al the venous blood returning to the right heat cavities is colleded from the vena
cava in the extramrpored circuit and is circulated through the gas exchange device It is then
pumped badk into the ateria treg thereby “bypassng” the heat cavities and the pulmonary
circulation.

With resped to the blood, this procedure usually involves hemodilution, some degree of
temperature cntrol (hypothermia), (non)pulsatile aterial perfusion at a flow rate nea cardiac
output at rest, and continuous recirculation d bloodin an extracrpored circuit in series with the
systemic drculation d the patient. With resped to the gas, oxygen o an axygen-enriched gas
mixture (with o withou a low concentration o carbon doxide) flows from a moderately
pressurized sourcein a wntinuots, norrecycling manner and is vented to the room atmosphere.
Depending on the surgicd procedure involved (e.g. CABG, cadiac valve replacanent or
corredion d congenital abnamality), the duration d total bypasscan range from 1 to 3 hous.

1.2.1 Cannula

Typicdly, blood is drained by enhanced gravity (vacuum asssted venous drainage (VAVD) or
kinetic asgsted venous drainage (KAVD)) via caandaein the superior and inferior vena cava or
inferior vena cava and right atrium to the heat-lung macdine. There, the blood is pumped
through an artificial lung with aroller or centrifugal pump and bad into the systemic vasculature
via an arterial cannua, which is placed in the ascending aorta.

Cannuae ae usually made of aflexible plastic, possbly reinforced to prevent kinking. They can
be straight or right-angled.
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Venous cannulae (Figure 1.1) are either single or two stage (cavoarterial). The latter have a wider
portion with holes in the section designed to sit in the right atrium and a narrower tip designed to
rest in the inferior vena cava.

The arterial cannula (Figure 1.2) is usually the narrowest part of the extracorporeal circuit. Some
arterial cannulae are designed for insertion into the ascending aorta and have different tip

geometries.

.22  Pump

The ideal pump for CPB should be able to deliver physiologic blood flows against high
resistance without damaging blood, it should provide flows that are exact and easily monitored,
it should create no turbulence or stagnation, and it should be manually operable in the event of a
power failure. However, in reality, there is no such pump and one can only rely on two types of
pumps, i.e. roller pumps and centrifugal pumps.

Roller pumps are positive displacement pumps and have the advantage of simplicity, low cost,
ease of use and reliability of flow calculation. They have the ability to pump against high
resistance without reducing flow. Disadvantages include the need to assess occlusiveness, the
capability to pump large volumes of air, the ability to create large positive and negative pressures
and spallation of the inner tubing surface which might lead to particulate arterial emboli.

Figure 1.2: Aortic cannulae. A: Bevel-tipped tapered THI-type cannula with molded flange near
tip; B: Similar cannula without a flange; C: Metal-tipped right-angled cannula with plastic molded
flange for securing cannulato aorta; D: Diffusion-tipped angled cannula.
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Figure 1.3: Sarns developed a pump head in which the ocdusion could be aljusted without any
hand todls while the pump head was rotating. They eliminated a gea head drive system and
transmitted power from a variable speed motor diredly to the pump heal using a state of the at

belting system. <70>

In the 195G and 196G, roller pumps (“die Beckshe Muhle”) (Figure 1.3) prevailed over any
other mechanism as the blood popusion equipment for the dinicd heat-lung macdine. The
roller pump was commonly used in dona-to-patient blood transfusion, and it was fandard
equipment for organ perfusion studies in physiology laboratories. Cardiopumonary bypass
required a much higher flow cgpadty (up to 8 I/min) than these ealier applicaions. Increased
performance was adieved by resorting to large-bore flexible tubing, long circular pumping
chambers in overdimensioned howsings, and a fast, controllable rate of revolution d the rotor
asembly. Roller pumps come & one-roller, twin-roller, and multiple-roller models. Some use
elaborate stop-and-go or speed control mecdhanisms to achieve pulsatil e rather than steady flow.
Its smplicity, its longterm reliabilit y, its ocdusiveness and its ability to use ahand crank in case
of power failure positioned the twin-roller pumps as the blood-pumping system in the operating
room.

Centrifugal pumps offer the alvantages of lessr air pumping cgpabiliti es, lesser abiliti es to
crede large positive and regative presaures, less blood trauma, and virtualy no spallation.

However, centrifugal pumps are dterload-dependent requiring constant flow measurement.
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1.2.3  Heat exchanger

Because of the need to offset the cooling during the extracorporeal passage of blood and the
frequent desire to intentionally cool (hypothermia) and then rewarm the patient, a heat exchanger

isincluded as part of the artificial lung, either before or contiguous with the gas exchange unit.
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Figure |.4: Detailed schematic diagram of a typical cardiopulmonary bypass circuit using a
membrane artificial lung (orange) with integral hard-shell venous reservoir (yellow) and externa
cardiotomy reservoir (magenta). Venous cannulation (blue) is by a cavoatrial cannula and arteria
cannulation is in the ascending aorta. Some circuits do not incorporate a membrane recirculation
ling; in these cases the cardioplegia blood source is a separate outlet connector built-in to the
artificial lung near the arterial outlet. The systemic blood pump (green) may be either aroller or a
centrifugal type. The cardioplegia delivery system is a one-pass combination blood / crystalloid
type. The cooler-heater water source may be operated to supply water to both the artificial lung
heat exchanger and the cardioplegia delivery system. The air bubble detector may be placed on the
line between the venous reservoir and systemic pump, between the pump and membrane artificial
lung inlet or between the artificial lung outlet and arterial filter (neither shown) or on the line after
the arteria filter (red). One-way valves prevent retrograde flow (some circuits with a centrifugal
pump also incorporate a one-way valve after the pump and within the systemic flow line). Other
safety devices include an oxygen analyzer placed between the anesthetic vaporizer (if used) and
the artificial lung inlet and a reservoir level sensor attached to the housing of the hard-shell venous
reservoir (on the left). Arrows, directions of flow; X, placement of tubing clamps; P, pressure

sensor and T, temperature sensor. <>
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They are usually located proximal to the gas exchanging sedion d the drcuit to minimize the
risk of releasing microbubbes of gas from the blood, which could occur if bloodis warmed after
being saturated with gas. An additional risk of hea exchangers is water ledkage into the blood
path.

The hed transfer surfaceis usualy made of stainless sed, auminum, or polymers. To maximize
hea efficiency of hea transfer, designers try to maximize the available surface aeafor hea
exchange by using fins extending into the blood. Finning reduces the number of water channels,
which in turn simplifies construction d the hea exchanger and deaeases the potential number of
places where fluid legks might occur. Bloodand water flow in cournter-current or in crossflow.
Although at times hot and cold water is supgied from wall outlets to a mixing valve to adjust the
water temperature in the hea exchangers, most commonly a dedicaed stand-alone water cooler
and heaer is used for this purpose.

In the ealy days of CPB, rapid coding was commonly used at the onset of CPB, when the
circulating water is cooled to temperatures approaching 0 °C by an ice bath, thus rapidly coadling
the blood.

At the conclusion d CPB the rate of rewarming is not limited by physicd constraints but by
concerns regarding blood daimage due to overheaing and bublbe formation becaise of the lower
gas Dlubility of warmer blood. Therefore, to prevent formation o gaseous microembdli, the
temperature gradient between water and bloodshoud na exceed 10 C.

Besides the mgor venous and arteria connedions and the atificial lung, hea exchanger, and

pump, there ae many other comporents to the heat-lung macdine (Figure 1.4).

1.2.4 Venousresarvoir

The venous reservoir serves as a buffer for fluctuations in venous drainage and is a source of
fluid for rapid transfusion. It is placel before the membrane atificial lung. It may also serve asa
gross bubHe trap for air that enters the venous line, as the placewhere blood, fluids, or drugs
may be aded, and into which the cadiotomy reservoir empties. It aso serves as a high-
cgpadtance (i.e. low presaure and thus mimicking the cgadtance of the venous g/stem)
recaving chamber for venous return and hence fadlitating gravity drainage of venous blood.
One of its most important functions, however, is to provide time for the perfusionist to ad if
venouws drainage is darply reduced o stopped, to avoid pumping the CPB system dry and
risking massve ar embalism.

To alow adequate operator readion time, the venous reservoir shoud contain a minimum blood

volume ranging from 0.75to 2.00liter, depending on the blood flow rate. It is desirable to
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minimize the volume in the remainder of the CPB circuit, to avoid excessve dilution d the
bloodwith the physiologicd solution.

Various fluids, such as blood and crystall oid solutions, and dugs may be alded to this reservair.
Severa suction devices and systems, usualy using one or more of the roller pumps, may aspirate
blood and gas from the open-heat chambers (hence the term “cardiotomy suction”), surgicd
field, aortic root (during aortic aossclamping as a left-ventricular vent and after unclamping as
an air vent), and left ventricular vent. This blood is then passd into the cadiotomy reservoir,
which may be incorporated in the housing of an open (hard-shell) venous reservoir or may first
flow into an external cardiotomy reservoir before being emptied into a separate venous reservoir.
Hard-shell reservoirs have the alvantage of measuring volume eaily, of handing venous air
more dfedively, of often having larger cgpadty and being easier to prime, and d permitting
applicaion d suction for vaauum-asgsted venous return. The soft bag reservoirs eliminate the
gas-bloodinterface ad reduce the risk of massve ar embolism because they will coll apse when

emptied and do no permit air to enter the systemic pump.

.25  Cardioplegia

A cadioplegia delivery and / or coronary perfusion system is another component that typicaly
uses one of the roller pumps for administering blood o cardioplegic solution to the coronary
arteries, aortic root, or coronary sinus. This circuit usualy includes a separate hea exchanger
and may include areservoir and sometimes a redrculation line from the surgicd field, which is
used when cardioplegic solution is nat being administered into the heat, although a single pass

delivery system is more commonly used.

1.2.6 Filters

A number of filters (maao o micro) is often included at various locdions in the CPB circuit
(e.g. cadiotomy reservoir, venous reservoir, artificial lung, and arterial line). Multi ple strategies
have been suggested to reduce the hazards of embdlization, bu the most obvious is the use of
micropare filters. Two types of micropare filters are available. A depth filter consists of paded
fibers or porous foam. It has no defined pae size, but presents a tortuous large wetted surface
that filters by impadion and absorption. Screen filters are usually made of woven pdymer thread
which has a defined pae size and filters by interception. However, the smallest pore screen
filters (0.2to 5.0um, used for prebypassfiltration) are made of membranes. They block nat only

particulate eanbali but also grossand microscopic air emboali.
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Figurel.5: A conventional adult arterial line microfilter and bubble trap. Blood enters tangentially
at the top (left), which encourages any possbly entrained bubbles to rise to the top where they are
vented out through a @ntinuous purge line cnneding the threeway stopcock to the cadiotomy

or venous reservoir. Blood then passes througha screen microfilter (20to 40pum pore size). <>

1.2.7  Miscelany

An adjustable damp o remote venous line ocduder regulates the main venous drainage line. A
separate tubing clamp is used onthe systemic flow line whenever the patient is not on CPB to
prevent badcflow out of the aterial cannua, particularly when a centrifugal pump is used.

A source of oxygen, air and sometimes cabon doxide, with appropriate flow meters and
blenders, supgies ventilating gas to the atificia lung, usualy through an in-line anesthetic
vaporizer.

Also included are sampling ports (pre- and past-artificial lung), pressure-monitoring sites such as
the cadioplegia-coronary perfusion ddivery line and the ateria line (after the systemic pump
but before the aterial filter), and arterial and venous in-line blood-gas monitors. Temperature
monitoring at the water inlet and oulet of the hea exchanger, of the venous and arteria blood

and d the cadioplegic solution, are dso present.
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Whenever a centrifugal pump is used, a flow meter must be included in the systemic outflow
line. Various sfety devices and monitors, besides those dready mentioned, are frequently
incorporated into the CPB circuit. These include: a buble trap on the ateria line with a
microfilter incorporated; a purge line including a one-way valve which drains bad to the venous
or cadiotomy reservoir; a bypass line that goes around the ateria filter in case the latter
beames obstructed; an air bublde detedor on the systemic flow line; a low-level alarm on the

Figurel.7: Guill otined head of adog in perfusion experiments of Brukhonenko and Tchetchuline.
This preparation relied on gas exchange from a second danor dog's lungs. <72
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VeNnous reservoir.

Minimizing blood trauma, prime volume, resistance to flow, and avoiding le&s (either outward
blood flow or aspiration d air), are @nsiderations in the seledion d tubing and conredors.
Keguing tubing as dhort as possble will reduce prime volume, presaure gradients (resistance to

flow), and Hoodtrauma.

1.3 The heart-lung machine: history and development

Cardiopumonary bypasshinges ontwin pcstulates.

. bloodcirculation can be sustained by medhanicd pumps whil e the heat is arrested

. venouws blood can be atificialy arterialized in an extracorpored gas exchange device
whil e bloodflow is excluded from the lungs.

Ead o these daims was establi shed separately through animal experimentation ower the course

of over 100 yeas. Then surgeons and engineas combined the alvances made by physiologists

and pharmaaol ogists and turned them into the basic tod of cardiacsurgery, beginningin 1951.A

number of developments made the transition from the research laboratory to clinicd open-heat

surgery possble and they occurred succesdully in the Department of Surgery at the University

of Minnesota.

1.3.1  Historical background

The mncept of blood perfusion and d a medianicd device for blood ocygenation aiginated in
the 19" century. In 1812, César-Julian-Jean LeGallois <73 suggested that a part of the body
might be preserved by some sort of external perfusion device This suggestion was based onthe
observations of other investigators that some tisaues and agans of apparently dead animals could
temporarily be brought bad to a seemingly living state by restoring the flow of bloodto them.
The success of such perfusions, however, depended on the use of oxygenated blood <74. The
hardest problem in designing a mechanicd CPB device was supdying an adequate anourt of
oxygen to the blood. Brown-Sequard remgnized the neal to axygenate the blood and wsed
syringes for perfusion. He putted axygen into the dark venous blood by beding the blood
vigoroudly.
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In 1882, Waldemar von Schroder <7€ introduced the technique of bubHding the blood. The
“bublding” method was based onthe suppasition that a thin layer of blood would surroundthe
bubles of a gas such as air or oxygen. In turn, that layer would absorb oxygen, give off cabon
dioxide, and then bust and leave the blood free of gas. However, this technique was
unsatisfadory becaise of the foaming of the blood and the gas embdism. Thaose difficulties
could na be overcome urtil anti-foaming agents becane avail able <77>,

In 1932, vonEuler and Heymans <78 introdwced a variant of the bubHing method, the
“spraying” tedhnique. This tedhnique however, caused far too much damage to the blood to be
useful.
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Figure1.8: A: Film oxygenator of Daly and Thorpe. This device was used for isolated day heat
preparations. Defibrinated blood was dispersed from jets onto spinning discs (F, G, H) where it
filmed dowvn three ncentric glasscylinders (A, B, C). An arrangement of oxygen jets at the base
provided an oxygen-rich atmosphere for gas exchange. Oxygenated blood dained through two
blood aitlets (M) to areservoir through a filter and then into the left or right atria of the isolated
heat. B: Perfusion system of Lindbergh and Carrel. This elaborate blown-glass device provided
sterile pulsatile perfusion of various organs using reguated compressd air to vary the presaure
and perfusion rate. The perfusion fluid passed from the reservoir chamber (18), which was under
pulsating presaure, into the mouth of the feed tube (19) and throughthe feed tube (20) where it was
filtered by two platinum screens (21). The fluid then passed through the canua, through a silica
sand filter (6), past the upper (9) and lower (15) floating valves which prevented badk flow of the
fluid, and then to the starting point in the reservoir chamber (18). The organ chamber is the slanted
portion (4) at the top. Cotton-filled bulb chambers (1, 2, 12, 22) prevented baderial contamination
of the organ and circulating fluid. Floating dassvalves and ather chambers provided regulation of
internal and external presaures on the organ. The perfusate was filtered througha wlumn of silica
sand (6). Temperature of the organ and circulating fluid was maintained by pladng the eitire
apparatus in an incubator. The perfusion fluid was oxygenated by surface ontad with the oxygen

rich ges mixture, <717275>
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The best technique for oxygenating the blood was the “filming” method, popaosed in 1885 ly
Max von Frey and Max Gruber <7%>. This method was founded on the hypothesis that a
sufficiently thin film of blood exposed to oxygen would provide agood medhanism for gas
exchange. Blood was dispersed as a thin film inside arotating slanted cylinder filled with
oxygen. The oxygenating cgpadty, however, was quite small and sufficient only for perfusion d
isolated organs. The method d Richards and Drinker <80 filmed the blood ty having it flow
down a doth cylinder inside an axygen chamber. The method d Baylisset al. <81> dispersed the
blood ower the surfaceof a series of cones. Instead of using cones, Daly and Thorpe’ s device <82>
dispersed and filmed the blood ona glasscylinder down which it descended (Figure 1.8A).
Patterson and Starling <83 and Hemingway <84 oxygenated the blood with the help o the
animal’s own lungs. Others used the repetitively inflated lungs of a second “dona” animal <85>
87> (Figure 1.7 and Figure 1.9). Brukhorenko wsed this technique in an attempt to bypass the
norfunctioning heats of dogs <8588, Althowgh ursuccessul, Brukhorenko's vision was
remarkable becaise it seams clea that he recognized the ultimate value of CPB and its potentia
use in humans. However, using the lung of a human “dona” would never be judged entirely safe
and padicd, despite Lillehei’s dhort-lived controlled crosscirculation (19541955 <8990> |n
the 19305, Carrel and Lindberg <91-94> (Figure 1.8B) pioneeed the science of surviving organ
perfusion and identified many of the obstades to function peservation duing prolonged
artificial bloodcirculation.

The discovery of heparin, in 1916<95>, made successul extracorpored circulation passble.

Thus the basis for CPB had naw been laid in the first decales of the 20" century, but that did nat
sufficefor amethodthat would be gplicable when bul ding an apparatus for human use.

1.3.2  Hypothermia

The pioneas of hypothermia, Bigelow <96>, Lewis <97.98> and Swan <99, demonstrated the
feasibility of temporarily lowering the body temperature to deaease tisaie metabolism and
consequently also perfusion reels during surgery. Moderate hypothermia (28-30 °C), aso
referred to as surface hypothermia because the patient was immersed in ice-cold water before
cadiac surgery, served to lower body temperature and metabolism and allowed a period d
circulatory arrest. The world’s first succesful operation within the open human heat under
dired vision accurred on September 2, 1952.Dr. F. John Lewis, after a period d laboratory
reseach on das, successully closed a ssaundum atrial septal defed (ASD) <97> in a 5-yea old
girl under dired vision wsing inflow stasis and moderate total body hypathermia. Dr. Lewis had
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Figure 1.9: Organ perfusion apparatus of Jambi. This complex device relied on ventilated (R)
donor longs (chamber E,, right) to provide gas exchange. At the top center, arotating cam (M) and
hinged plates (A) arrangement alternately compressed bulbs (a; and a,) to pump bloodto the organ

to be perfused (chamber Ej, left). <72

been inspired by Bigelow's experimental studies <96> on genera body hypothermia @ a
technique for open-heat repairs. Hypathermia with inflow stasis proved to be an excdlent
method for simple aria defeds and isolated congenital pulmonic or aortic stenases <9899,
However, failure was uniform when this technique was applied to more wmplex lesions. These
experiences reconfirmed the oft-predicted need for a perfusion method for the more complex
intra-cardiaclesions.

Surface hypathermia was relatively safe but time-consuming and inefficient since eternal
coaling was dow to read the vital organs in the magjor body cavities. Therefore, hea exchangers
were inserted in extracorpored blood circuits to achieve wre hypothermia, that is, rapid codling
of organs and tisues. Core hypothermia mbines the alvantages of medanicd
cadiopumonary suppat with those of reduced axygen needs. Additionaly, hypathermia dlows
amargin o safety in the event of medanicd breskdown. Furthermore, criticd organs (e.g. the
brain) are proteded by hypothermiafor aperiod d 10-12 minutesif the bloodflow ceases.

1.3.3  Cardiopulmonary bypass: initial efforts

The first attempts to use aheat-lung madine for total CPB to permit intra-cardiac surgery in
humans were caried ou by Dennis et a. onApril 5, 1951<100>, Dennis used the rotating screen
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oxygenator he had developed in Minnesota. Two petients were operated on within a month’s
time but bath ded in the operating room. The fail ures were related to the high perfusion rates
that were mnsidered necessary. Other scientists who clinicdly used extracrpored circulationin
the ealy 1950 were Dogli otti <102> and Helmsworth <102103>,

The next milestone was reated in May 1953 ty Dr. John Gibbon <105 who hed started work
on a “pump-oxygenator” in the 1930s. Inspired by the tragic deah of a woman with a pumonary
embalism and faced with the goparent impasshility of shurting the bloodaroundthe obstade, he
would attempt to buld an apparatus that could take over al the functions of the heat and lungs
for a period d time. This heat-lung madine that would make passble operations on the heat
itself and even inside its chambers, a heat-lung madine that would make CPB a redity.
Gibboris initial laboratory models of blood ocygenators relied on rotating cylinders to spread
blood in a thin film in the tradition d von Frey and Gruber (Figure 1.11). His clinical model,
built with technicd suppat from IBM, was a stationary oxygenator, a bulky device in which
venous blood was evenly smeaed ower a stadk of verticd wire screen meshes in an axygen
atmosphere, gently flowing downward to acaimulate in a reservoir from where blood could be
returned to a systemic atery. On May 6, 1953he successully operated ona patient with an atrial
(seaundum) defed <106> with the GibbonIBM heat-lung machine (Figure 1.10). However, at the
time there was little enthusiasm or interest for Gibboris technique anong cardiologists and
cardiac surgeons. There were severa reasons for this. Firstly, Dr. Gibbon ory oncerepeded Dr.
Lewis successs beginning 8 months ealier and could nd repea or extend hs one success

Figure 1.10: Dr. Gibban with the Gibban-IBM heat-lung machine and the patient he saved with
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<106,107> Secondly, Dr. Lewis was regularly closing atrial septum defects under direct vision
using inflow stasis and moderate hypothermia with excellent results <97.98>, Thirdly, Dr. Gibbon
himself abandoned open-heart surgery as a means to repair human heart lesions after five failures
on atrial septum defects.

From 1951 until the beginning of 1954, there were many reported attempts to use CPB for intra-
cardiac operations. However, there was one common scenario: good-to-acceptable survival in the
experimental animals but universal failure when the same apparatuses and techniques were
applied to humans. What was necessary, many thought, was a means of mechanical support for

the heart during its recovery period.

1.3.4  The"azygosflow” concept

It has been observed repeatedly by Dennis et al. <100>, Gibbon <106>, and Helmsworth et al. <103>
that one of the universal problems in a very large part of the early failures with ECC was the
enormous and unexpected blood return out of the open hearts due to well-devel oped systemic-to-
pulmonary collaterals, which made accurate vision amost impossible.

RO

Figure 1.11: Early extracorporeal circuit of Gibbon. Venous blood was withdrawn by a finger-cot
pump (E, F) and transmitted to the inner wall of a vertical rotating cylinder (A, left) where it was
exposed to an atmosphere of 95 % oxygen and 5 % carbon dioxide for gas exchange. Using this
apparatus, Gibbon and his wife were able to support the cardio-respiratory needs of cats for up to

68 minutes during occlusion of the pulmonary artery. <72>
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During some canine experiments in which the cavraewere temporarily ocduded to test tolerance
limits of the brain and heat to ischemia <10810% jt was discovered that if the aygos vein was
not clamped (but al other inflow to the heat was), the resulting very small cardiac output (8 to
14 ml/kg/min) was sufficient to sustain the vital organs (brain, liver, heat and kidneys) safely in
every animal for aminimum of 30 minutes at normothermia. The universaly accepted minimum
flow or basal cardiac output for CPB at normothermia was at that time cnsidered to be 100to
165 ml/kg/min in animals and humans <100106110> Both studies however, confirmed that only
abou 10 % of the so-cdled basal cadiac output was neeaded to sustain animals unimpaired
physiologicdly for areasonable period at normothermia.

With the basal cardiac output, venous blood returned with 65 % to 75 % of its oxygen content
unused. There was no plysiologic harm whatsoever in fully using the oxygen contained in the
blood. Thus, the “azygos flow was redly nat low flow, bu physiologic flow” <11 This low
flow or physiologic flow quantity was only 10 % to 20 % of what others deemed necessary.
Consequently, succesdul open-heat surgery was to be expeded in the nea future.

The low-flow principle made aitogenous lung oxygenation much simpler and thus also more
attradive. However, due to kinking problems of the extra cainuae and tubing in the operative
field in anima studies, these extrapumonary cannudae were completely removed from the
operative field by using a separate dona anima for oxygenation (crosscirculation) <112,
Dodrill et al. <113, in collaboration with the General Motors Corporation engineea's in Detroit,
developed a blood pump for anima and clinicd use & aright, left or combined heat bypass
with autogenous lung oxygenator. However, their use of high flow rates led to a significant
amourt of collateral flow within the bypassed heat, making it difficult to open the heat withou

sizable blood|osses, which made therapeutic maneuvers difficult or even impaossble.

1.3.5 Hemodilution

In the ealy days of cadiopumonary bypass when the highest achievable perfusion flow was
often much below the resting cadiac output, hemodilution implied a diminished oxygen-
carying cgoaaty of the blood and less metabalic suppat of the tisaues. It was therefore to be
avoided. However, the blood kanks could nolonger supgy all the blood requested for a growing
number of surgicd procedures and dlution was unavoidable. Hemodilution was a major
techndogic advance in ECC <114115; the “pump-oxygenator” could be primed with norrblood
solutions (saline, physiologic salt solutions, plasma expanders), thereby immensely reducing the
neal for dona blood and at the same time improving the quality of perfusions by a reductionin

viscosity and improving the safety by reducing foreign blood transfusion. Hemodilution also
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improves rena blood flow and tissue perfusion and dminishes hemolysis rates. DeWall et al.
<116117 confirmed the benefits of hypathermic hemodil utionin ECC.

1.3.6 Controlled cross-circulation

Lillehei et al. <8990> ysed controlled crosscirculation with physiologic flow (the “azygos flow
concept”) on days to permit some open-heat experience on animals withou the need for a
complex conventional “pump-oxygenator”. The term “controlled” refers to the use of a pump to
preasaly control the balance of the volume of blood flowing into and ou of the dona and the

patient. Crosscirculation for clinicd intra-cardiac operations (mainly corredion d congenita

Figure 1.12: Dired-vision intra-cardiac surgery using extracorpored circulation by means of
controlled crosscirculation. A: The patient, showing sites of arterial and venous cannuation. B:
The donor, showing sites of arterial and venous canndation. C: The single Sigmamotor pump
controls the redprocd exchange of blood between the patient and daor. D: Close-up of the
patient’s heat. The aterial blood from the donor was circulated to the patient’s body throughthe

catheter that was inserted into the left subclavian artery. <118
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heat defeds) was an immense departure from established surgica pradice a the time (1954

(Figurel.12).
Lillehel (1954 paired a hedthy adult dona with a blood-compatible cild in need of surgicd

i
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Figure 1.13: Stationary screen extracorpored circuit used by Gibbon in animal experiments just
before dinicd applicaions. Two roller pumps (D, P) are used to withdraw and reinfuse blood from
the aiimal. A third roller pump (E) redrculates oxygenated blood ty withdrawing it form the
tubing line to the ateria pump (P). This maintained a constant supply of blood that was fil med
down a series of screens (J) contained in an oxygen-rich atmosphere for gas exchange. A screen
filter with stopcock (Q) is locaed in the aterial tubing line for blood filtration just before its

reinfusion into the animal’s artery. <72>

Figure1.14: The Mayo Clinic-Gibbon screen oxygenator. This model was used in 1955 diring the
first series of open-heat operations performed by Dr. John Kirklin and asociates at the Mayo

Clinic, Rochester, Minnesota. <118>
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repair of a cadiac malformation <8%> (Figure 1.15). Crosscirculation was used exclusively from
March 26, 1954through February 1955 for 45 operations. Twenty-eight patients undergoing
ECC survived their operation and were discharged from the hospital.

Crosscirculation was reserved for high-risk patients. By July 9, 1955the bublde oxygenator had
beame the sole method. There was no done mortality and nolong-lasting dona sequelae<119,
Crosscirculation was © successul because the dona automaticaly correded all the various
hematologic and metabdic derangements. The homeostatic mecdhanisms of the dona
automaticdly correded the untold number of most, at that time, unknavn physiologic
aberrations evoked by total body perfusion. The spedaaular successof clinicd cross-circulation
operations gimulated intensive laboratory work on alternative methods for CPB withou the need
for aliving human dona.

Other bypass methods (bubHde oxygenator, dag-lung and monkey-lung oxygenator <121-123> gand

arterial reservoir <89124) were used for lower risk patients.

1.3.7  Heterologous biologic oxygenators

Beginning on March 1, 1955,a series of clinicd open-heat operations was darted at the
University of Minnesota using a pair of canine lungs as oxygenators (heterologous lung

oxygenation), following an approach taken by Jacobi <87> and Brukhorenko <8588 Twelve

L

Figure 1.15: The scene on March 26, 1954 in Operating Room B, University of Minnesota
Medicd Center, during the first controlled crosscirculation operation. At that time, a ventricular
septal defed was successul visualized by ventricular cardiotomy and closed in a 12-month-old
infant. Dr. Lillehei is on the patient's left with headlight; Dr. Richard Varco is the first asgstant
aaoss the table. Arterial and venous cannuae from the father's groin can be seen on the right.
<120>
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patients were operated on, with four longterm survivors <122123> Mustard and asociates <121>
used monkey lungs, bu there were only three survivors in their series of 28 petients between
1952 and 1956.The fragility of animal lungs and the risk of transmitting infedions made this
technique dinicdly precaious. This tedhnique was abandored orce medianica oxygenators

becane avail able.

1.3.8  Extracorporeal circulation from areservoir of oxygenated
blood

On March 3, 1955thefirst of a series of five infant patients was operated onat the University of
Minnesota for intra-cardiac repairs of ventricular septum defed or transposition d the grea
vessls by continuows perfusion from a reservoir of oxygenated blood <8912412% The
arterialized venous blood for perfusion was drawn in the blood kank a few hous preoperatively
using an ardinary venipuncture on donas whose ams had been immersed in water heaed to

45°C for 15 minutes before olledion, which eff edively oxygenated the venous blood.

1.3.9 Themedanical “pump-oxygenator” for cardiopulmonary
bypass

The main problems with Gibboris clinicd model, besides its cumbersome dimensions, were to
avoid blood streaming and to maintain a cnstant blood-gas exchange aea Other investigators
tried to increase the flexibility of the system by repladng the stationary film suppat with
rotating screens or rotating discs partly immersed in a pod of blood. This all owed some control
of gas transfer performance by changing the rational speead, bu minimizing the blood content of
the device dictated a tight fit between the discs and the horizontal glass cylinder surroundng
them.

In two pubications in 1955from the Mayo Clinic, Jones et a. <126> and Donald et a. <127
described their experimental results using the design o the Gibbontype screen film “pump-
oxygenator” as originaly built by IBM and modified by the Mayo Clinic (Figure 1.13 and
Figure 1.14). Their first clinicd applicaion was on March 22, 1955Four out of eight patients
survived <128 By September 1958, 245 gtients had been operated onat the Mayo Clinic by
Kirklin et a. <129 The Gibbontype “pump-oxygenator”, however, was very expensive,
handcrafted, and very impressve in appeaancebut difficult to use and maintain.
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Figure1.16: The Sarns disc oxygenator took the form of a stainless steel shell with alexan plastic
cover material from General Electric. The oxygenator featured less priming volume, an anti-vortex
blood outlet, and easier disassembly and cleaning. Nurses spent enormous amounts of time
disassembling, cleaning and maintaining hundreds of parts used in the early open-heart surgeries.
The materials of choice were stainless steel, Pyrex glass, silicon rubber, and latex tubing that was
routinely autoclaved and used in surgery repeatedly. In those days the surgeons spent vast amounts
of time in the laboratories perfecting their skills and running the equipment. They knew how

everything worked and demanded high quality. <70>

1.3.10 Therotating disc film oxygenator (Kay-Cro0ss)

In 1956, Dr. Frederick Cross and Earl Kay developed a rotating disc oxygenator, the Kay-Cross
apparatus <130-132> \which was widely used in the later 1950s, particularly in the United States.
It had multiple vertical discs placed on a horizontal axis that rotated, with the discs dipping into a
pool of venous blood, creating a film on the discs in an atmosphere of oxygen. Although the
device was nondisposable, difficult to sterilize and had large priming volumes and clinical
limitations (rapid loss of efficiency if hemodilution was attempted), it became commercialy
available in contrast to the Mayo Clinic-Gibbon machine. The Kay-Cross filming unit appealed
to cardiac surgeons who at that time could not or refused to believe that bubble oxygenation was
more efficient, safer, ideally adapted for hemodilution, simpler to use and less expensive than the
filming units. Foaming and hemolysis were encountered at high disc spinning velocity, and these
designs were eventually abandoned. Nevertheless, the spinning disc oxygenator was in clinical
use in Uppsala and Stockholm for almost 20 years <133>, Figure 1.16 depicts a disc oxygenator
designed by Richard D. Sarns <70>,

1.4 The bubble oxygenator

The very first strategy of physiologists to exchange oxygen and carbon dioxide in venous blood

had been to let pure oxygen bubble through a stationary blood pool. To turn this batch process
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Figure 1.17: A: Diagram of the 1955 DeWall-Lillehei helix reservoir, disposable bubble
oxygenator for adult surgery. The upright oxygenating column with the venous blood mixing with
oxygen bubbles formed at the base, transverse debubbling chamber, and the spiral (helix)
debubbling reservoir immersed in a water bath are evident. The two insets diow the wavelike

pattern of the Sigmamotor pump’s “fingers’ <118 B: DeWall and the bubble oxygenator. <104

into a cmntinuows operation for total body perfusion, Hood was colleded through cannuaefrom
the central veins by a siphon @ a pump. It was driven upwvard in avertica chimney, mixed with
a strean of oxygen gas bubles, and finally passed through filters and defoaming sponges to
colled buble-free aterialized blood,which could then be used to perfuse the aterial tree

.41  Development of the bubble oxygenator

Before 1955, there was universal agreament among the world's authorities on ECC that blood
could not be aterialized for clinicd CPB by a bublde oxygenator becaise of potential problems
with air embalism.

However, on May 13, 1955,DeWall and Lillehel, began routine dinicd use of a simple
disposable helix reservoir bublde oxygenator, based on their dog laboratory reseach. In ther
first report, Lillehel et al. described surgery on seven patients, al of whom awoke
postoperatively, withou any evidence of neurologicd, hepatic, or renal impairment <134135 The
operations took dace & normothermia with perfusion rates of 25 to 30 ml/kg/min. As the
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Figure1.18: Evolution of the simple disposable DeWall-Lillehei bubble oxygenator for open-heart
surgery. A: Thefirst 1955 clinical model, successful on infants and children. B: Later in 1955, the
helix reservoir model with adult capacity was developed. C: A 1956 commercially manufactured

model, shipped sterile in package, ready to hang up and use. <118>

number of patients having open-heart surgery by ECC increased rapidly, the bubble oxygenator
was refined to increase capacity for adult patients (Figure 1.17).

Despite concerns over the potential risk for air embolism, the DeWall-Lillehel bubble
oxygenator was an instant success because it had so many practical advantages. It was efficient,
inexpensive, heat sterilizable, easy to assemble and check, and it had no moving parts. Because it
could be assembled from commercialy available materials at a small material cost, it was also
disposable. The development of the self-contained unitized plastic sheet oxygenator in 1956 by
Gott et al. <136.137> (Figure 1.18C and Figure 1.19) further improved this system and played an
important role in the tremendous expansion of open-heart surgery that occurred after 1956.

Three mgor advances propelled the bubble oxygenators ahead of film oxygenators in the
pioneering decades of cardiac surgery. The first advance was the identification of silicone-based
defoaming compounds which could be smeared on top of the bubble chimney and proved much
more effective in coalescing the blood foam than previously used chemicals. The second was the
quantitative process analysis by Clark <77> and Gollan <138> that showed that, since small
bubbles favor oxygen transfer and large bubbles are needed for carbon dioxide removal, an
optimum size could be found with the aid of a sponge in the mixing chamber. Alternatively, a
mix of small and large bubbles should be used. The third and practically decisive advance was
made simultaneously by Rygg <139> and DeWall <140> who replaced the assembly of glass, sted,
and ceramic parts of early bubble oxygenators with inexpensive plastic components and thereby

paved the way for the industrial manufacturing of disposable bubble oxygenators (Figure 1.18).
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In 1966, Dewall et a. <142> introduced a hard-shell bubble oxygenator with an integrated
oxygenator and omnithermic heat exchanger in a disposable, pre-sterilized, polycarbonate unit.
The integrated hard-shell concept has been the basis of al subsequent refinements, both in the
bubble and membrane oxygenators. As a result, reusable stationary film and disc oxygenators,
which required careful cleaning and sterilization, slowly disappeared, and disposable bubble
oxygenators dominated the field of extracorporeal gas exchange from 1960 until the early 1980s
(Travenol Laboratories, Morton Grove, lllinois, USA; Polystan, Copenhagen, Denmark; Bentley
Laboratories, Irvine, California, USA). By 1976 it was estimated that 90 % of all open-heart

operations worldwide involved the use of a bubble oxygenator <143>,

1.4.2 Integrated heat exchanger

Heat exchangers were inserted in extracorporeal blood circuits to achieve core hypothermia, i.e.,
rapid cooling of organs and tissues. Core hypothermia combines the advantages of mechanical

cardiopulmonary support with those of reduced oxygen needs.

Figure1.19: A: A DeWall-Lillehei unitized plastic sheet oxygenator, commercially manufactured

and shipped sterile ready to hang up, prime, and use as shown here; <118> B: The Temptrol
disposable bubble oxygenator with self-contained heat exchanger during a perfusion. In this unit,
Dr. DeWall introduced the rigid pre-sterilized plastic outer shell, which has been the basis of all

subsequent oxygenator design for both bubble and membrane units. <118> |t combined high gas
exchange efficiency with integral heat exchange and low priming volumes. <141> C: Sheet
oxygenator in use in the operating room. <104>
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Figure 1.20: Bubble oxygenator showing the mixing chamber, heat exchanger, defoamer, and
arterial reservoir, <144>

In the 1970s, the bubble oxygenator was integrated with a heat exchanger (usually stainless steel
coil) and placed within a clean plastic container, which also served as an arteria reservoir with a
capacity of severd liters of blood (Harvey H series oxygenator). The level of blood-air interface
allowed direct observation of changes of blood volume in the extracorporeal circuit. This simple
design feature gave the equipment operator (who eventually became known as the perfusionist)
plenty of time to react to a sudden blood loss and to make compensating changes in operation.
Designs were optimized to achieve adequate gas exchange with minimum gas-to-blood flow
ratios, which further reduced blood damage. Examples of this group included the Bentley BOS-
10, Shiley S-100, Cobe Optiflo I, and Harvey H-1500. The materials used to fabricate these
devices were polycarbonate and polyurethane. A typical bubble oxygenator is shown in Figure
[.20.

1.4.3  Gastransfer efficiency

The efficiency of bubble oxygenators is extremely high, because the smaller the bubbles, the
larger the blood-oxygen exchange area that is developed by a steady current of gas. In the
limiting case, it is even possible to saturate venous blood by introducing no more oxygen into the
blood than is consumed by the tissues. This process, however, does not remove any carbon
dioxide. Since the partial pressure of carbon dioxide in the excess gas vented from a bubble
oxygenator, cannot exceed the carbon dioxide partial pressure in arterialized blood (and in reality
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is even much lower), it follows that the carbon dioxide transfer rate of bubble oxygenators is a
direct function of the volume inflow rate of oxygen. This must exceed oxygen uptake by blood
and tissues severa times to transfer both oxygen and carbon dioxide. Thus, the operating
conditions for a bubble oxygenator are dictated to a mgor extent by the requirements for

adequate carbon dioxide removal.

.44  Theadvent of the membrane oxygenator

Still a number of problems occurred with bubble oxygenators because of their large blood-gas
interface. If the blood foam did not coalesce completely, gaseous microemboli could be carried
into the arterialized blood stream. Plasma proteins were denatured at the gas interface, leading to
blood trauma associated with platelet activation and aggregation, complement activation, and
hemolysis <145147> These problems could be ameliorated by placement of a gas-permeable
membrane between the blood and gas phase.

Other oxygenators for CPB that were publicly known and worthy of mention, but which had
moderate to ephemeral clinical applications were those of Rygg and Kyvsgaard <139> (bubble),
Dennis <148> (film), Clark et a. <77> (bubble), Crafoord and Senning <149> (film and bubble),
Clowes et al. <150> (bubble), Clowes and Neville <151> (membrane), Melrose <152> (film), and

Gerbode et al. <153> (membrane).

.5 The membrane oxygenator

Membrane oxygenators have progressively captured the largest share of the market for clinical
gas exchange devices not only because their operating is less traumatic for blood but aso
because the blood content of the gas exchange unit is fixed. As a result volume fluctuations to
calibrated reservoirs are limited and the risk of magor shifts in intracorporeal blood volume
during total body perfusion is minized. Membrane oxygenators were developed and used
clinicaly in the 1950s through the 1970s, but lack of demonstrable benefit for short CPB times
contributed to their infrequent use by most groups until microporous designs became
predominant in the mid-1980s. Gas-permeable hollow fibers, microporous membranes, and the
appreciation of secondary flows (empirically rather than analytically!) were the major advances

to lead to the current generation of membrane oxygenators <10>,
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Figure 1.21: A: The Kolff membrane atificial lung The pdyethylene tubing is down
compressd in a length of window screening and rolled up around a solid core in order to form the

membrane lung <1°5> B: Dr. Kolff's membrane lungready for a dinicd case. <195

1.5.1 Development of the membrane oxygenator

In 1944 Kolff and Berk <154 observed that venous bloodwas oxygenated whil e flowing through
a celophane dialysis tube and keing in contad with axygen containing dialysate. Oxygenation
was taking place aoossthe atificial membrane. This discovery led to work onan artificial heat-

lung machine. Kolff studied axygenators which were being developed in Paris, Stockhadm, and
Philadelphia, bu no design could yet oxygenate five liters of blood, the anount necessary to
suppat an adult human duing open-heat surgery. The ideaof using membranes permeable to
respiratory gases in order to separate the blood plase from the gas phase in an artificia lung, and
consequently avoid the risk of foaming or the formation d thick blood rivulets inherent in
buble or film oxygenators, was dimulated after World War Il by the growing avail ability of

commercialy produced thin plastic fil ms for the padkaging industry.

The two major chall enges for membrane oxygenators were, and indeal remain, that no synthetic
membrane culd be fabricaed that was as thin as the pumonary alveolar wall, and that no
manifolding and Hood dstribution system could match the fluid dynamic dficiency of the
pumonary circulation, where asingle fead vessl, the pumonary artery, branches over a short
distance and with minimal resistanceflows into milli ons of tiny gas exchange capill aries, the size
of an erythrocyte.

The first membrane oxygenator was reported by Kolff and Balzer <156> (Figure 1.21). In 1956,
Kolff et al. <157 described a disposable membrane oxygenator for experimental use, a twin-coil

artificial kidney design using palyethylene membranes. The membrane materials avail able & that
time were relatively impermeable to the respiratory gases. This charaderistic and the large blood

channel dimensions in these units resulted in inefficient designs requiring large surface aeas to
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adieve alequate gas exchange. For instance the redangular channel or multil ayer,
ethylcdlulose flat shee oxygenator described by Clowes et al. <158 had a membrane surface
areaof 25 m2. Clowes and Nevill e <157 described their experimental studies with membrane
oxygenation and a complex apparatus they considered to be suitable for clinicd perfusions in
1958.

The dialysis approach to respiratory gas exchange by Kolff <154156157> has retained some
atradivenessfor the dimination d cabon doxide (which is highly soluble in agueous media),
either in the form of a cmbined artificial kidney — artificial lung (also known as klung) <15%, or
a system for low blood flow hemodiaysis which might allow full carbon doxide diminationin
the end-stage of arespiratory disease <10>,

The belief that membrane oxygenation renders a better perfusion than the bublde or film
oxygenators has been clea only with perfusions excealing eight hous in duation. The interest
in membrane oxygenators grew from observations of reduced bood damage in these devices
compared to film and bublbe oxygenators. The membrane oxygenator is asciated with less
reduction d platelets, less complement adivation, less post-operative bleading, and fewer
microembali <160>, Becaise ECC times for most cardiac procedures are two to three hous or
less it has been dfficult to prove that these dhanges, which are for the most part readily
reversible, have any permanent side dfeds. These fadors limited the dinicd applications of
membrane oxygenatorsin the 197G and ealy 198Gs.

Like the ealy dired bloodgas contad oxygenators, the ealy membrane oxygenators were
reusable. In 1967 Landé & a. <161> described the first compad, disposable, commercially
manufadured membrane oxygenator for clinicd use.

1.5.2  Gastransfer efficiency

The interpaosition d a membrane between flowing gas and flowing blood reduces the gas transfer
efficiency of the system becaise of the alditional masstransfer resistances associated with the
membrane itself and the geometry of the blood layer. The zero velocity condtion at the
membrane-blood interfaceresults in oxygen diffusion perpendicular to the wall that is a part of
the limiti ng processin most membrane lung designs. While the slowly moving blood nea the
membrane quickly beammes highly enriched with oxygen, the highest blood \elocities are
located away from the membrane and rea the center of the blood stream.

The very first plastic films used, such as thin sheds of pdyethylene and pdytetrafluoroethylene
(PTFE or Teflon), showed such a low diffusion permeaility that 5-10 m? were needed to med

even the minimal oxygen neeads of an anesthetized hypathermic adult <158,
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Carbon doxide dimination, rather than oxygen upake, was the batlenedk when using solid
polyethylene, pdypropylene, ethylcdlulose, or Teflon membranes, since hydrophobc materias
coud na match the cabon doxide solubility advantage of the water-containing alveolar
membrane.

The development of dimethylpolysiloxane membranes by Kammermeyer in 1957 was a major
advance and the alvent of silicone dastomer films (either as lid sheds or cast over a textile
suppat mesh) in the 196G established the technicd feasibility of membrane oxygenators <162
165>, Sjli cone rubker has a much higher permeability for oxygen and carbon doxide than Teflon
for equivalent thickness Even though sili cone rubber and related elastomers canna be cat as
thin as Teflon, their permeability is  high that they becane the standard materia for ealy
membrane oxygenator prototypes.

The Bramson Lung <165 was the first commercially avail able membrane oxygenator utili zing
silicone rubber membranes (Figure 1.22). The Bramson Lung was followed by the flat shed
Landé-Edwards membrane oxygenator <167-16%> The improved gas exchange dficiency was
evident in that only 6 m? of membrane surface @aeawas required to suppat an average size alult.

Reduced membrane surface aeas and thinner blood film thicknessin these devices meant lower

Figure.22: The Bramson membrane oxygenator. <166>
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Figure 1.23: An urfolded view of a Kolobow coiled membrane oxygenator showing the wiled
slicone envelope with a mesh screen separating the membranes in the gas phase of the
oxygenator. Fresh gas is supplied to the envelope by several silicone tubes and removed in a

similar manner. <69>

priming volumes than ealier oxygenators did. However, the design and operational complexities
(high priming volumes, high presaure drop and marginal mass transfer efficiency) of these
oxygenators couded with their high incidence of blood|egage limited their clinica application.
Increasing gas exchange performance by adive aigmentation was investigated in the 196G and
197G <170 as ways to reduce blood contading surface a@eas in unts designed primarily for
longterm suppat. Methods sich as pulsatile flow or centrifugal flow were used to bre&k up the
mass transfer boundry layer that develops in oxygenator blood channels and limits gas
exchange. The dinicd motivation was to provide continuows full or partial replacanent of
pumonary gas exchange for several weeks to patients with advanced respiratory failure, in the
hope of the natural lung recvering in the interval. Since etensive blood trauma limited the use
of bubHde oxygenators beyond 1224 hous, membrane oxygenators becane the key to this
applicaion. These designs, howvever, never achieved widespread commercia successmainly due
to the ned for and the ladk of auxili ary equipment.

In the ealy 197Gs, the Kolobow membrane lung becane commercially available by Sci-Med,
Inc. This unit was first described in 1963<17%> and uili zed a sili cone rubber membrane woundin
a spira coil configuration (Figure 1.23). Membrane surface texture helped to augment gas
transfer by mixing the blood adjacent to the membrane and orly a 3.5 m2 or 4.5 m? unt was
nealed to suppat adult patients. Another membrane oxygenator of this period was the Baxter-

Travend Travend Moduung, which was of the flat shed variety with a sili cone membrane.
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With the availability of more permeable membrane materials, the fluid phese onwedive and
diffusive masstransfer of gas moleaules acossthe blood film boundxry layer were the limiti ng
mass transfer medchanisms. Under laminar flow condtions a stationary boundary layer of blood
would be formed adjacent to the membrane sheds and ad as a diffusion bkarrier. Attempts to
bre& up this boundry layer, through some external medhanicd means, in arder to improve gas
exchange dficiencies were investigated in the ealy 197G <170>, bu the alded complexity
preduded prolonged accetance

1.5.3  Microporous membranes

In the mid-1970, an NIH-sporsored clinicd study <8> demonstrated that, with the protocols
used, lung functions were not regained after one to three weeks of extracorpored circulatory
with a membrane oxygenator. Moreover, membrane devices lacked such ‘marketable’ feaures
like integrated hea exchanger, blood reservoir, and filters possessd by bubde designs.
Furthermore, the relatively atraumatic perfusion d blood through membrane oxygenators was
masked by other sources of blood trauma, e.g. blood suction form the surgicd field. The major
intended applicaion d membrane oxygenators having vanished, and the high cost of silicone
rubber making these devices much more expensive than bubbe oxygenators, reseach and
development amost came to a halt, leaving bublde oxygenators in control of the remaining field
of use, namely cardiopumonary bypass<146172>,

Threemajor advances have reversed this trend in the 1980 and 199@. Firstly, the discovery that
hydrophohic micropaous membranes <173175> through which gas cen fredy diffuse, have a
high enough surfacetensionto prevent significant infiltration d plasma or plasma water into the
membrane pore structure (plasma filtering acossthe membrane caises a severe drop in oxygen
transfer and a prohibitive fall in carbon doxide removal). Secondy, the large-scde fabricaion o
defed-free halow fibers of micropaous paypropylene, which can be asmbled in bundes,
potted and manifolded at ead extremity to form an artificia capillary bed of parale blood
pathways immersed in a o/lindricd hard shell through which oxygen circulated. Thirdly,
membrane lung surgery has a significantly lower overall cost of hospitalization than the st of
bubHe oxygenator surgery <176>,

The driving force for the initial development of hydrophdoic microparous capill ary hallow fiber
membranes was their potential in ancther applicaion - membrane plasmapheresis - for the
separation d plasma from the célular comporents of blood.In that applicaion hdlow fibers had
nomina pore sizes, around 0.5um, which was too large for membrane oxygenation becaise of
plasma le&kage. In the ealy 1980, microparous paypropylene halow fibers with a nomina
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pore size of around 0.1um, which is sgnificantly smaller than bood cdls, becane available.
Micropaous membranes are onstructed of hydrophobc materiads such as Teflon o
polypropylene, and are, in terms of the resistanceto gas exchange, na rate limiti ng.

The Travend Moduung-Teflo utilized a microparous Teflon membrane and was introduced in
1974. It contained a bladder medhanism that would compress the flat shed membrane
compartment when inflated, thus reducing the blood film thickness This oxygenator was closely
followed by the Travend TMO oxygenator, which had the same basic design bu utilized
microparous palypropylene. By the end d the 19705, bath the Kolobow and the Travenad TMO
were used in approximately 18 % of all cardiacsurgicd proceduresin North America However,
both devices were ctharaderized as complex to use and pdentialy problematic <147, Both
devices required caution and cabon doxide flushing in addition to vaauum ventilation to
adequately prime <177.178

In 1982, Cobe Laboratories introduced the Cobe Membrane Lung (Cobe CML, Cobe
Laboratories, Lakewood, Colorado, USA) <17® the first integrated open system and
micropaous polypropylene shed membrane oxygenator. This device mmbined the increased
hemocompatibility of membrane techndogy with the operational smplicity of bubbers through
the verticd integration d the venous reservoir, hea exchanger and a membrane mpartment
<180>, Screens placeal in the blood channels of the 2.5 m? flat shee membrane compartment
maintained, onthe one hand, an open and uniform blood channel with a well-mixed bood flow
allowing the smaler surface aea to suppat a mmplete size range of adult patients. The
placement of extruded pdypropylene screens in bah the blood and the gas phase dannels, on
the other hand, improved efficiency by mixing the boundry layer passvely within the

membrane compartment <180>,

1.5.4  Hollow fiber membrane oxygenators

In the 196G, the first capillary or halow-fiber membrane oxygenators were developed <181>,
They utilized silicone rubber tubing in which bood flowed ouside the tube lumen and gas
flowed inside the tube lumen (extraluminal blood flow). Shortly theredter, several holl ow-fiber
oxygenator designs utili zing sili cone rubber tubes with the blood flowing inside the tube lumen
and gas flowing outside the tube lumen (intraluminal bloodflow) were reported <182185> Dorson
<184 and ceFili ppi <183 transferred the hall ow fiber capill ary configuration for low blood flow
rates in hemodialyzers to bloodgas exchangers. An additional extralumina hall ow-fiber unit
was reported later this decale <186>, These units were experimental and rever readed the state

of commercialization.
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The wegkest point of the intraluminal design was the @nfiguration d the inflow facesheds: the
blood strean had to change aruptly from a single feal tube to thousands of parallel channels
with the result that white platelet plugs were coommonly observed nea loci of flow separation.
Better blood inflow and ouflow manifolds were designed. Better materials and techniques for
potting the fiber bundes and cutting the facesheds were identified.

Intraluminal, hdlow-fiber membrane oxygenators becane redily available in the ealy 1980s
<187188 These devices achieved limited commercial successdue to the inefficient gas exchange
inherent in an intraluminal design. The main resistance to oxygen transfer in a shell-and-tube
hollow fiber artificial lung resides in the blood plase. This is associated with the laminar
redilinea flow within the hollow fiber lumens. If membrane resistanceis snall, gas transfer in
artificial lungs depends on the extent to which the blood-side is convedively mixed. The lad of
any augmentation, a blood side boundry layer mixing, forced the manufadurers to offer
several sizes of membrane compartments, as high as 5.5 m? for adult suppat <188, Eventually
(in 1983, Terumo introduced the first commercial holow fiber oxygenator on the dinicd

market (Terumo Capiox I, Terumo, Piscaaway, New Jersey, USA). The exchange aeawas dill

in the order of four m2.

To minimize mass transfer resistance, an effedive but gentle transverse mixing of the blood
flowing in the lungs is required. This is obtained in crossflow hdlow fiber artificial lungs by
letting the blood flow over a matrix of hollow fibers with the gas flowing inside the fibers.
Extralumina holow fiber designs not only utili ze the larger outer surface aeaof the caill ary
tubes as gas transfer interfaceinstead of the lumina surface they also have the alvantage over
the flat shed devices by bre&king up the mass transfer boundxry layer with the membrane
material itself (i.e. effedive mixing is naturaly induced and enhances oxygen transfer).
Therefore they have slightly reduced membrane surface aea when compared to the flat shed
devices. Laboratory and clinicd experience has siown that the membrane aearequired for a
given level of performance is reduced by 30 to 50 % in extraluminal designs compared with
intraluminal designs.

Hollow fiber membrane techndogy was advanced by the introduction d the Extracorpored
Maxima (Johrson and Johnson) <18%191> This device incorporated crosswound hdlow fibers
with extraluminal bloodflow, requiring a membrane surface aeaof only 2.0 m2.

Toward the end d the 1980 and into the 199Gs, refinements to the flat sheed designs <192> and
an additional hall ow-fiber techndogy <193 becane avail able in the newer devices <194195, The
demand for reduced hemodil ution forced the designs to minimize priming volume withou aloss

of performance
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Microporous polypropylene hollow fibers occasionally lose some of their oxygen transport
capacity after 12 to 24 h following protein deposition on blood-exposed surfaces or water vapor
condensation in the voids of the porous wall.

Microporous hollow fiber, low prime / high gas exchange efficiency extrauminal flow

membrane oxygenators have now been dominating the market for over a decade.

1.5.5  Construction of hollow fiber membrane oxygenators for
extraluminal flow

Microporous polypropylene is extruded or film blown and then stretched to give a controllable
pore shape and size (Figure 1.24). The production process used for manufacturing the
hydrophobic, microporous membrane is extremely complex. The process is a thermally induced,
phase separation process in which the polymer is homogeneously mixed with two natural seed

oils, then spun and cooled <197.198> (Figure 1.25). When the fiber cools, a phase separation is
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Figure 1.24: A: Hollow fiber membranes; B: Cross-section of the membrane of an hollow fiber
showing the microporous structure. <196>
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Figure 1.25: Production process of a hydrophobic, microporous fiber (AKZO NOBEL Accurel
production process). <197,198>
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initi ated, which results in a porous dructure. The oilsin the caill aries are removed with acohd
and the fibers are then dried. This processresults in a highly porous, sponge-like structure, with
consistent and uriform pore distribution throughou the entire membrane wall <197.198 (Figure
[.24). High paosity is a prerequisite for high gas permeability, which yields high gas transfer
efficiency.

In 1990,Akzo patented <193> a “warp thread” stabili zed hdlow fiber array or “mat” that consists
of alternating bi-diredional rows of equally spacel fibers (Figure 1.26). Single-fiber (bunde or

Figure 1.26: Scanning eledron micrograph of the Optima double-layer, crosswound mat
configuration, providing consistent bundle porosity. <198

winding) manufaduring techndogy can enad exad placement of the fibers, but the fibers will
shift dlightly under the forces of the blood flow. This leads to preferential flow in lessefficient
areas (larger openings) and a generaly subopimal performance The hoallow-fiber array
techndogy <193 minimizes this fiber movement through the stabilizing adion d the warp
threads. Designs incorporating this latest techndogy are the most efficient <199,

The majority of halow fiber designs on the market can be genericdly described as a spedfic
orientation d fibers placed within an anndar case material (polycarborete). The membrane
bunde in the Cobe Optima, e.g. utilizes a hallow fiber crosswound mat configuration which
provides consistent bunde porosity <200, The term “crosswound’ refers to the dlight angling of
one layer of micropaous holow fibers relative to the aljacent layer. This angling technique
eliminates nesting of the fibers between ead aher. Fiber to fiber spadng is controlled by
weaving palypropylene warp threals perpendicular to the halow fibers (Figure 1.26).
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Axia flow, defined as the flow through the bunde dong the length of the aandar case, is
currently utili zed by the Didea Compadflo (Figure 1.27, right panel). This design will typicdly
have longer blood paths and constant crosssedional areafor flow. The angular flow path within
the drcumference of the annuar spaceis accessd either from the core of the annudus (Cobe
Optima, Figure 1.27, batom left panel) or from the outer radius (Sarns Turbo 440,Figure 1.27,
top left panel). These designs aso typicdly have longer blood flow paths and maintain a
constant crosssedional areafor flow. Radial flow isimplemented by flow from the cre diredaly
to the outer diameter (Aveoor Affinity). The aosssedional area for flow can increase
significantly as the flow moves outward. This design has a shorter blood @th length.

The flow path choices within this configuration are simplified and ill ustrated in Figure 1.27 for
three studied artificial lungs. These doices reflea the bulk or maaoscopic flow within the
membrane mmpartment. The adua microscopic flow is gochastic in nature and can have

comporents of all threegeneric types within agiven device

|.6 Respiratory assist procedures. an introduction to
extracor poreal life support <zov202>

Artificial lungs have been used primarily as a comporent of the heat-lung madine in cardiac
surgery. The natural lungs were generally hedthy. The matter is quite different in respiratory
assst for pulmonary insufficiency. Under these drcumstances, the patient depends on the
artificial lung for continuows gas exchange for days or even weeks, giving the lungs a dhance to
recover. The principle behind this is draightforward. When lung injury is confined to ony a
limited areaof the lungs or to ore lobe, recovery is amost taken for granted. However, when the
disease processextends to severa or all lobes of the lungs, such invavement is likely to lead to
aaute respiratory insufficiency, a life-threaening injury. In adults such a lung injury processis

known as “adult respiratory distress yndrome” (ARDS).
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The @ncept of using the membrane lung in the treament of ARDS has occurred to many:
extracorpored veno-arterial or veno-venous membrane oxygenation (ECMO). In the mid 196G
laboratory reseach began on polonged extracorpored circulation in the laboratories of teams
that were studying function and improvement of membrane lungs, particularly Kolobow, Pierce
Gall etti, Bramson and Hill, Landé and Lill ehei, and Drinker and Bartlett.

One of the first extracorpored systems for use in patients with ARDS was reported by Hill et al.
<203 Unfortunately, ealy success was poa <%, In a study conduwcted by the National Heat,
Lung and Blood Ingtitute, it was iown that a patient popdation with ARDS treaed by
extracmrpored veno-arterial membrane oxygenation respiratory arrest, while dso ventilated at
high airway presaures, had a 90 % mortality <204, Patients died in spite of good arterial blood
gases (sustained by the membrane lung), while the natural lungs had completely ceased to
function. A control group managed with conventional mechanicad pulmonary ventilation had an
identicd survival rate. This gudy concluded that under the cndtions of that study, the

membrane lung did na offer any benefit.

Sarns Turbo 440 Dideco Compactflo
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Figure 1.27: Schematic representation of the flow pattern and construction of three studied
commercialy hollow fiber membrane atificial lungs: Top left panel: Sarns Turbo 44Q bottom
left panel: Cobe Optima; right panel: Dideco Compadflo. For a detailed description, please refer
to 8§ll.5.
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1.6.1  Extracorporeal life support <202>

Medanicd cadiopumonary suppat goes by many names, al under the general heading of
extracrpored life suppat. When the heat/lung madine is used in the operating room in veno-
arterial mode to provide total suppat of heat and lung function to fadlit ate cadiac operations,
the technique is commonly cdled cadiopumonary bypass When used with extrathoradc
cannuation for respiratory suppat the tedhnique can be cdled extracorpored membrane
oxygenation (ECMO), extracorpored lung assst (ECLA), and extracorpored carbon doxide
removal (ECCO,R). When used with extrathoradc caanuation for emergency cardiac suppat
the technique is cdled cadiopdmonary suppat (CPS or extracorpored cadiopumonary
resuscitation (ECPR). When oxygenation is the predominant aim, the term extracorpored
membrane oxygenation (ECMO) prevail s.

When the membrane lung is primarily used for extracorpored cabon doxide removal while
oxygenation is acaomplished by apnceic oxygenation using low-frequency pasitive-presaure
ventilation, the term extracorpored carbon doxide removal (ECCO.R) is used <205, The
respiratory quaient ‘seav’ by the body’s own lungs can be reduced to zero by arranging an
extracorpored lung to remove the whale of the body’s metabalic production o carbon doxide
from the blood, whil st performing littl e or no okygen transfer via the device In this stuation the
patient is, in effed, breahing in axygen through their own lungs but has nothing to breahe out.
The lungs indeed can be motionless or apnoeic, while the uptake of oxygen occurs by steady
convedion from the nose or mouth down into the lungs. This method can be shown to function
only in steady state when the patient breahes in a very high concentration d oxygen. Therefore,
ECCOR, with apnoeic oxygenation which reduces the respiratory quaient to zero for the
patient’s own lungs, is atherapy for some forms of respiratory fail ure.

Blood pumps alone can be used as left ventricular asgst devices (LVAD), right ventricular asgst
devices (RVAD), o both (BiVAD). The abreviations ECLS and ECMO are used
synorymously when referring to prolonged extracorpored circulation with medanica devices.
Generdly, al of these device gplicaions include vascular access caheters, conneding tubing,
servo-regulating blood pump, an artificial lung (usually incorredly cdled an axygenator), a hea
exchanger, and various measuring and monitoring devices. Bleeding complicaions are dways a
potential problem, and so are problems associated with the extracorpored circuits.

ECLS can be used for medhanicad assstance during cardiac or puimonary failure in newborn
infants, older children, o adults. Depending on the gplicaion, ECLS can be used in a veno-

arterial mode, a veno-venous mode, or rarely in an arterial-venous mode.
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EXTRACORPOREAL LIFE SUPPORT
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Figure1.28: A typical ECLS circuit with veno-venous cannulation is depicted. Blood drains from
the right atrium to the pump, and returns to the patient. The important monitors are shown in
boxes, <202>

Figure1.29: A veno-arterial ECMO is shown. A small operation is performed on the right side of
the neck. One cannula is positioned in the right atrium of the heart and a second cannula in the
aorta. The flow of blood drains poorly oxygenated blood form the right atrium and returns
oxygenated blood to the aorta. <206>

A diagram of the circuit commonly used for ECLS is shown in Figure 1.28 (veno-venous) and
Figure 1.29 (veno-arterial). In Figure 1.28, the right atrium is cannulated through a large vein,
usually the right internal jugular vein. Venous blood drains out of the right atrium, usually
aspirated by a simple siphon. Blood passes directly to a self-regulating pump; unlike CPB for
cardiac surgery there is no venous reservoir. Blood is pumped through a membrane lung where
oxygen, carbon dioxide, and water vapor are transferred. This device is commonly referred to as

the "oxygenator", although for purposes of pulmonary support removal of carbon dioxideis even
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more important than oxygenation. The "arterialized" blood returns to the patient. If the
applicaion is purely for respiratory suppat, the aterialized bood is usualy returned to the
venous circulation, dadng the membrane lung in series with the patient's native lungs. This is
the gplicaion shown in Figure 1.28. Figure .29 shows a veno-arterial ECMO. If the gplicaion
requires cardiac suppat, bloodis returned to the aterial circulation through a cadheter in alarge
artery, usually the right common carotid. In this application the pump and membrane lung are
placal in parallel with the native heat and lungs.

Once the ECLS circuit is attached and functioning, the blood flow through the drcuit is
regulated to provide part or al of the drculation and gas exchange. Total cardiopumonary
suppat is possble by extracmrpored circulation wsing only part of the venous blood arriving in
the right atrium from the systemic drculation. Therefore ECLS is usually a "partia"” bypass as
oppased to a "total" bypass which is required for cadiac operations. With circulation and gas
exchange suppated mechanicdly, the native heat and lungs are not needed for life suppat and
are dlowed to "rest". This means that ventilator settings and inotropic drugs are deaeased to
safe, low levels. Blood flow through the drcuit continues until the heat or lung function
improves. The anourt of bloodflow is based onthe degreeof suppat required, which in turn is
based on a series of physiologic monitors in the drcuit and onthe patient. Many days may be
required for the native heat or lungs to start functioning adequately again. Continuows
anticoagulation is required. This is dore with continuows heparin infusion monitored by whole
blood adivated clotting time (ACT). Platelet dysfunction and thrombocytopenia occur during
ECLS due to complex bloodsurface interadions. A variety of mechanicd and ptysiologic
compli caions can occur requiring emergent management.

The detail s of ECLS management, the indicaions, and the results are quite different for cadiac
and respiratory suppat, and qute different for neonates, pediatric and adult applicaions. In
general, ECLS isindicaed in aaute severe reversible cadiac or respiratory fail ure when the risk
of dying from the primary disease despite optimal conventional treament is high (50 to 100%).
Since ECLS is used only in patients who are most likely to de otherwise, the results are usualy
described in terms of simple survival. Longterm quality of life studies are ongoing. The arrent
survival rate for neonatal respiratory failure is 80 %; for pediatric respiratory fail ure 60 %; adult
respiratory fail ure 50 %; pediatric cadiacfailure 45 %; and adult cardiacfail ure 40 %.

1.6.2  Intravenous oxygenation <>

An interesting embodment of the extraluminal hadlow fiber concept is the intravenous

oxygenator (IVOX) designed by Mortensen and Berry <207.208 for |ongterm respiratory suppat .
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A long bunde of micropaous paypropylene hollow fibers curled arounda semi-rigid, doute-
lumen axygen feed tube is introduced through afemoral vein and advanced into the inferior vena
cavaurtil it approaches theright atrium leaving only the feed tube protruding through the skin.

Oxygen flows under negative presaures (i.e. aspirated by a pump) from an ouside source
through the lumen of the hollow fiber and bad to the @mosphere. There is no reed for a blood
pump. Venous blood circulates around and tetween urfurled, bugant, gas-filled fibers and
undergoes “prepumonary” gas exchange. Between ore-third and ore-half of the basal oxygen
and cabon doxide requirements can be met. The devices have been shown clinicdly to remain
functional for several weeks. IVOX use silicone-coated pdypropylene haolow fibers to avoid
plasma-leskage and wse heparin binding on their outer surfaceto render them nornthrombogenic.

|.7 Conclusion

This chapter has given the reader an introduction to cardiopudmonary bypass as well as to
respiratory asgst procedures. Both procedures are used worldwide nowadays and are ill
developing. Several aspeds of the heat-lung madiine and CPB are dedt with and explained
extensively. The historicd overview and the survey of the development of the heat-lung
macine provides an insight into the very complicaed bu fascinating world o the

cadiopumonary bypass in particular the atificial lung.
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| | INTRODUCTION TO AND M ODELING
OF OXYGEN TRANSFER IN

ARTIFICIAL LUNGS

1.1 I ntroduction

This chapter covers several aspects of the numerical and semi-empirical modeling of momentum
and oxygen transfer in artificial lungs. Modeling is a process which predicts, identifies or
reconstructs the behavior of a system <209>, Modeling does not have to rely solely on equations,
i.e. numerical modeling. In some cases, such as fluid pump design, the fluid dynamic theory is
augmented by empirical data. These data may not fit known theories, but can be summarized in a
semi-empirical model and are still used to aid future designs <209>,

A first paragraph introduces blood and describes its microscopic properties, its function, and
mathematically its density and viscosity. In order to comprehend the modeling of oxygen
transfer in an artificial lung, an overview of the physiologic oxygen transfer isgiven in (8l11.3). In
this paragraph, attention is paid to physically dissolved oxygen, chemically bound oxygen, and
the oxygen diffusion coefficient. The oxyhemoglobin dissociation curve, denoting the relative
amount of oxygen bound to hemoglobin, is described using several mathematical models.

8l1.4 deals with the numerical modeling of momentum and mass transfer. The finite element
method is described briefly. The continuity, momentum and convection-diffusion equations for
blood flow and oxygen transfer in blood are given subsequently and special attention is paid to
the application of the finite element method to these equations. In order to deal with the
nonlinear chemical reaction of oxygen with hemoglobin in the convection-diffusion equation, the
concept of an effective oxygen diffusion coefficient in blood is introduced and described in
detail.

An introduction to the geometry of the three commercially available artificia lungs that are
studied in this thesis, and to the geometry of the microscopic numerical model are provided in

8l11.5. The dimensional groups that are used in the presentation and interpretation of the results

-1
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on the one hand and in the semi-empiricd modeling of momentum and akygen transfer on the
other hand areintroduced in 8ll.6.

8l1.7 provides a literature survey of the modeling of oxygen transfer in an artificial lung. Speaa
attentionis paid to severa analyticd and numericd models.

8l1.8 gives a detail ed survey of a semi-empiricd model of oxygen transfer in crossflow artificial
lungs. This mi-empiricd model was introduced in 1985 ly Mockros and Leonard <3> and was
based onthe analogy between hea and masstransfer. The masstransfer coefficient is described,

aswell asthe oxygen transfer in artificial lungs.

1.2  Blood

11.2.1  Microscopic propertiesand itsfunction

Blood is a @mncentrated suspension d blood cdls (red bood cdls, white blood cdls and
platelets) in plasma (Table I1.1). The white blood cdls, or leucocytes, are roughly sphericd in
shape with a diameter between 7 and 22um. The platelets are much small er than the leucocytes,
they are oval shaped with a diameter ranging between 1 and 3 um. Together, the leucocytes and
the platelets occupy lessthan ore percent of the volume of blood. More than 99 % of the cdls
are red bood cdls (approximately 510 red bood cdls per liter of blood), which occupy about
45 % of the volume of blood'. The percentage of the volume of blood acupied by red bood
cdlsisknown as the hematocrit, Hct, of blood.

The mgor function d red bood cdls is the transport of oxygen that is achieved by the
hemoglobin. The white cdls are resporsible for the célular immunity and provide the body with
powerful defenses against tumors and Jral, baderia, and parasitic infedions. Platelets
contribute to the thrombogenesis and therefore ad in the dotting of blood.

Tablell.1: Bloodcdl properties.

type of cdl volume fraction dimension[pum]| number/mn#

erythrocytes (red cdls) 45% 7t09 4.0to 6.0(-10°
leukocytes (white cels) % 1% 7t0 22 4.0to 11.0(-10%)
platelets 0 1to 3 2.5t0 5.0(-10°)

T Blood with a temperature of 37 °C (normothermic) and with an hematocrit of 45 % will be referred to as normal
blood
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The primary function d the blood circulation is to provide oxygen and metabadlic fuels, and to

remove the metabadlic final products (e.g. carbon doxide, waste water) from every living cdl of

the organism. This is achieved by circulating blood through all parts of the body. The bloodis

resporsible for:

. absorbing nutrients while drculating through the splanchic organs.

. absorbing oxygen and removing gaseous cabon doxide and water while drculating
through the lungs.

. removing nongaseous fina products of the metabolism while drculating through the
liver and the kidneys.

When urstressed, the red blood cdl s take the form of biconcave discs having amean dameter of

approximately eight um. However, they undergo severe deformation as they passthrough small

diameter capill aries.

The plasma is the fluid pation d the blood and contains abou 91 % water and 9 % solids

including 1.7 % proteins (albumin, globuins and fibrinogen). The primary functions of albumin

and fibrinogen are, respedively, maintaining the osmotic pressure & the caillaries and

preventing blood loss by clotting. The globuins cary out various functions in addition to

preventing infedions.

The dasgficdion d gas exchange models for membrane atificia lungsis based on hav the two

phases, i.e. red bood cdls and dasma, are taken into consideration. Even though blood can be

considered as a suspension d red blood cdlsin pasma, it is microscopicdly heterogeneous. The

charaderistic length of the blood channels in a membrane oxygenator (i.e. the hydraulic radii,

100 pum, (§11.5)) is generally an order of magnitude larger than the dimensions of the red bood

cells (8 um). Therefore, it is reasonable to consider blood as a homogeneous, incompressible

fluid, a continuum with unformly distributed sites of chemicd readion. This smplificaion is

accetable a long as the volume dement in which oxygen transport occurs is large compared to

the size of asingle red cdl but small compared to the size of the overall diffusion path.

The density of blood, p, is a macroscopic property and is calculated as a weighted average of the

density of the red blood cdls and that of the plasma:

p =1090[Hct +1035{L - Hct) [48]

e.g. ahematocrit of 45 % yields ablood density of 1060 kg/m3.
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11.2.2 Blood viscosity

A strong interrelation exists between the rheology of the blood and the microscopic structure of
the blood. One can asaume that the red blood cdl aggregation a deformability, their volume
fradion, the plasma viscosity and the red cdl content can affed the completely rheologicd
behavior. It is generally accepted that the red blood cdls are the only ones to be taken into
acourt when explaining the maaoscopic rheologicd properties of the blood. The suspension d
red boodcellsin boodmakes blood kehave & a nonNewtonian fluid even thouwgh the plasmais
a Newtonian fluid. A large number of experiments with varying hematocrit, anticoagulants,
temperatures, and shea rates has been performed on Boodto determine its viscosity behavior.

At low shea rates (y < 2505‘1), blood lehaves as a nonNewtonian fluid. At high shea rates,

(y >250$‘1), however, the nonNewtonian charaderistics of blood are insignificant and may

therefore be ignored.

5
, —— Hct =20 %
— — Hct=30%
+++ Hct=40%

20 25 30 35
T[°C]

Figure I1.1: Changes in viscosity, p, of bovine blood measured in vitro at high shea rates
(y > 250s*) with varying temperatures, T, expressed in degrees Celsius, and for a hematocrit of 20

%, 30 % and 40 %.
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Figurell.2: A: Cason plot of the bloodrheologicd properties at different hematocrit (1 dyne/cm?

= 0.1 Pa) <210>: B: Both a Newtonian and non-Newtonian plastico-viscous ea-thinning Cason
model (T = 30 °C, Het = 30 % and 1, = 5 mPa) are depicted. A significant influence on viscosity at
low shear ratesis observed for the Casson viscosity.

Blood viscosity primarily depends upon the temperature and the hematocrit (Figure 11.1). The
temperature dependence <3.13> is assumed to be due to the temperature dependence of the plasma
<12>" and the hematocrit dependence is assumed to be exponential with hematocrit <12>, The

absolute viscosity of the blood, ., , is calculated as follows <3.14>;
TN [49]
inwhich p, is the absolute viscosity of the plasma <314>. The plasma is a Newtonian fluid and

its viscosity decreases while the temperature, which is expressed in degrees Celsius, increases:

1800
+

W, = e_5'54 T+273 [50]

Of the various models for non-Newtonian blood viscosities, the plastico-viscous shear thinning
Casson model <15-17> appears to be the most suitable for the application for this thesis. This
model, first proposed to describe the properties of inks <17>, is appropriate for shear thinning
fluids with ayield stress and is widely used for the blood rheology. Scott-Blair used this model
first to describe blood viscosity <211>, Charm et a. <212> found that the Casson eguation fits the
shear rates between 0 and 100000 s' satisfactory. The analytical relationship shows a linear
dependence on the square root of the shear stress, 1, as a function of the square root of the shear

rate, v (Figurell.2):
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\/7:\/;""/“005/ [51]

To IS the yield stress (stress at zero shear rate) and p, is the blood viscosity at high shear rates

(Eq. [49]). Below the value of the yield stress, 1o, the fluid is assumed to behave & a solid.
Actualy, the Casson model describes the rheologicd properties of blood in a limited range of
shea rate (Figure 11.2). The evidence of yield streses in bood, havever, are drcumstantial and
there is no consensus abou the yield stressvaue. The yield stress 1, is asumed to be 5 mPa
<213214>,

During cadiopumonary bypass(CPB) (temperature, T = 30 °C and hematocrit, Hct = 30 %) the
density, p, and the blood viscosity, p,, are gproximately 1052 kg/m® and 3.02 mPas

respedively <3>,

1.3  Oxygen transfer: physiology

When bood enters the venous g/stem, the partial presaure of oxygen islow (P, =40 mmHg, 75
% saturated) and the partial pressure of cabon doxide is high (P, = 46 mmHg) <215, Thisis

because blood enters the venous g/stem after it has passed through the caill ary beds where
oxygen is consumed and cabon doxide is absorbed. Venous blood then goes through the
pumonary capill aries (lung) where oxygen is absorbed and carbon doxide is removed. Only a
fradion d the oxygen in the ar one breahes, is adually transferred from the pumonary aveoli
to the pumonary caillary venous blood. Blood is almost completely saturated with oxygen
(P,, = 100mmHg, 97.5% saturated) as it |eaves the pumonary circulation.

Because of a slight admixture with venous blood that bypasses the pulmonary capill aries
(physiologic shurt), the hemoglobin in systemic aterial blood is only 97 % saturated. Only a
fradion (23 %) of the oxygen caried by arterial blood is adually extraded by the tissues and
only afradion d the oxygen present in the tissues is adualy replenished in a single blood ass
Similarly, only a fradion d the cabon doxide present in the tissues is conweyed to the
circulating blood, orty a fradion d the mixed venous blood carbon doxide cntent is adualy
discharged in the dveoli, and orly a fradion d the cabon doxide in the dveolar gas is
eliminated into ead kreah. The gas exchange system is maintained in equilibrium by
physiologic medianisms that are kept in balance by chemicd buffer systems.

The dhangein partia presaurein the drculatory system is siown in Figure 11.3.
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Figure 11.3: A: Partial pressures (in mmHg) of gases of the human respiratory system and in the

circulatory system. <215> B: The oxygen partial pressure in the circulatory system. <44>

11.3.1 Therespiratory quotient <215216>

The respiratory quotient, RQ, is the ratio in steady state of the volume of carbon dioxide

produced, to the volume of oxygen consumed per unit of time. This means that the respiratory

quotient is the ratio of the number of molecules of carbon dioxide produced to the number of

molecules of oxygen consumed during combustion. This should be distinguished from the

respiratory exchange ratio, R, which is the ratio of carbon dioxide, to oxygen at any given time

whether or not equilibrium has been reached. The respiratory exchange ratio is affected by

factors other than the metabolism. RQ and R can be calculated for reactions outside the body, for

individual organs and tissues, and for the whole body. RQ for carbohydrate is 1.00, and for fat it

is about 0.70 (Figure 11.4). This is because hydrogen, H, and oxygen, O, are present in

carbohydrate in the same proportions as in water, whereas in the various fats, extra oxygen is

necessary for the formation of H,O.
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carbohydrate : fat
CH,,0,+60,0 6CO,+6H,0 2C, H,0O,+1450, 0 102CO, +98H,0
glucose tripalmitin
6 102
RQ=-=1.00 RQ=—-=0.70
Q 6 R 145

Figurell.4: Calculation of the respiratory quotient, RQ, of carbohydrate (RQ = 1.00) and fat (RQ
=0.70). <215

Determining the respiratory quaient of a protein in the body is a complex process bu an
average value of 0.82 fas been cdculated <215, For these drcumstances, ore breahes in more
oxygen than ore breahes out. In the cae of heary exercise, it is possble for the respiratory
quatient to rise well above 1.00, to abou 2.00, and undyr these drcumstances of partia
anagobic respiration, the expiration d carbon doxide dominates breahing.

The oxygen consumption and carbon doxide production d an argan (e.g. the brain) can be
cdculated at equili brium by multiplying its blood flow rate by the veno-arterial differences for
oxygen and cabon doxide acoss the organ. The respiratory qudient can then be cdculated.
Data on the respiratory qudient give some information abou the metabali c processes occurring
in the patient’s organs. For example, the respiratory quaient of the brain is regularly 0.97-0.99,
indicaing that its main, bu nat its only, fuel is carbohydrate. The importance of the respiratory
qudient is that it defines the relative burden of carbon doxide exhaust on the one hand and
oxygen take-up onthe other hand for bath the natural lung and any artificial lung.

At rest, a normal adult consumes approximately 250 ml of oxygen (STPD)" a minute. In these
circumstances, and with a normal mixed det, the respiratory quaient reates values close to
0.82 and consequently the volume of carbon doxide expiring from the lungs is approximately
205ml/min.

Oxygen consumption (and carbon doxide dimination) is one of the physiologicd variables that
vary approximately with the surface a@ea of living organisms, and consequently it is roughly
related to the two-thirds power of the organism’s volume (assuming simil arities of shape) and
mass (asuming similarities of mean density). Thus, an infant weighing 7 kg, when compared
with an adult of 70 kg, has arelative massof 0.1 and an oxygen requirement of

T Since gas volumes vary when temperature ad presaure change and since the amount of water vapor in them
varies, it isimportant to corred gas volume measurements to standard conditions, i.e. at standard temperature (0 °C)
and barometric presaure (760 mmHg), dry (STPD). STP simply refers to standard temperature (0°C) and barometric

presaure.
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2

0.1° (250=54ml/min [52
This is more than doube of what might be expeded (25 ml/min) if the oxygen consumption
were aumed to be propational to massalone, and it becmes a very important consideration
when deding with human infants,

11.3.2 Oxygen storagein blood

Part of the total amourt of oxygen and carbon doxide caried by the bloodisin adislved state
and the remaining part is chemicaly combined. Therefore, the total mass concentration' of

oxygen, C,_, can be expressed as:
Coz - Cozd + Cozb [53]
where C,,  is the disslved axygen concentration (volumetric amourt of oxygen per unit of

blood vdume) and Co,, isthe chemicdly bound aygen concentration.

11.3.2.1 Physically dissolved oxygen

The amourt of dissolved axygen is propational to the oxygen partial pressure, P, , acording to
Henry'slaw. Therefore:

Co,q =00, IR, [54]
where a, is the Bunsen solubility coefficient of oxygen in blood and is a function d the
hematocrit, Hct, and the temperature, T (Figure 11.5). The soluhility coefficient can be cdculated
as a function d temperature using Zander <18 and Perry and Green <19, The plasma oxygen
solubility coefficient, a, ,, isexpressed as:

0, = 2.855(10°° [{1.01¢™ ") [55]
Thered bloodcél oxygen solubility coefficient, o ., isgiven by:

0 e = 4.658010°° [f1.016™ D) [56]

The oxygen solubility coefficient can then be cdculated as a weighted average of the solubility
of the red bloodcdlsand d the plasma:

O, = 0o e LHCt 0 [Ql— HCt) [57]

T The oxygen concentration in this thesisis expressed in [ml O,/I] or briefly [mi/l].
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Figure I1.5: The Bunsen solubility coefficient for oxygen in water and blood as a function of
temperature, T, and hematocrit, Hct.

The variation d the soluhbility coefficient with temperature and hematocrit is siown in Figure
[1.5. It is clea that the solubility of oxygen in bood deaeases when temperature increases,
which is a general rule for gas lubility in liquids. The @mncentration d dislved oxygen in
arterial blood with a hematocrit of 45% and an oxygen partia presaure of 95 mmHg a a
temperature of 37 °C, would be 3.5ml/I.

The normal oxygen consumption for an adult is abou 250 ml/min. With an average cadiac
output of 5 I/min, ore can cdculate that this is inadequate to cary 250 ml of oxygen every
minute. The maximum disolved oxygen content is 17.5 ml/min, which is only 7 % of the
required 250ml/min. Therefore afar more dfedive means of oxygen transport is required.

The Bunsen soluhility for oxygen in water is cdculated as foll ows <19
0 per = 3170207 (fL.02°) [58]

or derived from tabulated data <217,
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11.3.2.2 Chemically bound oxygen - Hemoglobin

About 99 % of the oxygen which dissolves in the blood is combined with the oxygen-carrying
protein hemoglobin, Hb, and about 94.5 % of the carbon dioxide which dissolves enters into a
series of reversible chemical reactions converting it into other compounds. The presence of

hemoglobin increases the oxygen transport capacity of the blood 70-fold. The dynamics of the

Figurell.6: Schematic representation of the hemoglobin molecule, showing the four subunits. The
disks represent the heme moieties; the strings depict the polypeptide. <215>

reaction of hemoglobin with oxygen make it a particularly suitable oxygen carrier.

The red oxygen-binding pigment in the red blood cells is hemoglobin, a protein with a molecular
weight of 64450 Dalton <215>, Hemoglobin is a globular molecule consisting of four subunits
(Figure 11.6). Each subunit contains a heme moiety conjugated to a polypeptide. Heme is an
iron(Fe)-containing porphyrin derivative. The polypeptides are collectively referred to as the
globin portion of the hemoglobin molecule. In other words, hemoglobin consists of the red color
pigment, heme, and a protein, globin. The hemoglobin molecule can be represented as Hb,.
Since each Fe-atom can combine reversibly with an oxygen molecule, each hemoglobin
molecule can combine with up to four oxygen molecules to form Hb,Os:

Hb, +O, = Hb,O,

Hb,O0, +0, = Hb,0O,

Hb,0, +0O, = Hb,O,

Hb,O, +O, = Hb,O,

It has been customary to write the reaction of hemoglobin with oxygen as:

Hb+0O, = HbO,
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Figure 11.7: Oxyhemoglobin dismciation curve for human and bovine' blood at different
temperatures and pH refleding the nonlinea, sigmoid relationship between hemoglobin saturation
and oxygen partial presaure. The arve is difted to the right with increasing temperature and

deaeasing pH. The Hill-equation <2426> (Eq. [60]) is used to depict the oxyhemoglobin
disociation curve for human and bovine blood In this figure, Psy denotes the second Hill
parameter for norma human blood, i.e. the oxygen partial presaure when the oxygen saturation is
50 %.

The oxygenated form of hemoglobin is cdled axyhemoglobin, HbO,. The deoxygenated form of
hemoglobinis cdled deoxyhemoglobin, Hb.

The @oncentration d hemoglobin-bound oygen in the red blood cdls is diredly related to the
concentration d dislved oxygen in plasma. At equilibrium, the fradion d binding sites

occupied by oxygen moleaules is represented by the fradional oxygen saturation, S, , which

depends uponthe partial presaure of oxygen in blood (Figure 11.7). The relationship between the
oxygen saturation and the oxygen partial presaure is typicdly a sigmoid curve, which has
important physiologicd consequences, and is defined as the oxyhemoglobin dssociation curve.

The use of this relationship implicitly assumes that the oxygen dff usion resistance of the red cdl

T Bovine bloodis used in the blood experiments and in the numerica modeling.
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Figure 11.8: Total and dissolved oxygen concentration, COz' as a function of partial pressure,

P02 , for normal human blood. The dashed line represents dissolved oxygen.

membrane is insignificant. If all the hemoglobin is combined with oxygen, it is said to be fully

saturated, hence S, = 100 %.

The affinity of hemoglobin for oxygen is usually affected by pH, temperature, hemoglobin
concentration, and the concentration in the red blood cells of 2,3-diphosphoglycerate (2,3-DPG).
The position of the oxyhemoglobin dissociation curve therefore depends primarily upon these
factors (Figure 11.7). The oxygen dissociation curve for normal physiologic conditions is shifted
to the right by increased temperature or decreased pH, because of decreased hemoglobin affinity
for oxygen. The oxygen dissociation curve is shifted to the right by an increase in the
concentration of various organic phosphates, especialy 2,3-diphosphoglycerate. 2,3-DPG and H*
compete with oxygen to bind to deoxygenated hemoglobin, decreasing the affinity of
hemoglobin for oxygen.

When blood is exposed to various drugs and other oxidizing agents in vitro or in vivo, the
ferrous iron Fe* in the molecule is converted to ferric iron Fe™, forming the dark-colored

methemoglobin. Carbon monoxide reacts with hemoglobin to form carbon mono-oxyhemoglobin
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Figure 11.9: Advancing Front theory for oxygenation of blood Partial presare profiles are
superimposed on a side view of a blood channel between two perallel plates to ill ustrate the
asaumption if a linea gradient of partial presaire in the blood lying behind the alvancing front
(AF).

(caboxyhemoglobin). Moreover, the dfinity of hemoglobin for oxygen is much lower than its
affinity for carbon monaxide, which consequently displaces oxygen on remoglobin, reducing the
oxygen-carying cgpadty of blood.

Based onthe moleaular weight of the hemoglobin moleaule, the binding capaaty of hemoglobin,

Bo,, IS theoreticdly 1.39 ml/g <215 However, blood contains snal amourts of inadive

hemoglobin derivatives, and the measured value in vivo islower. In pradice 1 g of hemoglobin
can hind with a maximum of 1.34 ml of oxygen. If Cyp represents the hemoglobin mass
concentration, the anourt of chemicadly bound aygen concentrationis:

Cozb = Bo2 [Cyp [Soz [59]

Under typicd venous physiologic condtions (37 °C, oxygen partial presaure between 40and 95
mmHg), the readion between hemoglobin and axygen reades an equili brium during the time of
contad between the blood and the gas phase. In the lung capill aries the blood is completely
oxygenated after a single passage which lasts no longer than 0.75+ 0.25s at rest and 0.34+ 0.10
s during heavy exercise. Diffusion d oxygen to the red bood cdls neaest to the surfacetakes
abou 0.10s, while the chemicd processof hemoglobin axygenation takes only 0.001s.

The total and dslved oxygen concentration in norma human blood as a function d oxygen

partial presaureis sownin Figurell.8.
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Figure 11.10: Left panel: The Advancing Front theory for the oxygenation of blood with a step
function located at the blood inlet condition; middle panel: Polygonal approximation of the
oxyhemoglobin dissociation curve; right panel: The oxygen concentration represented by a curve
with a constant slope, alinear form of the oxyhemoglobin dissociation curve.

11.3.3 The oxyhemoglobin dissociation curve

Describing the oxyhemoglobin dissociation curve is one of the most important problems in
modeling oxygen exchange in blood. Many different mathematical models of the oxygen
dissociation curve have been published <218-221>,

One approach is that proposed by Lightfoot <222>, Oxygenation of the blood is modeled by
dividing the blood flow into two distinct regions (Figure 11.9). These are separated by an

advancing front at which there is an abrupt change of concentration from the inlet value, C,
to amaximum value, C, ., . The blood is considered to be a fully saturated zone adjacent to a

wall kept at a constant oxygen partia pressure, which advances into a central zone of unsaturated
blood. Transport in this outer saturated level is primarily by diffusion along the gradient between
the oxygen partial pressure in the gas phase and the central zone, which remains at the inlet
value.

The advancing front theory is equivalent to modeling the oxyhemoglobin dissociation curve as a

curve with astep (Figure 11.10, left pandl).
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The oxyhemoglobin dissociation curve can also be goproximated by a polygon a represented by
a arve with aline of constant slope (Figure 11.10, right panel), a linea form of the dissociation
curve used in ealy modeling work <223>, The line is chosen to join a point which represents the

inlet condtions, (POZin ,Co,in ) with a paint which coincides with the maximum attainable partial

presaure, Ry, This approach dces not generate an analyticd solution and undrpredicts the

achieved saturation at a given axia distance The alvancing front model overpredicts the
saturation <224 (Figure 11.10).
The dasdcd Adair equation is based onfour parameters, namely, the four equili brium constants
(K1, K2, K3, K4) for the successve binding of the four oxygen moleailes to hemoglobin.
Modified Adair equations with as many as eight parameters have been proposed. Margaria <225
has described the oxyhemoglobin dssociation curve mathematicdly with three enpiricd
constants determined by the available data in the literature <226>, However, al former models
was a poa fit to the Severinghaus gandard oxygen dissociation curve.
Siggaad-Andersen et a. <218 described a mathematicd model of the oxyhemoglobin
dissociation curve of human bood, giving the oxygen saturation as a function d the oxygen
partia presaure. The dependence upontemperature, pH, base excess and concentration d 2,3
diphasphaglycerate in the eythrocytes is included in the parameters of the model. The modd is
avery goodfit to the Severinghaus gandard oxygen dssociation curve. The deviationiswithin 3
%, for the interval of the oxygen partial presaure between 10and 110mmHg.
A commonly used mathematicd form of the oxyhemoglobin dssociation curve is the Hill -
equation <24-26>:
i
S,, =% [60]
1+ E Po, %
Pso

where n isthe Hill parameter, which is constant for a particular blood spedes. The parameter Psg

depends upontemperature, pH and dood spedes and is defined as the oxygen partia presaurein
bloodwhen the oxygen saturation is 50%:

. human blood<3: n=2.85
P, =266 [@00.48[07.4—pH))[(10—0.024[@374)) [61]
. bovine' blood<3: n=2.70

T Bovine bloodis used in the blood experiments and in the numerica modeling.
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P,, = 29.0[{10°“/@ 4 ) ffag 00T ) [62]
An example of the Hill equation for human and bovine blood is given in Figure 11.7.
Both the Hill equation and the model of Siggaard-Andersen for normal human blood are
depicted in a bilogarithmic plot of the oxygen saturation versus oxygen partial pressue, showing
a minor difference between both mathematical models (Figure 11.11). When the oxygen
saturation exceeds 20 %, the Hill equation can be used <218>, In this work, the Hill equation is
preferred for both its simplicity and accuracy.

11.3.4 Oxygen transfer rate

The oxygen transfer rate, V, ,» inartificial lungs can be measured by application of the principle

of the conservation of mass to gas content measurements from blood entering and leaving the

artificial lung <27>. The oxygen transfer rate may therefore be calculated as the sum of the

100 -
N
o
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2 /
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] / — model Siggaard-Andersen

1 — — Hill equation

10 100
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Figure 11.11: Bilogarithmic plot of the oxyhemoglobin saturation showing a minor difference

between the Hill equation <26> and the model of Siggaard-Anderson <218> for saturations of more
than 20 %.
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disslved and the bound xygen dff erences:

-o =0, [QE(PO out o in )+ Bo ECHb [Q[QSozout Zm) [63]
in which the indexes “in” and “out” refer to the inlet and the outlet of the atificial lung
respedively. Q isthe bloodflow rate.

11.3.5 Oxygen diffusion

Spedes of large moleaular weight, e.g. oxyhemoglobin, do na diffuse significantly because they
are ontained within the red bood cdls and bkecaise their diffusivities are two orders of
magnitude lower than those of dislved spedes. Therefore, it is only necessary to consider
diffusion d dissolved oxygen.

The diffusion coefficient of disslved oxygen in bood, D, , is cdculated using a modified

Fricke theory <20-22>. This theory presumes that the diffusion o oxygen in bood may be

expressed in terms of the diffusion d oxygenin cdls, D, ,,. and the diffusion d oxygen in the

suspending medium (plasmaor plasma/ saline mixture), D, :

(08 +x[R
D. =D, mo* it E
O, Oyp aoz D 1 R [64]

in which

HN O,rbe 1 E

R= Hctﬁb—[ [65]
DN EI O,rbc +X C
H Dozp E
o, rbe
N = O,rb: [66]
aozp

E\‘ E O,rbc 15_5\‘ EID O,rbe EJB
Ozp D
E\‘ 2rbc 15_ B

B is a shape factor for the cells:

[67]
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Figure11.12: Oxygen diffusion coefficient in water and blood as a function of temperature, T, and

hematocrit, Hct, <20-22>
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Figure 11.12 shows the dependence of the oxygen dffusion coefficient upon temperature and

hematocrit.

At 37°C, Dg . =1.0200° cm?/s and Do, =2.1800° cm?s. An effedive diffusion

coefficient, Do , for oxygen through blood is necessary to analyze gas transfer in membrane

artificial lungsandwill be discussedin 8l1.4.5

The oxygen dffusion coefficient for water is derived from Welty et al. <227 and Bird et al. <35>
(Figure 11.12). It is commonly accepted that only the dislved form of gas can dffuse through

the hydrophobc microparous membranes.

I

Do
D

O orbe 1E

O,p

11-19

[68]
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11.3.6 Oxygen transfer and cardiopulmonary bypass

Venouws blood in an artificia lung equili brates with the ventilating gases by gas exchange
through the microparous membrane. Normal arterial blood-gas values are obtained for al blood
flow rates, venous hemoglobin-oxygen saturations, and hemoglobin concentrations.

Typicd operating condtions for total CPB in an adult are summarized in Figure I1.13 and Table
I1.2. Note the large differences in driving forces for oxygen and cabon doxide. Under
normothermia and with pue oxygen fed to the gas phase, the initial driving force is
approximately 45 mmHg for cabon doxide and 713 mmHg for oxygen yielding a ratio of
carbon doxideto axygen driving forces of abou 0.063.

In the 197Gs, a silicone membrane atificia lung was utilized in CPB. The ratio of carbon
dioxide to axygen permeability for silicone rubber is roughly 5.0, and the crrespondng flux
ratio is 0.32, lessthan helf of the metabdlicaly determined respiratory quaient (0.82. Under
these condtions, carbon doxide is the limiti ng gas and the size of the device shoud be based on
carbon doxide transport rather than axygen transport requirements. Sili cone rubber was replaced
by micropaous paypropylene becaise of cost, structural stability and quality control. In that
case the solubility of cabon doxide in the membrane materia, and consequently its
permeability, is no longer the limiting fador. Moreover, in modern membrane atificial lungs,

gas flow through the device needsto be mntrolled to avoid an excessve lossof cabon doxide.

Table 11.2: Typicad operating parameters for cardiopulmonary bypass <1%>. The oxygen partial
presaire in the gas sde is the barometric presaure (760 mmHg) minus the vapor presaire (47

mmHg at 37 °C).
oxygen transfer requirements 250ml/min
carbon dioxide elimination requirement 200ml/min
respiratory gas exchangeratio (respiratory quotient) 0.8
blood flow rate 51/min
gasflow rate 5—101/min
gas partial pressure [mmHg] Po, Peo,
blood in 40 45
blood out 100- 300 30-40
gasin (humidified) 250- 713 0-20

gasout 150- 675 10-30
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Figurell1.13: Scheme of standard operating conditi ons during cardiopulmonary bypass <10>

1.4 Numerical modeling

11.41 Thefinite element method <2930

The finite element method (FEM) is a technique to solve partial differential equations. It can be
considered to be a general discretization tool for partial differential equations. In this sense, the
finite element method forms an aternative for finite difference methods or finite volume
methods. The finite element method can be used to solve problems that are defined on complex
geometries. However, the programming of finite e ement methods is more complicated than that
of the finite difference method, and hence in general requires standard software packages.

The first essential characteristic of FEM is that the continuum field, or domain €, is subdivided
into cdls, cdled elements, which form a grid. The subdvision is caried ou by a mesh-
generator. The dements have ather atriangular or a quadril ateral form. They can be redilinea
or curved. The grid itself doesn't need to be structured. Due to this unstructured form, very
complex geometries can be handed with ease. This is clealy the most important advantage of
the method. This property is not shared by the finite diff erence method, which neals a structured
grid. Therefore, in the finite difference method the domain is to be regularized by mapping a
complex domain into a series of redangular regions. The finite volume method, onthe other

hand, hes the same geometric charaderistic as the FEM.
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The second essential characteristic of the FEM is that the solution of the discrete problem is
assumed a priori to have a prescribed form. The solution has to belong to a function space, which
is built by varying function values in a specific way, for instance linearly or quadraticaly,
between values in nodal points. The nodal points, or nodes, are typical points of the elements
such as vertices, mid-side points, mid-element points, etc. Due to this choice, the representation
of the solution is strongly linked to the geometric representation of the domain. Thislink is, for
instance, not as strong in the finite volume method.

The third essential characteristic is that the FEM does not look for a solution of the partial
differential equations itself, but for a solution of some integral form of the partial differential
equations. In its most genera form, this integral formulation is obtained from a weighted
residual formulation. Through this formulation, the method acquires the ability to naturaly
incorporate differentia type boundary conditions. This property constitutes the second important
advantage of the FEM.

The combination of the representation of the solution in a given function space, with the integral
formulation treating the boundary conditions rigorously gives the method an extremely strong
and rigorous mathematical formulation. Among other things, this allows a precise definition of
accuracy.

A fina essential characteristic of the FEM, is the modular way in which the discretization is
obtained. The discrete equations are constructed from contributions on the element level, which
are afterwards assembl ed.

In structural mechanics, the partial differential formulation of a problem can always be replaced
by an equivalent variational formulation, i.e. the minimization of an energy integral (known as a
functional, i.e. the mapping from a set of admissible functions into the real numbers) over the
domain (extremal problems). A variational or extremal formulation is a problem such as: finding
afunction that minimizes, maximizes, or makes stationary a functional subject to given boundary
conditions. This formulation constitutes a natural integral formulation for the FEM. Based on
these extremal problems, approximate solutions can be constructed using basis functions. This
method is known as the Ritz method and leads to a system of linear algebraic equations.
Unfortunately, it is generaly difficult or even impossible to find the correct functiond
corresponding to a partial differential equation, especially in fluid dynamics. Therefore, another
integral (or variational) method based on the partial differential equationsis used. This method is
known as the Galerkin method and is applicable to partial differential equations for which no
equivaent optimization formulation exists. The Galerkin method is a natural extension of the so-

called weak formulation of the partial differential equations.
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The numerical solution of partial differential equations always results in the solving of a number
of large systems of sparse linear systems. Solution algorithms can be subdivided into direct and
iterative methods. Gaussian elimination and Choleski decomposition are direct methods and can
be used when the system is not too large. Iterative methods such as the conjugate gradient
method for symmetric positive definite matrices and Krylov methods for general matrices, are
very cheap with respect to memory requirements. However, convergence can be very slow so the
computing time may be much longer than for direct methods. The Krylov subspace methods
become much faster when combined with a preconditioner.

The analytical and numerical approach is to derive a model of a system using the basic
mathematical equations describing the physical laws such as the conservation of mass and
momentum, and to describe the causal relationships between its component parts. The Navier-
Stokes equations (8l1.4.2) describing the flow of a fluid, and the convection-diffusion equation
(811.4.4) describing the mass transfer in a fluid, two genera types of differential equations, can
be discretized by the finite element method.

One of the reasons why finite e ements have been less popular than finite differences in the past,
is the lack of upwind techniques. However, accurate upwind methods have now been
constructed. The most popular one is the so-called streamline upwind Petrov-Galerkin method
(SUPG). It shows that upwinding may increase the quality of the solution considerably and it
makes the systems of linear equations more appropriate for the iterative methods for solving
these systems.

In this thesis, SEPRAN <31> is employed to generate the mesh and to build and solve the system
of equations. SEPRAN is an open software packet of subroutines for solving partial differential
equations with the help of the finite element technique. SEPRAN is written in FORTRAN. It
provides the main programs for the preprocessing, the computing part and the postprocessing of
the finite element technique. Function subroutines and user element subroutines, adapted to the
problem, may be attached to these programs. Besides the standard possibilities, SEPRAN allows
the user also to construct his own main program using the standard subroutines SEPRAN

provides.

11.4.2 The Navier-Stokes equations

The steady state, isothermal flow of a homogeneous viscous, incompressible liquid is governed
by the continuity and Navier-Stokes equations. These equations express the classical principles

of conservation of mass:
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Oeu=0 [69]
and conservation of momentum:

pue Ou+Op=0t [70]
where u is the local mass average fluid velocity vector, p is the local density, p is the local

hydrostatic pressure, and t is the deviatoric stress tensor. O is the gradient operator in

rectilinear cartesian coordinates (two-dimensional):

=

The stress tensor, ;, consists of two parts, the presaure part and the deviatoric stress tensor,
acording to:

o=-pl+t [72]
with | being the unity tensor.

To model the deviatoric stresstensor, it is necessary to add the @nstitutive eguation (expressng
rheologicd properties of the fluid), which has the foll owing form <30>;

t = p(0u)gu+0u") [73]

in which p denotes the dynamic viscosity and superscript T is the transpose of the tensor. The

choice of u(ﬁﬁ) defines the model. Many fluids obey Newton's law, stating that stressin the
fluid is propartional to the rate of deformation. Newton's law states that u(ﬁﬁ) is constant for a

Newtonian fluid, ., .

In order to solve the equations Eq. [69] and EqQ. [70] it is necessary to prescribe boundry
condtions. Since Eq. [70] is a system of second ader differentia equations in space it is
necessry to prescribe boundry condtions for ead velocity comporent at the mplete
boundry of the domain. For incompressble flows, no explicit boundxry condtions for the
presaure must be given. At fixed walls, no-dlip condtions at the wall are gplied resulting in
Dirichlet or essential boundary condtions for the velocity:

u=0 [74]

At symmetry planes, Neumann a natural boundary condtions are given. There ae no veocity

components perpendicular to the symmetry plane and the tangential stress, o, IS zero.
_ [75]

with n being the normal vector and o, the normal component of the stress:
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G,=Nsce*n [76]
When periodicity in the flow pattern is considered, periodical boundary conditions are applied to

opposite boundaries.

11.4.3 The Navier-Stokes equationsfor blood flow

Eqg. [73] denotes the constitutive equation. Generalized Newtonian fluid models are time
independent constitutive models and can be used to model the viscous properties of blood. The
non-Newtonian plastico-viscous shear-thinning Casson model <214> (811.2.2) is used to model the
viscous properties of blood. The Casson model is appropriate for shear thinning fluids with a

yield stress and is characterized by the following viscosity model:
0 [77]

in which 1, isthe yield stress, stress at zero shear rate, and 1 denotes the second invariant of

the velocity deformation tensor:

H:;m:A [78]

with A representing the velocity deformation tensor:

A=0u+0u’ [79]

11.4.4 The convection-diffusion equation

The equations of continuity for two chemical species (e.g. A and B) in a binary fluid mixture can
be established by making a mass balance over an arbitrary differential fluid element. Then the
insertion of the expression for the mass flux results in the convection-diffusion equation <35>,
The stationary convection-diffusion equation for mass transfer of species A in a binary fluid of
species A and species B, with diffusion coefficient, D 5, of species A into B, can be described
asfollows:

~0(Dp OC, )+usOC, =t [80]

in which C, is the concentration of species A, u is the macroscopic fluid velocity vector of
species B and r denotes a reaction (source / sink) term. When the diffusion coefficient is
constant, Eq. [80] resultsin:

-D,, [AC, +u+0C, =t [81]
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where A is the Laplace operator in rectilinear cartesian coordinates (two dimensional):
9>  a°
A=—+— 82
ox> oy’ [82
The oncentration can be prescribed on some part of the bourdary of the computational grid
(Dirichlet or essential boundary condtions). At symmetry planes, Neumann a natural boundary
condtions are given:

aC,
on

with n denating the normal vedor.

=0C,+n=0 [83]

11.4.5 The convection-diffusion equation for oxygen transfer in
blood

As has already been dscussed in 8lI.2, blood can be considered statisticdly homogeneous over a
sample volume <228, Moreover, the readion between oxygen and hemoglobin can be asumed
to be fast enowgh so that an equili brium disociation curve can be used <22%, The stationary
convedion-diffusion equation for dissolved oxygen transfer in doodreals as foll ows:

UeOCo =Dy [AC,4 + Ry [84]
where u is the blood \elocity vedor, Co,e represents the dissolved axygen concentration in

blood, D4 the diffusion coefficient of dissolved oxygen through bloodand R, the reation d

disslved axygen and hemoglobin. The mnvedive transport of bounded oxygen concentration is
described as:

ue ECozlo =D, [ACo, tR, [85]
where C, ,, represents the bound aygen concentration in blood, D, the diffusion coefficient

of bound aygen through boodand R, thereadion d bound axygen and hemoglobin. Sincethe

the bounad oxygen (i.e. the oxyhemoglohbin) is confined to the red blood cdl, it can't diffuse
into the blood gasma. Moreover, the diffusion and the Brownian motion d the red bloodcdlsis
negligible compared to the mnvedion d thered boodcdl, so that:

DOZID Dxcozb =0 [86]
Since
R, =-Ry [87]

and adding Eq. [84] and Eq. [85] whil e taking into acourt Eq. [86], yields:
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ue i(Cozd + Cozb): Do, IACy 4 [88]
where D, isthediffusion coefficient of dissolved oxygen through blood

Doz - Dozd [89]
In 811.3.2 it was described that the total amourt of oxygen concentration in blood is the sum of

the disslved, Co,y and bound,Cozb, oxygen concentrations (Eg. [53]). The presence of the

bound axygen concentration in the mnwvedion-diffusion equation makes it norinea since the
oxygen saturation, Sy , in Eq. [59] depends upon the oxygen partia presare, R, , in a
complicaed, norinea manner (e.g. Eq. [60]). Substitution d Henry's law (Eq. [54]) and d Eq.
[59 into EQ. [88] and taking into account the dependency of the oxygen saturation uponthe
oxygen partial presaure, yields:

C,. d _
%+ B, DﬂﬂiE]A-DPO =D, [AP, [90]
2 aoz dP02 2 2 2

An effedive diffusion coefficient, D, .+ , Can now be introduced which takes into acourt the

oxygen-hemoglobin readions. Weissman et a. <23% have shown that (Figure I1.14):
Do,

Dot = “TPOZ) [91]
Where

(P, )= B, EI% D:% [92
Eq. [90] can than be rewritten as:

ueOR, =Dg o AP, [93]

The term (1+ )\(POZ )) in Eq. [9]] represents the redprocd of the fradion d the total oxygen
uptake contributed by dislved oxygen. Thus, )\(Poz) is a sink term acmurting for oxygen
uptake by hemoglobin Figure 11.15. )\(POZ) is propartional to the rate of saturation increase for

an increase of oxygen partial presaure, i.e. it is propationa to the slope of the oxyhemoglobin
dissociation curve (e.g. the Hill equation, Eq. [60Q])

For anonreadive fluid, such as water,

MP,,)=0 [94]

The total masstransfer is therefore represented by dissolved axygen alone.
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Figure 11.14: Effedive oxygen diffusion coefficient, Do 8 @ function of temperature, T,
hematocrit, Hct, and pH for human blood

If the Hill equation (Eq. [60Q]) is used to describe the oxyhemoglobin dssciation curve, the

slope of the oxyhemoglobin dssciation curve can be derived as follows:

dS, _ n. [EPOZ g_l E 1
dl:)02 I:)50 Pso P g [95]
+ O .
0 Pso O

Inserting Eq. [95] into EQ. [92] gives:

1
K(Po ): Bo, EIC*Hb E)i O2 %‘ 3—1
to, Pso [OPso Ps, %‘g [96]

P50 E

+
U

Eq. [96] gives an expresson d X(Poz) in terms of known quantities of human o bovine blood.
FigureIl.15 shows X(Poz) asafunction d temperature, T, and hematocrit, Hct.

The mnwedion-diffusion equation for oxygen in dood (Eq. [88]) becmes:
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Figure 11.15: The term x(Poz) as a function of oxygen partial pressure, P, , temperature, T,
hematocrit, Het, and pH for human blood.

Ues 0P, =D o4 (AP, [97]
The resulting two-dimensional convedion-diffusion equation is expressed in terms of the oxygen
partial presaure. In general, the eguation consists of a first-order derivative term in the diredion
of the flow representing the transport of speaes due to conwvedion, and d a second-order
derivative term representing the transport of spedes perpendicular to and in the diredion d the
flow due to moleaular diffusion (governed by Fick’s law and taking into account the norinea
eff edive diffusion coefficient).

Asauming negligible masstransfer aaoss the membrane compared to the mass flow along the
membrane, and with no rheologicd blood changes due to gas transfer, blood \elocity is

independent of the gas transfer and is therefore solved first. The oxygen partial presaure in the

bloodis then solved afterwards.
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11.4.6 Thefinite element method and the Navier-Stokes equations

When periodicity in the flow pattern is considered, periodicd boundary condtions are gplied on
oppasite boundries (Figure 11.16, left panel). SEPRAN implements periodicd boundry
condtions with a given vdume flux, g, per unit fiber length and hence ax unknavn presaure

difference by a penalty function approach <4>, The volume flux is given hy:

q= J’G-ﬁml“ 98]

I

per

where I'pe denotes the inflow periodicad boundry. Hence the Navier-Stokes equations are
solved with the given vdume flux as constraint. Correspondng to this constraint, an unknavn
presaure jump exists between the inflow and ouflow boundxries. It is necessary to define aline
element along the complete inflow boundary. Along this line dement a speda boundry element
is defined that prescribes the volume flux. In order to use periodicd boundry condtions, the
correspondng degrees of freedom must be identified and therefore wnnedion elements are
introduced at the oppasite sides. All degrees of freedom in the nodd points of the inflow
boundry (1) are identified with the crrespondng degrees of freedom on the outflow boundary
(') Figure 11.16 (right panel). In the cae of Figure 11.16 (left panel), the mnredion elements
credaed are depicted in Figure 11.16 (right panel). The values of the flow variables at the outflow
boundry are imposed uponthe inlet boundary during the solution procedure.

A [ B [

1V Y

Figure I1.16: A: Periodicd boundary conditions at the inflow (I) and the outflow (IIl) boundary,
volume flux g. B: Elements to prescribe boundary conditions on the inflow (I) and the outflow
(1) boundary.

The Navier-Stokes equations, Eq. [69] and Eq. [70] are discretized using Galerkin's finite
element method after substitution d Eq. [73]. This results in a system of norlinea equations

<30>, The mnwedive term, u+ Ou, renders the Navier-Stokes equations nonlinea. In order to
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solve the resulting system of nonlinea equations, an iterative procedure is necessary. A standard
Newton lineaization can be used:

u“te Du ™ =u e DU +u e DU - U OU" [99]
Newton lineaization converges fast (i.e. quedraticdly) as on as the iteration is in the
neighbahood d the final solution. An aternative lineaization is constructed by the so-cdled

k+1

Picard iteration, which has alarger convergenceregion bu converges more slowly:
u“te DU =u“ e Ou*™ [100
An important question with resped to the iterative methods is how a goodinitia estimate can be

k+1

found.One can start the iteration processwith an initial guess for example with the solution o
the Stokes problem, which is formed by the Navier-Stokes equations, bu where the mnvedive
terms have been negleded, ues Ou =0. Then the Picad iteration is performed in ore step in

order to approach the final solution. In the next steps, Newton iteration can be used.

2

2

Figure 11.17: Isoparametric triange with six points. A quadratic goproximation for the two
velocity componentsin ead nodeis applied. <31>

Sincethe presaure is an unknavn in the momentum equations, Eq. [70], bu nat in the @ntinuity
equation, Eq. [69], the discretization d the Navier-Stokes equations must satisfy some speaal
requirements. The first requirement is that the number of pressure unknovns may never exceal
the number of velocity unknavns. The second ore ae the so-cdled Brezzi-Babuska andtions.
These @ndtions creae a relation between presaure and \welocity approximation. In finite
differences and finite volumes, the equivalent of the BB condtionsis stisfied if staggered grids
are gplied.

The set of linea differential equations is lved onthe mesh. The dements used to construct the
computational grid are standard Crouzeix-Raviart bilinea triangular elements (Figure 11.17).

These dements contain nodes with a quadratic gpproximation for the two velocity comporentsin
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eat nock. The presare is defined in the cantroid of eat element. For post-processng purposes,
it isaways necessary to average the presaure to vertices.

The @sence of the presaure in the cntinuity equation induces zeros at some of the diagonal
elements of the matrix. In general, linea solvers may be influenced by such zeros;, some iterative
solvers do nd even alow nonpgitive diagonal elements. For that reason aternative solution
methods have been developed which try to segregate the pressure and velocity computation, ore
of them being the penalty function formulation. In this approad, the @ntinuity equation is

perturbed with a small compressbility including the pressure, €p.

ep+0u=0 [101
yielding

Ou
p=-—" [102

€
From this perturbed equation, the presaure is expresed in terms of velocity and this is
substituted into the momentum equations. In this way, the velocity and the presaure ae
demupded and the cntinuity equation is implicitly taken into acourt in the matrix equations.
The velocity can then be computed first and the presaure dterwards.

11.4.7 Thefinite eement method and the convection-diffusion
equation

For a unique solution d partial differentia equations, it is necessary to prescribe exadly one
boundiry condtion at ead part of the boundary. In many pradicd flow problems, however, the
convedion term strongly dominates the diffusive terms. Numericdly this means that the
charader of the equations resembles that of the pure mnwvedion equation more than it does of the
diffusion equation. For a pure mnvedion equation, boundry condtions shoud ony be given at
inflow and nd at outflow. Sincefor the mnvedion-diffusion equation, boundry condti ons must
be given at outflow, it is advised to use thase boundary condtions which influence the solution
as little a posgble. In general, this means that at outflow one usually applies natura boundry
condtions.

At the outlet, the mncentration profile is imposed to be remain invariable in the stream-wise
diredion <4%;

usC, =0 [103
The physicd meaning of this outlet boundiry condtion is that the wncentration field along the

outlet contour is dominated by the stream-wise wnwvedion.
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Whenever convection does not dominate diffusion, the standard Galerkin approach (SGA) can be
used. However, if in equation Eq. [80] the convective part, ue OC, , dominates the diffusive
part, E(D AB DECA), the accuracy strongly decreases, especialy in coarse grids. SGA is not an
effective method for convection dominant flows. An improvement of the accuracy may be
achieved by applying a so-caled upwind scheme, in analogy with finite differences where
upwind methods are applied for convection dominant flows. In finite element methods, the
streamline upwind Petrov-Galerkin method (SUPG) <231> is comparable to classica finite
difference upwind schemes. In a one-dimensional pure convection problem, upwinding involves
that all information is transported in the direction of the velocity and therefore the discretization
should be based upon information upwind. In the classical finite difference upwind scheme a
backward difference scheme is applied (provided the velocity is positive). In fact, an artificia
diffusion isintroduced into the convection-diffusion equation.

Many of the upwind schemes in finite differences may be considered to be central difference
schemes with artificial diffusion. If the SUPG method is applied in a two-dimensiona problem
in each of the directions, a typical cross-wind diffusion arises. This means that the solution
perpendicular to the flow direction, is smoothed and becomes inaccurate. Consequently, the
SUPG method must be extended in such away that the upwinding is only applied in the direction
of the flow. Brooks and Hughes have solved this problem by giving the artificia diffusion a
tensor character.

Essential in the SUPG method for finite element methods, is an extra term next to the standard

Galerkin equation:
[(oC, -f)tp 0 [104]

e

where e denotes the element. DC,, represents the differential equation appliedto C, and f isthe
right-hand side. The upwind parameter, p, is defined by

p = h;t gt [105]

u

with h denoting the width of the element in the direction of the flow, ¢; the i" pasis function, u
the velocity and ( a choice parameter defining the type of upwinding. Many different schemes
can be used:
. Classcd upwind scheme: ¢ =1
1

E

II’in scheme: ¢ = coth(p)
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| o % ~3<p<3
. Doubly asymptotic approximation: ¢ =

Fsign(3) p/>3

B—l-1 p<1
p
. Critical approximation: ¢ = %) -1<p<1
U g
-= 1<
H B
In which B is:
p=_ " 06
o — 1
20D Qui ol

Mizukami has extended the upwinding scheme for triangles <232>, Many extensions of the SUPG
method have been proposed, all based on different choices of the upwind parameter, p. These
improvements have special functions, for example creating monotonous solutions <233> or
discontinuity capturing <234>, Another method is the linear triangular method of Mizukami and
Hughes <232> satisfying the maximum principle. This method is only applicable to linear
triangles. In this method, the upwind basis functions, p;, depends upon the flow direction as well
as the solution. Hence, it is a nonlinear method. The upwind basis functions are chosen in such a
way that the maximum principle is satisfied. This means that in the absence of sources or sinks,
the solution can never be lower than the lowest value on the boundary and never higher than the
highest value on the boundary. Since the method is nonlinear, it requires iteration. At the
beginning of the iteration one might for example start with the doubly asymptotic approximation.
Experiments show that sometimes the iteration displays a so-called flip-flop character. It
switches between two different stages without ever converging. To suppress such behavior, a
flip-flop mechanism may be triggered. In this mechanism an integer flip-flop array is used to
keep track of the various stages of the upwind basis functions. If the direction of the upwind
basis function is clear, it is kept.

However, it must be remarked that upwinding not always improves the accuracy and the building
of the matrices in case of upwinding is more expensive than in the standard case. However, the
use of upwinding makes the matrices to be solved more diagonaly dominate. Consequently
iterative matrix solvers will converge much faster than for SGA.

For a stable solution, the problem must be formulated with physicaly realistic conditions and a
non-uniform grid with a sufficiently small spacing in the region close to the boundary must be
used.
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Linea triangular elements with three noddl points are used with ore unknavn in ead noce

(Figurel1.18).

Figurell.18: Linea triang e with threepoints and one unknown per node.

[1.5 Geometric characteristics of cross-flow hollow fiber
membrane artificial lungs

Most artificial lungs consist of microparous hall ow fibers (81.5.3 & 81.5.4), the fundamental gas
exchange dements, with blood flowing external to, and perpendicular to closely-spacel fibers,

i.e. crossflow. The gas flows inside the fibers. This configuration is particularly efficient in

Sarns Turbo 40
gt i

Dideco
Compactflo

Figure 11.19: In this figure, the commercialy manufadured crossflow hollow fiber membrane
artificial lungs which are studied in this work, are shown. Top left panel: Sarns Turbo 44Q
bottom left panel: Cobe Optima; Uright panel: Dideaco Compadflo; arrows denote the inlet and

outlet blood flow.
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transfer processes because of the transverse mixing on the blood side (81.5.4). Since the fibers
are densely padked, the blood flow in the void spaces is essntialy that of a flow through a
porous medium (maaoscopic). A flow through an array of randamly oriented fibers is
commonly approximated by aflow through aregular array of parallel-oriented fibers. Periodicity
and symmetry are used to reduce the domain to the smallest element, i.e. a single fiber
(microscopic).

Figure 11.19 shows the commercially manufadured crossflow hadlow fiber membrane atificial
lungs, which are studied in this work:

. Sarns Turbo 440(Terumo)

. Cobe Optima, Cobe (Sorin Biomedica)

. Didea Compadflo (Sorin Biomedica)

11.5.1 Macroscopic geometric characteristics

The flow in a aossflow holow fiber membrane atificial lung canna be acaworately
charaderized by tube flow, bu rather by flow in a “padked column”, which is approximated by
flow in a tube of very complicaed crosssedion <35, “Padked columns’ are widely used for
masstransfer operations in chemicd engineaing.

An artificial lung is charaderized by different geometric parameters. membrane surface aeg A;
diameter of the fiber, d; length of the fiber compartment, L; inside housing outer diameter, D;.
outside housing inner diameter, D,; and grossfrontal areaof the blood @th, As (Figure 11.20).
The “void fraction” or device porosity, €, is defined as the ratio of the volume of voids (volume
in the membrane compartment occupied by blood) to the volume of the bed (total volume of the
membrane compartment). A characteristic length for flow through porous beds or packed fiber
bundles, is hydraulic radius, Ry, expressed in terms of € and wetted surface area per unit of

volume of bed, a <3.34.35>;

olumeof voids
_Ovolumeof bed O_¢ _ ¢ld (107]
" Rwettedsurface  a 4rf1-¢)

volumeof bed [J

Manifold length, Ly, is defined as the length by which the total artificial lung flow is divided per
unit of width of fiber stack <34>. It is assumed that the length of the tortuous or microscopic path
through the membrane compartment is equal to the overal bulk or macroscopic length of the
packed section. Therefore, mean blood path length, Ly, is the average distance which blood has
to travel through the fiber stack. Both lengths can be measured from dissected units or calculated
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from technicd data. A dimensionless charaderistic device length, &, can be defined as the ratio

=" [10§

It is asumed that bloodis uniformly distributed owver the fiber stad. In the Sarns Turbo 440and
Cobe Optima membrane atificial lungs, Ly, and Ly, are determined as shown in Figure I1.20 (left
panel). Blood enters the membrane evenly distributed over the length of the manifold, L, and the
blood flow is 9lit into two, for left and right sides. Blood flow rate per unit of width o

membrane, Q' is:

- Q_ Q
Q—L 2L [109

m

Mean bood mth lengthiis:
_T ﬂDi +D, E

L, 5L [11Q
Sarns Turbo 440 Dideco Compactflo
L
«— — ‘ Do
? N r/// Af DI
i VA2 N
Do Di /'/Lb L'PIZ , ” ‘ Mo e =

Q ol L
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B Y
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&

Figure 11.20: Geometric charaderistics of the commercially manufadured crossflow holl ow fiber
membrane atificial lungs. Top left panel: Sarns Turbo 44Q bottom left panel: Cobe Optima;
right panel: Dideco Compadflo.
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Table Il .3: Geometric characteristics of the commercially manufactured cross-flow hollow fiber artificial lungs:
Sarns Turbo 440, Cobe Optima, and Dideco Compactflo.

Sarns Turbo Cobe Dideco
440 Optima Compactflo

membrane surfacearea, A [m? 16 17 2

fiber diameter, d [um] 380 380 380
inside core outer diameter, D; [cm] 5.0 4.4 5.0
outside @re inner diameter, D, [cm] 7.0 7.3 7.8
length fiber compartment, L [cm] 20.5 124 12

device porosity, € 0.61 0.51 0.44
characteristic device length, 0.23 0.37 0.60

In the Dideco Compactflo artificial lung, blood flow enters the fiber stack circumferentially
(Figure11.20, right panel). Manifold length is:

L =nrfPitPef [111]
O 2 C

whereas mean blood path length is determined as:

L, =L [112]
Table I1.3 lists the geometric characteristics of the three artificial lungs, which are studied in this
work.

The velocity in a porous medium can be characterized by the superficia velocity, U, on the one
hand and by the mean velocity, Uy, on the other hand. The superficial velocity or Darcy fluid
velocity is defined as the average velocity in areference direction of flow that would occur if the
fibers were absent:

== [113]

[114]

g=—= [115]
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11.5.2 Microscopic geometric characteristics

In an artificial lung, blood can be considered to flow in a fiber bank. The fiber bank in a cross-
flow hollow fiber membrane artificial lung can be considered as an assemblage of uniform,
paralel, fixed circular fibers equally spaced in a plane perpendicular to the long axes of the
fibers. Assuming negligible entrance, end and wall effects (which is a reasonable assumption for
a fiber bank with a large number of rows) and fully developed, two-dimensional laminar steady
flow through the fiber bank, periodicaly fully developed flow can be considered. A fiber bank
can then be divided into a number of identical unit fiber cells, one fiber occupying each unit fiber

cell. Fiber banks are characterized by cross-wise, S;/d, and stream-wise, S, /d, pitch(S)-to-

diameter(d) ratios (Figure 11.21). Symmetry boundary conditions ,T",, , are imposed upon the

14 sym?
symmetry lines (Figure 11.22), no-slip wall boundary conditions upon the fiber surface. The
distribution of the flow velocities (but not the local pressure, nor the concentration) isidentical in

al unit fiber cells, hence periodica boundary conditions, I" ., to inlet and exit planes can be

per

Inline Square, 1S
()
NANZANV
Equilateral Triangle, ET f
o

o

4

AV
_/ \ Staggered Square, SS

S,

§o

ST<§%£> Sy
NP AN
S

& »

£ =050 S

Figure I1.21: Three fiber geometries with a porosity of 0.50 (horizontal flow): inline square, 1S,
equilateral triangle, ET, and staggered sgquare, SS (fiber diameter, d, cross-wise pitch, Sy, and
stream-wise pitch, S).
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Figure 11.22: Schematic representation of the unit fiber cell model. T'ym represents symmetrical

boundaries and Ty periodical boundaries; x denotes the stream-wise direction and y is
perpendicular to the flow direction.

applied (Figure 11.22). Periodica boundary conditions (811.4.6) are implemented with a given
volume flux, Q:

q:rju-nEjl“=UsBSr? [116]

where Us is the superficial velocity of the porous medium (8I1.5). The flow field is oriented in

the x-coordinate direction (Figure 11.22), i.e. the stream-wise direction. For symmetry reasons,
only the meshed part of the geometry needs to be considered.

The overal dimensions of the unit fiber cell are fixed by specifying the configuration, the

porosity, €, and the fiber diameter, d. In the present study, porosity ranges from 0.4 to 0.6 for
each fiber bank.

Three different fiber bank configurations are studied:
. inlinesquare, IS'S; =S,

. equilatera triangle, ET:S, = 20/3 5,

. staggered square, SS:S; = 2[5,
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Figure 11.21 illustrates the three fiber bank unit fiber cells with a porosity, €, of 0.50 and
diameter, d, d 0.380mm, a representative size for a paypropylene fiber used in an artificial

lung.
A B

nl
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—
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Figure 11.23: A. Schematic presentation of a fiber bank of height, H’, length, L’, and width, W’. x
denotes the stream-wise diredion, y denotes the cosswise diredion and z the diredion along the
fiber axis. Q' represents the flow rate through the fiber bank. B. The fiber bank is presented as an
idedized periodicd array of cylindricd fibers perpendicular to the flow.

Figure 11.23 represents a fiber bank o height, H’, length, L’, and width, W’ (left panel) as a
periodicd array of cylindricd fibers perpendicular to the flow (right panel). This fiber bank is an
idedi zed representation d the membrane compartment of the commercially manufadured cross

flow hallow fiber membrane atificial lungsin Figure I1.20:

Hl: Do ; Di
L'=L, [117]
W'=L

Using the geometricd data of the membrane cmpartment of the commercially manufadured
crossflow hdlow fiber membrane atificial lungs, the two-dimensional unit fiber cdl is
integrated in every diredion to simulate the wmplete membrane. The presaure drop and the
oxygen transfer in a fiber bank can therefore be cdculated from the results obtained in a unit
fiber cdl by integration into the stream-wise (x-) and crosswise (y-) diredion and by

multi pli cation with the fiber length (z-diredion).

1.6 Dimensional analysis

Because of the complex flow field in crossflow halow fiber artificial lungs, it is not possble to
obtain a theoreticd analysis of the hydrodynamic resistance or of the gas transfer efficiency
beforehand. For the oxygen transfer analysis in an artificial lung, a semi-empiricd approad is
adopted, based on an analogy between heda and mass transfer utili zing dimensionless groups.
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Dimensionless groups renders the solution to a problem more mmpad and the crrelation o
experimental data more manageable. The use of dimensionlessgroups allows one to use model
theories to predict the behavior of a full-scde device based on the data for geometricdly and
dynamicdly similar, but scded models.

Table 11.4 lists the pertinent variables encourtered in hydrodynamics and in masstransfer. From
these variables, various dimensionlessgroups can be derived. The masstransfer coefficient, K, is
defined as the masstransfer rate, per unit surface aea and per unit driving force

Table I1.4; Pertinent variables encountered in hydrodynamics and in mass transfer. From these
variables, various dimensionlessgroups can be derived. (L unit of length; T unit of time; M unit of

mass.
variable symbol dimension
characteristic length: hydraulic diameter 4R, L
characteristic velocity in numero analysis: u - Q T
superficial velocity, Us A
characteristic velocity in vitro nalaysis: U = Q T
mean velocity,Upn, e [A
density p M/L3
dynamic viscosity M M/L/T
kinematic viscosity v L2/T
pressure drop Ap M/L/T?
diffusion coefficient Do, L2/T
mass transfer coefficient K L/T

Reynolds number, Nge, is defined as the ratio of inertial to viscous forces. Characteristic length
in the Reyndds number for flow through a fiber stadk is the hydraulic diameter, 4[R, .
Consequently, the Reyndlds number, Nge, for an artificial lung is defined as:

4R
.=U BT“E) [118
with U the daraderistic velocity. The superficial velocity, Us, is used as the daraderistic

NR

velocity in thein numero analysis:
4R
N, = U, BThm) [119

In thein vitro analysis, the mean velocity, Un, is used as the dharaderistic velocity:
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Q AR,
N, = 4
Re A L2 u [120

When using whole blood (Hct = 45 % and T = 37 °C yielding p = 1060 kg/m* and p, = 3.76

mPa: s) with aflow rate of 5 I/min, Nge With Us as a dharaderistic velocity (in numero analysis),

varies between 2.1and 3.3for membrane atificial lungs with a porosity between 0.4and 0.6.

When the mean velocity, Un, is used as charaderistic velocity (in vitro analysis), Nge varies

between 4.7and 5.5.Blood with a hematocrit of 30 % and a temperature of 30 °C flowing a 5

I/min corresponds with Nge Of 2.6 —4.2(in numero analysis) and 5.8— 6.8(in vitro analysis). For

water (T = 20 °C yielding p = 998 kg/m® and p, = 1.00mPa: s) flowing at 5 I/min corresponds

with Nge Of 7.4—12.2(in numero analysis) and 17.0- 20.2(in vitro analysis).

The Euler number, Ng,, is defined astheratio of presaure drop to kinetic energy:

Ne, = ap
4 é [121]

A
The Schmidt number, N, analogous to the Prandtl number in hea transfer, is defined as the
ratio of momentum to dffusive transport and charaderizes the fluid:

-k _
N c - 12
° PDDO2 Do2 [122

The Pédet number, Npe, is the product of Nre and Ng. and charaderizes the relative importance
of convedive and dffusive processes with resped to the fluid flow:

A 123
It istheratio of bulk masstransport by convedive fluid flow to dff usive masstransport.
The Sherwood number, Ng,, also known as the masstransfer Nusslt number, charaderizes the
relative importance of convedive and dffusive transport with resped to the membrane. Ng; is
defined as the ratio of total masstransfer, including mixing effeds by e.g. ssoondary flows, to
diffusive masstransfer:

_KMIR,

N
¥ D, [124

The mass transfer Stanton number, Ng, is propationa to the ratio of adua massflux to the
massflux cgpadty of the fluid flow, i.e. the anourt of masspotentialy transferable per unit of
time and per unit of crosssedional area Ng can be written as foll ows:
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N elA, [K
NSt = Sh = f [123
NReENSc Q

1.7  Modeling oxygen transfer

[1.7.1 Introduction

Many of the ealy oxygenation systems (cgoillary membrane, coiled tube, membrane-lined
capillary channels, spiral, crossflow hallow fiber, etc.) have been developed (196G — 197G —
1980 — 199G) on empiricd grounds <44 (81.5). Applicable theories would grealy enhance
clinicd progress by insuring maximum transfer efficiency and safety. Increased efficiency is
very important for long-term perfusion.

Figure 11.24: Schematic detail ed representation of an artificial lung parallel tube representing the
shell and tube membrane atificial lung (left panel) and parallel plate representing the flat shed
membrane atificial lung (right panel). Q denotes the blood flow and O, denotes the oxygen
transfer throughthe membrane.

The design of an optimal system demands an experimental and a mathematicd (analyticd or
numericad) approach. The experimental approad is charaderized by both minimal analysis and
the ‘trial and error’ method d making appropriate modificaions for the optimal design. The cost
for development and the time consumption are thus much greaer than those incurred using a
mathematica approad.

The analyticd and the numericd approach aim to derive amodel of the system using basic
mathematica equations to describe the physicd laws sich as the @nservation d mass and
momentum, and to describe the caisal relationships between its comporent parts. Prototypes
designed, based on extensive analyticd investigation, are frequently optimally designed and the
only experimental results needed are thase required to vali date the model.
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Once the model has been validated, additional variables can be studied analyticdly and / or
numericdly which often results in a cnsiderable st reduction. In general, a stealy state is

asmed.

11.7.2 History of the modeling of oxygen transfer <

Mathematica analysis of the membrane atificial lung has been attempted in the late 196G and
ealy 197G on two geometries. multiple parallel permeable tubes for shell and tube membrane
artificial lungs (left panel Figure 11.24) and multiple parallel permedble plates with a large
channel width to height ratio for flat shee membrane atificial lungs (right panel Figure 11.24).
Some theoreticd developments pertinent to design-oriented analyticd methods are described by
Spaeh et al. <235236> and Dorson <237, Severa reports of approximate solutions to the genera
convedion-diffusion equation, describing the transfer of oxygen to blood, appea in the literature
<22222823723% |n all these atempts, the flow is considered fully developed and Hood is
considered to be ahomogeneous fluid either with unformly distributed chemicd readions or
with uniformly distributed red bood cdls as Durces or as snks. Merril et a. <23%, Jones <240>,
and Dorson and Hershey <24 have only studied the pure hydrodynamic behavior of blood flow
through capill ary tubes. Marx et a. <242243 jnvestigated the oxygen transfer rate through a
horizontal stagnant film of blood separated from a flowing oxygen gas dream by a silicon rubber
membrane. Keller and Friedlander <244245 gudied the rate of oxygen transfer through
hemoglobin solutions. Weissman and Mockros <230246247> splved the mass conservation
equation for straight and coiled gas permeable tube flows using an empiricd relation for the
oxygen-hemoglobin dssociation curve, a mnstant effedive diffusion coefficient (8l11.4.5), and a
Newtonian parabdlic velocity profile. Buckles et a. <248 used an approach similar to that of
Weisgnan and Mockros, bu used Casson's equation describing the non-Newtonian viscosity of
bloodand a more general wall flux matching condtion.

Spaeh and Friedlander <24% used a rotating disc membrane device to test the maaoscopic
model for convedive diffusion d gases in bood experimentally. Martisovits and Veis <250
analyzed the statisticd model of oxygen transfer in blood. Lightfoot <222> developed alow order
approximation for amembrane atificial lung. Thews <251> investigated the nature of diffusionin
blood. He considered blood in two concentric regions with a ceitral saturated region separated
by a moving interfacethrough which diffusion takes place Vill arodll et a. <252253 followed a
procedure similar to that of Keller and Friedlander but solved the @nservation equations for
oxygen and cabon doxide diffusion of steady and pusatile blood flow with the help of a shell
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and tube membrane atificial lung. Harris et al. <226> also solved the cnservation equations for
oxygen and carbon doxide diffusion through the blood flowing in a caill ary membrane using
the Cas2on's equation and assuming a fully developed velocity profil e.

The agreament between theoreticd approadies and experimental data for blood ocygenation in
membrane channels has resulted in a series of design-oriented articles <238242247254258>

Some of these tedhniques are based onintegral methods and are cdled advancing front models
(811.3.3. They have been proven to be useful in the design and undrstanding of membrane
artificial lungs (multiple paralel permeadle tubes and multiple paralel straight channels)
<228238>

Other methods are aurrently avail able to predict the blood-gas transfer cgpabiliti es of membrane
artificial lungs without prototype testing using blood. Shah and Leonard <25% suggest perfusing
devices with a sodium sulfite solution that reads with oxygen at a rate wmparable to the
readion d hemoglobin and akygen bu is lessexpensive and easier to control than bood.Vaslef
et d. < use a normalized mass transfer coefficient for crossflow devices derived from
experiments using water to charaderize the gas transfer performance for a membrane oxygenator

for any inlet blood condtions (8l1.8). These methods approach the device & a porous medium.

11.7.3 Analytical and numerical models

Transport of oxygen through bloodfilms has been studied extensively, and the large hemoglobin
binding cgpadty for oxygen, couded with the rapid hemoglobin-oxygen kinetics, led many
investigators to approximate the experimental situation by using two dstinct zones. These
involve the transfer of oxygen through a fully saturated region leading to a front where the
hemoglobin reads with the disolved axygen <242260262>, The mncept is referred to as
“advancing front theory” <222> (811.3.3). The alvancing front theory idedi zes the flow of blood
in atube or between pane parall € surfacesto afully developed, laminar flow of a homogeneous
Newtonian fluid. Axial diffusionis negleded with resped to radial diffusion and a stealy state is
asuumed. The avancing front is applied in these studies assuming a large readion rate of
hemoglobin and axygen, a high ratio of unboundto undsslved oxygen at the inlet and a large,
nealy constant diff erence between gas and inlet oxygen partial presaure. The bloodis considered
a fully saturated zone ajacent to a wall kept at a constant oxygen pertial presaure, which
advances into a central zone of unsaturated blood. Transport in this outer saturated level is
primarily by diffusion along the gradient between the oxygen partial presare in the gas phase

andthe cantral zone, which remains at the inlet value (Figure 11.9).
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Figure I1.25: Oxygen transfer to blood flowing in multiple paralel permeable tubes with

generalized advancing front coordinates <263>. Comparison of theoreticd predictions with
experimental data. The high f-data were obtained from single tube experiments. The upper line
denotes a rredion for negleding the mnvedion of disolved axygen in the alvancing front
theory. The corredionisapplied at the channel inlet to mix its bloodto its final saturation.

The model of Dorson <263 is a typicd analysis of oxygen transfer to blood, flowing in
permedble tubes. A parabadlic velocity profile, an empiricd oxygen dssciation curve, and a
constant effedive oxygen dffusion coefficient determined by comparison with experimental
data, were employed. The solutions of the mass balances in Dorson's model result in the
expresson d the overal oxygen exchange in terms of two dmensionless numbers
<222228237238264: the fradional saturation change, f, and the dimensionless channel length for
oxygen transfer, L~ (Figure 11.25). The fradiona saturation change or efficiency of the device
expresses the ratio of the adual saturation change acossthe deviceto the total saturation change
possble. the dimensionlesschannel length for oxygen transfer is a modified Gragz number that
consists of groupings of terms relating gas and Hoodinlet condtions, blood ptysicd properties
and the flow and geometric properties of the ducts or tubes of any particular device Based on
these two dmensionless numbers, Curtis and Eberhart <264 present the performance of oxygen
transfer by introducing the concept of a resistance of the inlet blood to complete oxygen
saturation versus the fradional saturation change and the flow rate of adevice An artificial lung
may be treaed as a "bladk box” into which inlet condtions are varied and correspondng
variations in oulet saturation are measured. Knowledge of the geometry, the detailed
construction, a the blood oygen solubility and dffusion shoud na be required for the
charaderization d the performance of a device @& long as one a&sumes a nstant priming
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volume and Hood plysicd properties <264, The performance of a device @uld be extrapolated
to any desired blood flow rate, blood inlet condtions, or barometric pressure. The model,

however, is limited to fradional saturations ranging from 0.30to 0.95yielding it unusable for a
thorough examination d the performance of artificial lungs. Overcash and Keller have shown
that the advancing front model approximations break down when the ratio of dissolved to bound
oxygen at theinlet is lessthan three Such condtions exist at a hematocrit of 25 % and for inlet
saturations higher than 65%. Moreover, the theory can only be gplied to flat shed techndogies
and intraluminal bloodflows.

Buckles <248 and Villaroel <252> solved Dorson's model with the Crank-Nichdson method
using matching flux boundry condtions and Casson's non-Newtionian bood viscosity model.

In this finite diff erence gproach the partial differential equationis replacel by an approximating
system of norlinea difference ejuations whaose solution is close to that of the original equation.
The disadvantage of the finite difference methodis that it is normally restricted to fixed order

acaracy and fixed grid spaang. Clustering of grid pants in the regions where the solution is
known to change rapidly, i.e. a the membrane wall and at inlet, is generaly very awkward to
implement. These norlineaities require iterative methods to determine the solution of ead
iteration step, with consequences for the stability and acairagy of the computation.

In 1985,Mayes <265 used the method d lines to solve Dorson's model. The method d lines
prediction agrees closely with the prediction oliained by Colton and Drake <266 for tubuar

flow. Many of the disadvantages of the finite difference method, e.g. the instability of the
cdculation uncr some condtions, are avoided when using the method d lines.

Baker et a. <267 developed atwo-dimensional finite-diff erence predictive model for gas transfer

in hdlow fiber membrane atificial lungs. The model is able to predict gas transfer to blood
flowing outside and parall &l to oxygenating fibers withou experimental data. The aosssedional

fiber distribution is assuumed a uniform triangular array, while the rest of the device is
extrapolated by symmetry. Blood and gas flow rate ae assumed to be fully developed, laminar

and in stealy state. Cason's blood viscosity model is used, athough shea dependent viscosity
did na significantly improve modeling acairacy in the range of interest. Blood is considered

statisticadly homogeneous over a sample volume and the readion between oxygen and
hemoglobin is considered to be fast enough to use an equili brium dissociation curve.

The model is compared to bovne axd human experimental data from small test cdls with

microparous polypropylene fibers. They have implemented a shea-augmented oxygen diffusion

bovine blood model <268 athough good acairagy is obtained with a nonaugmented dffusion
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Figure 11.26: Oxygen saturation profile for bovine blood A: 5.8 cm from the inlet. Note the
formation of appendages along the plane joining the fiber centers; B: 8.3 cm from the inlet. Note

the formation of “bridges’ of saturated bloodand “pits’ of unsaturated blood <267

model, particularly at lower flows. Comparison d the predictions with experimenta results
suggests that shea augmented dffusionisindeed taking placein the test cdl.

Oxygen saturation profiles for bovine blood at two crosssedional locaions are shown in Figure
[1.26. A sharp ‘front’ dividing oxygenated from unaxygenated bood hes been demonstrated in
an axisymmetric blood @th inside hdlow fibers <222>, Baker's model results ill ustrate an
"advancing cliff”, the threedimensional analogue of the alvancing front with blood aitside the
fibers. Nea the beginning of the fiber, the oxygenated blood forms a stegp front along the fiber
wall, and an appendage begins to form in the front along the plane wnreding the fiber centers
(left panel Figure 11.26). This appendage eventually forms a bridge of saturated bood (right
panel Figure I1.26), increasing the bulk saturation. A pocket of unsaturated boodis bounced by
the ‘bridges’. This pocket shrinks and kecomes dallower as blood advances aong the fibers.
Thus the dynamics of gas transfer of blood ouside the fibers are richer and more complex than
those of bloodinside the fiber.

Niranjan et a. <26% developed a finite-difference model of the gas transfer within the IVOX
intra-vascular halow-fiber blood gas exchanger by considering fluid flow both within and
outside hallow capill ary fibers using the Krogh cylinder approach, previously used to model gas
transport in vascular capillaries surrounced by tissue <270>, The goal of their anaysis was to
investigate the dfeds of various operating condtions on axygen transfer rate. They vali dated the
model using independently obtained experimental data and investigated the dfeds of various
operating condtions on the mass transfer rates of cabon doxide and okygen. Blood was
considered statisticaly homogeneous over a sample volume with a cnstant hematocrit, which is
a ommon and reasonable aamption for membrane oxygenators <22%>, Computed results
indicated the presence of alarge resistance to gas transport on the blood side of the hall ow-fiber

exchanger. Increasing gas flow through the device favored carbon doxide removal from but not
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oxygen addition to blood. Increasing blood flow over the device favored both carbon dioxide
removal and oxygen addition.

1.8  Semi-empirical model of oxygen transfer in cross-
flow artificial lungs- Mockrosand L eonard theory <>

The theory of Mockros and Leonard <3> for oxygen transfer in cross-flow hollow fiber
membrane artificial lungs is examined in detail. To minimize mass transfer resistance, an
effective but gentle transverse mixing of the blood flowing in the membrane artificial lungs is
required. This is obtained in cross-flow hollow fiber membrane artificial lungs by letting the
blood flow over amatrix of hollow fibers with the gas flowing inside the fibers. Secondary flows
in the blood flow reduce the thickness of the boundary layer at the external surface of the hollow
fibers. Effective mixing is thus naturally induced and oxygen transfer is enhanced.

Mockros and Leonard <3> presented a model for oxygen transfer in a compact cross-flow hollow
fiber membrane artificial lung. The model was based on an analogy with heat transfer in cross-
flow heat exchangers. It was assumed that the blood flowed in a direction perpendicular to the
axis of the tubes. Using the Chilton-Colburn analogy, the heat exchanger equations were used to
describe the oxygen transfer process in blood. A non-reactive process of oxygen exchange was
assumed, with the reaction effects being incorporated in an effective oxygen diffusion

coefficient, Dy« (811.4.5). The Hill equation was used to describe the oxyhemoglobin

dissociation curve, and the Fricke theory was used to calculate the diffusion of dissolved oxygen
in blood. A correlation of Sherwood number, Ng,, and Reynolds number, Nge, can be obtained
from the analogy:

Ng, [Ny, ** =¢' IN." [126]
where ¢’ and m’ are constants determined experimentally. The constants ¢’ and m’ depend upon
the specific artificia lung design under investigation and are influenced by tube outside
diameter, porosity, and flow pattern among others. Their values must therefore be obtained
experimentally. Mockros and Leonard <3> and Vadlef et al. <4> determined ¢’ and m” for oxygen
transfer in water at flow rates corresponding to Reynolds numbers to be typical for clinicaly

employed blood flow rates in cross-flow membrane artificial lungs.
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11.8.1 Themasstransfer coefficient <3

The masstransfer coefficient, K, is a measure of the dficiency of gas transfer (i.e. the anourt of
gas transferred per unit of time, per unit of surface aea ad per unit of concentration dff erence).
In asmall region d an artificial lung, ore can look at masstransfer from one fluid stream aaoss
a portion d the membrane to the other fluid strean. When steady-state @nditions prevail the
mass flux density of the transferred substance is the same & the periphery of eat of the two
streans asit is through the membrane itself (flux is flow per unit of time, flux density is flow per
unit of time per unit of normal areg. Each pation d the path taken by the transferred substance
has aresistance R, associated with it; there ae separate resistances in the two fluid streans and
in the membrane:

c=lo 1 127
R R,+R,+R,

where R, denotes the resistancein blood, Ry is the membrane resistance and Ry is the resistance
in the gas phase. The redprocd of any of these resistances is by definition a mass transfer
coefficient: the resistance in the fluid streans vary locdly throughou the atificial lung, in
general, with the fluid flow rates. The redprocds of these resistances are often cdled convedive
masstransfer coefficients becaise their values depend dredly uponthe fluid motion. Often, ore
of the threeindividual coefficients will be much small er than the other two, and hence dominates
the overall masstransfer coefficient. The units of the masstransfer coefficient are an/s, or, in
more physicd terms, ml/s/cm?. By definition <35>, howvever,

flux =K dCo 4 ~Co,) [12§

K is a transfer rate per unit of surface aea per unit of driving force The term (Cozg —Coz)
represents the driving force for masstransfer; C,, ; is the oxygen concentration in the gas phase

and C, is the oxygen concentration in the bulk liquid flow. Since the driving force may be

different at the gas inlet than at the outlet, K may vary aong the gas path length. The flux may

also vary along the blood pth length, L. The average masstransfer coefficient, <K> represents

the integrated effed of the variable locd masstransfer coefficient. In principle, the average value

shoud be the blood mth length-averaged value of the locd masstransfer coefficient:

<K>:1D}bK [dix [129
Lb 0

The spatially averaged value of the convedive masstransfer coefficients for one fluid phese is

commonly referred to the average masstransfer coefficient. The value of the locd masstransfer
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coefficient obtained by taking the reciprocal of the overall resistance (the three component

resistancesin series) is known as the (local) overall mass transfer coefficient.

11.8.2 Oxygen transfer in artificial lungs <3

Oxygen transfer occurs at the fiber interface by diffusion and/or convection. From Eq. [128], the
local oxygen transfer rate, dV,, , over an incremental blood path length, dx, is (Figure 11.27):
dV,, =K WA {Co, ~Co,) [130]

in which dA is the membrane surface area of the fibers contained in the length dx. The total
transfer area may be expressed in terms of the porosity, hydraulic radius, and dimensions of the

fiber bank.

The total volume for an incremental blood path length, dx, is:

A, [Bx [131]
and the void volume:

e [A, [Hx [132]
so that, taking into account the definition of hydraulic radius, the total transfer areain dx is:
dA = 4[(1—221D\f [olx (133]

The driving force for oxygen transfer to blood, (Cozg -C,, ) does not include the oxygen bound

to hemoglobin, since the oxyhemoglobin, located inside the red blood cells, does not diffuse.

gas phase
Co,q Pog K
Q . | blood phase A
Co, P, f
& "
Co, Co, +dC,
x=0 x=L,
Cozin Cozout

Figure 11.27: Schematic representation of a simplified model for oxygen transfer in
compact cross-flow hollow fiber oxygenators for the derivation of the mass balance over a
differential blood path length dx.
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Therefore, oxygen transfer is driven by the partial pressure difference of dissolved oxygen at the
boundary and in the bulk flow. The driving force, then, becomes the difference of the partia
pressure of oxygen in the gas phase, P ,, and in the bulk flow, Py :

Co ~Cou = 0o, [QPOZQ - Poz) [134]
inwhich o, isthe Bunsen solubility coefficient of oxygen in blood. The local oxygen transfer

rate, therefore, is:
v, = 4[(1_5)% K [, Py, — Py, )CEIX [135]

The local rate of oxygen uptake by blood must equal dV,, given in Eq. [135]. Oxygen is carried

in blood as dissolved oxygen and is chemically bound with hemoglobin (811.3.2). The rate of

oxygen uptake over dx, therefore, is given by:

_ dP, ds,
dVo, = ao, QU =[x + By, [Ty, [QL > [ [136]
2 2 X 2 X

P02
dx

[dix isthe incrementa increase in the oxygen partial pressure over the incremental length

ds,
dx and d—c’zmx is the incremental increase in oxyhemoglobin saturation over incremental
X

length dx. Eq. [136] may be rewritten as:

) C,, 9SS, dP,
dvV, =d+B, O™ 0 = U, QO = [@Xx [137]
? ? oo, OP, 2 dx

and equated to [135], thisyields:

ds dP fL—€) A
+B, Eow (o0, o QE—> o = 2 )R, K Lo, [(Pog P, )roix [138]
> 0o, dP, : d d 2 V08 10

X

2

which ssmplifiesto:

ds dP -
%Jr 5, L IS, E]DD o, _ AML-e) A, 1Py, -Ps.) [139]

oo, dPy dx d

Rearranging Eq. [139] yields an expression for the local mass transfer coefficient:

_ Qld 1+)‘(Poz) dPo,
- E E!
AMl-€)A, Py, -P,, dx

[140]

in which
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c.. dS
AP, )= B, e Gd% [141]
0, 0,

The term (1+ )\(Poz)) in Eq. [140] represents the reciprocal of the fraction of the total oxygen

uptake contributed by dissolved oxygen (8I1.4.5). The mass transfer coefficient, K from Eq.

[140] is therefore a function of R, , and since P, is afunction of the blood path length, Ly, in

the artificial lung, alength-averaged mass transfer coefficient, Eq. [129] may be found:
. A+ MP,,) dP,
L, I4[( —g)[A, Pog—POZ dx

= [l [142]

For afixed Q, Ay, d, and ¢, eq. [142] yields:
Qi DLb 1+(P,,) dP,

022 (el 143
<> 4[(1 ) opozg_Po2 dx [143]
or
Q m POZ ut 1+ ;\«(Poz)
K 0 WP
(K)= A-o)A L, J P -P, [144]

in which Py ;,and P, ,, are the measured partial pressures of oxygen at the inlet and outlet of
the artificial lung, respectively.
Eq. [144] may be used to determine <K> for a particular device, assuming known geometric

characteristics (g, Ay, Lp, d).

11.8.3 Analogy between heat and masstransfer - fundamentals of
Mockros' theory <3433271>

Because of the complex flow field in cross-flow artificial lungs, it is not possible to obtain a
priori theoretica analysis of gas transfer. Artificial lungs can be evaluated by empirica
correlations of mass transfer utilizing dimensionless groups. A semi-empirical approach is

adopted, based on an analogy between heat and mass transfer utilizing dimensionless groups.

[1.8.3.1 Chilton-Colburn analogy

Mockros and Leonard <3> applied the Chilton-Colburn analogy <3>4647> to derive the oxygen
mass transfer equations. The Chilton-Colburn analogy connects heat and mass transfer by
introducing a j-factor (Eq. [145]), which can be expressed as a ratio of dimensionless groups,

which differ depending on the type of transfer. The Chilton-Colburn relation has shown to be
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satisfactory for numerous geometries, including flow of gases normal to cylinders <272, based
upon dita @lleded in bah laminar and turbulent flow regimes:
It can be written as foll ows:

j = Ng INg.”* =1,(Ng,) [145
or, since
NSh:NStENScD\IRe [14q
one gets
Ngp, ENSC_]/S =¢' DNRem’ [147]

where ¢’ and m’ correlate with geometry <48, The j-fador can be seen as the dimensionless
locd rate of masstransfers and as long as the j-fador can be determined, the locd masstransfer
coefficient K, can be predicted. However, the j-fador has to be obtained by experiments rather
than theoreticd derivation.

Eq. [147] lays the fundament of Mockros model for oxygen transfer in compad crossflow
halow fiber membrane atificial lungs. From this equation in conjunction with a mass balance,
the basic controlli ng equation d Mockros' model can be derived.

The empiricd relations described in Eq. [149 and Eq. [147] are gplicable to nonreading
systems, bu may be used for a blood/ oxygen system.

Thelocd Schmidt number, Ns., and Sherwood number, Ng,, for oxygen transfer to dood may be
expressed uiili zing the mass transfer coefficient, K, and the concept of an effedive diffusion

coefficient, D o -

The locd effedive Schmidt number, Ns. (Eq. [127)), taking into acourt the dfedive diffusion

coefficient, D o , IS:

= o=,
Ng. = = + AP, 14
° pDDOZeﬁ PDDO2 © [149
Thelocd effedive Sherwood rumber, Ns,, is given by:

Ng, = R KR o s (e ) [149
Dozeﬁ DO2

andinserting Eq. [14Q into Eq. [149 gives.

R R S
o4ffl-e)A, Dy, Poy,—P,  dx

[150

29 -
Combining the expresson for the locd Schmidt number and Sherwood number with Eq. [147]

giveslocdly:
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; 0? & AR, R ,
Ng, (Ng, ** = Q E(l % = ¢ Ng," 151

sh Nse 4[61_8)2 A, O DDozz/s Py =P, d ® Nge [151]
As with the mass transfer coefficient, a length-averaged Ny (INg ™", <NSh D\ISC_“>, may be

calculated, based on inlet and outlet oxygen partial pressures, R, and P

O, out

— O,
Pozg Poz

2 POzout 3 '
(Nay (N _1/3>:4[(1—8)2D3fm;.b& AP, Lo ) g, g [152]

POzin
<N - [N SC_V3> is not normalized for the capacity of blood to take up oxygen. For instance, if one

were to evaluate the performance of a given artificial lung under different inlet conditions, the
total oxygen transfer rate would be greater in the case of lower venous inlet saturation or in the
case of a higher hemoglobin concentration because of the greater capacity of the blood to take up
oxygen. Eq. [152] should be divided by the quantity (1+ k(PO2 )) in the integral to normalize for

the oxygen-carrying capacity of blood under different conditions. Thus, the normalized length-
averaged parameters may be defined as:

<‘ Nsﬁ ENSC_%D J'—(—TN1+ i.\IP Lalx [153]
Therefore,
(N N7 = e ) R [154]

4fl-ef A, 0L, B D, *°

o}
-P 2
Posn @ 00 O,

The results obtained in Eq. [154] may be plotted against the Reynolds number on a bilogarithmic
plot. On alog-log plot of Eq. [154], m’ is the slope and ¢’ determines the vertical position of the

graph. <‘N o N SC_VBD may be interpreted as a dimensionless mass transfer coefficient, taking

into account the fluid properties, and may be normalized for the oxygen carrying capacity of the
blood.
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4.0} . + ~ 075
<K> = 0150 N
1 +Re

3.0}

2.0}

1.0

2 16 32 48 64 B0
Reynolds Number, Ng,

Dimensionless Rate of Oxygen Transfer, <K>

Figure I1.28: Bilogarithmic plot of the length-averaged mass transfer coefficient, <K>, versus the
Reynolds number, Nge, for ten water tests conducted at three different flow rates for the Sarns

Turbo oxygenator <4, The slope m’ = 0.751 and the vertical position ¢> = 0.159.

Another goal of the dimensionless theory is to be able to predict the oxygenation performance of
a device based on oxygenation of a non-reactive fluid, such as water. In order to accomplish this

goal, ¢’ and m’ may be determined from tests using water, i.e. using inlet and outlet P, to

calculate <‘N3h D\ISC_“D . For water, however, we use A(P, )=0, making the integral somewhat

simpler. Once m’ and ¢’ are found for water, they may be used to predict the oxygen transfer
rate to blood at specified inlet conditions if no other factors are involved. Normalized loca
parameters are defined in the same way the normalized length average parameters were defined
earlier:

Ng, (Ng.

Y3 —
NshENSc ‘_ 1+7LP02

[155]

Eqg. [151] may be substituted into Eqg. [155] and combined with the expression for Nge (EQ.
[120]), to yield:

4fl-c) A, B D, PO p P E%)
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Figure 11.29: Correlation of predicted and measured oxygen transfer rates compared with the line
of identity for the Sarns Turbo oxygenator <4

dx

P, _ %ué Bpmofsmbmmdﬂig D(l—wp [157]

Eq. [157] isan ordinary first order differential equation that may be solved numerically to give a
vaue of R, at theoutlet of the artificial lung, R, . The predicted oxygen transfer rate may be

calculated from Eqg. [63] and compared to the actua transfer rate (Figure 11.29).

1.9  Industrial standardization of gastransfer and blood
flows: criteriafor gas exchangein membrane
artificial lungs

The primary requirement of the artificia lung is to maintain physiological oxygen and carbon
dioxide levels in the arterial blood during CPB. The associated gas transfer rates will depend

upon the blood flow rate and venous input conditions, i.e. temperature, carbon dioxide partial
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presaure, hemoglobin content, oxygen saturation and bese excess For adult CPB the atificia

lung shoud be capable of processng bloodflow rates upto 7.0l/min. The gas performance of an

artificial lung is usualy measured acwrding to a standard test protocol as laid dowvn by the

Asxciation for the Advancement of Medicd Instrumentation (AAMI, Arlington) <45>. This

protocol defines reference blood flow rates for oxygen and carbon doxide transfer. Spedficdly

these ae:

. Oxygen reference flow rate is the flow rate of normothermic whaole blood that produces
an increase in bood ocygen content of 45 ml/l after dired passage through the device

. Carbon dioxide reference flow rate is the flow rate of normothermic whole blood which
produwces a deaease in blood cabon doxide content of 38 ml/l after dired passage
through the device

The reference flow rates are determined for standardized namothermic whole blood inpu

condtions, which relate to the physiologicd situation and enable inter-device @mparisons to be

made. These mndtions are:

T=37+2°C

So, =65+5%

Peo, =45+ 5 mmHg

Cup=0.12+0.01g/ml

BE =0 5 mmol/l

with BE being the base excess the excessconcentration d blood lase.

In respiratory assst procedures, the required gas transfer rates differ between ECMO and
ECCO;R techniques. Requirements for oxygen and carbon doxide exchange in ECMO are
similar to thase in CPB because extracorpored flow rates can be & high as 80 % of the cadiac
output.

Bethure <273 reviewed the development of artificial lung standards. Despite widespread reliance
on AAMI standards, their clinicd validity has been questioned by Fried et a. <274 and by
Ueyama ¢ al. <275,

11.10 Conclusion

The redaer is introduced to several aspeds of the numericd and semi-empiricd modeling of
momentum and axygen transfer in membrane atificia lungs. With this knowledge, he shoud be
ready to comprehend the next chapters describing the in numero and in vitro analysis of the
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hydrodynamics and mass transfer characteristics in cross-flow hollow fiber membrane artificial

lungs.



[l | HYDRODYNAMIC CHARACTERISTICS

OF ARTIFICIAL LUNGS

1.1 Abstract’

An artificial lung is used duing cardiopumonary bypass to oxygenate blood and to control
blood temperature. The presaure drop-flow rate charaderistics of the membrane compartment in
three hollow fiber membrane atificial lungs were determined in vitro to charaderize design
feaures. Results are presented in a unique dimensionless relationship between Euler number,
Ngy (ratio of presaure drop to kinetic energy), and Reynolds number, Nge, (ratio of inertial to
viscous forces), and are a function of the device porosity, €, and a characteristic device length, &,
defined astheratio of the mean blood @th and manifold length:

Ne. E'a% “OTNL Ef[(l—s)

This dimensionlessapproacd all ows us:

. to compare atificial lungs independently.
. to relate water tests to blood.

1l .2 Introduction

An artificia lung is used duing cardiopumonary bypassto oxygenate blood and to control the
blood temperature. The bloodmaterial interadion in the atificial lung induces a complex
systemic inflammatory readion. To control this readion, more biocompatible surfaces, in
combination with blood ouside the fiber geometry’s (less sirfacefor the same mass transfer)
were introduced. In genera, a membrane atificial lung is placed between the pump and the
patient to overcome the resistance eerted by the device Resistance can be monitored by

measuring blood flow in combination with inlet and oulet pressure and is related to the

" The mntents of this chapter are published in ASAIO Journal 200Q 46:532-535:
Hydrodynamic characteristics of artificial lungs
P.W. Dierickx, F. De Somer, D.S. De Wadhter, G. Van Nooten, and P.R. Verdonck

-1
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geometry of the flow pattern and to the way the fluid flows through the membrane atificial lung.
Few attempts have been made to charaderize hydrodynamics, including geometry and flow
pattern, o an artificia lung <3427, Vadef et a. proposed a dimensionless flow-friction
relationship that only incorporated the viscous losses, eliminating noninea effeds in the
presaure drop-flow rate relationship. Our study investigated the value of a unique relationship
between presaure drop in the membrane mmpartment and flow rate & a function d geometry
and flow pattern, incorporating norlinea effeds. Such arelationship may fadlit ate the design of

new devices.

[11.3 Materialsand methods

111.3.1 Dimensional analysis

An artificial lung can be dharaderized by different geometric parameters. membrane surface
areg A; diameter of the fiber, d; length o the fiber compartment, L; inside housing outer
diameter, D;; outside housing inner diameter, Do; and grossfrontal areaof the blood th, As.
The “void fraction” or device porosity, €, is defined as the ratio of the volume of voids (volume
in the membrane cmpartment occupied by blood) to the volume of the bed (total volume of the
membrane compartment). A charaderistic length for flow through paous beds or padked fiber
bundes, is hydraulic radius, R,. Hydraulic radius is expressed in terms of device porosity, €, and

wetted surfaceper unit volume of bed, a<35276>;

olumeof voids
_a volumeof bed O_¢

Bv»vettedsurfacea a

[volumeof bed[]

[159

h

Manifold length, Ly, is defined as the length by which the total artificial lung flow is divided per
unit width of fiber stack. Mean blood eth length, Ly, is the average distance blood hes to travel
through the fiber stack. Consequently, a dimensionless characteristic device length, &, can be
defined as ratio of mean blood eth length, Ly, and average manifold length, L,. We assume that
blood is uniformly distributed owver the fiber stadk. In Sarns Turbo 440(3M, Michigan, USA)
and Optima (Cobe, Arvada, USA) membrane atificial lungs, L, and Ly, are determined as snown
in Figure Ill.1 (left panel). Blood enters the membrane evenly distributed owver the length, L, of
the manifold and the blood flow is lit in two, for left and right sides. Blood flow rate per unit

membrane width, Q’, is:
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Q_Q
CTon [159]

Q= 20

m

Mean blood path lengthiis:

TPt [160]

BTy o 2
In the Dideco Compactflo (Dideco, Miranda, Italy), blood flow enters the fiber stack
circumferentialy (FigureIl1.1, right panel). Manifold lengthis:

—a Pt PeF [161]
o 2 C

whereas mean blood path length is determined as.

L, =L [162]
The measured pressure drop, Ap and flow rate, Q, relationship is presented as a polynomial of
second order:

Ap=a [@Q*+b @ [163]

The Reynolds number, Nge, is defined as the ratio of inertial and viscous forces. Characteristic

Sarns Turbo 440 Dideco Compactflo

L
«— ‘ DO
A A, D;
A { /,/ \\ \‘ _______ —
s NI A g
o i ~"b IR | N
v | ='\ </ ,/y
- f% ,
: %f%/%/////

L L_._:.

Cobe Optima |

N/ ,

Figure I11.1: Geometric characteristics of artificial lungs; Top left panel: Sarns Turbo 440;
bottom left panel: Cobe Optima; right panel: Dideco Compactflo.
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length in the Reynolds number for flow through a fiber stad, is hydraulic diameter, R;.
Consequently, the Reynalds number is defined as:

Q AR,
A = . [164

Nge =

in which At represents the gross frontal area, p the density, and u the dynamic viscosity of the
fluid. The Euler number, Ng,, is defined as the ratio of presaure drop and kinetic energy:
AP
e g [165
. [

Ne, =

If Eq.[163 isdivided by the denominator of Eq. [165, one can describe the Euler number as a
dimensionless function d the redprocd of the Reynods number under the assumption d
laminar flow condtionsin the fiber stadk:

B’

Re

—_
Ng, =o' +

[166

An anaogous approad has already been successully applied in the flow charaderistics of aortic
canndae<27?”, A similar, bu not identicd, approad is described by Ergun <276>, Bird et al. <35
and by Maddorald et a. <278 for flow through paous media. Our starting point to come to a
dimensionless relationship is presaure drop-flow rate relationship, whereas Ergun <276 relates
the pressure gradient to fluid velocity. o and B in Eq. [166 are model parameters that
charaderize the porous medium and, therefore, must be functions of the medium <276278> rather
than unversal constants. It is assumed that the medium can be daraderized by the device
porosity, €, and the dimensionless characteristic device length, &, and that the functional form of
o and B, in analogy with Ergun <276> and MadDonald et al. <278, can be represented as a power

function d device porosity and dmensionlesscharaderistic length:
o (e,&)=a" E" [fl-c)f

ple.g)=p & fL-c)

in which o, B, n, m, p, r, s, and t are constants, which may be determined by nonlinear regresson

analysis. Therefore, the relationship between Euler and Reyndds is lely determined by

[167]

geometry of and flow pattern in the atificial lung.
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[11.4 Materials

Pressure drop-flow rate characteristics of the membrane compartment of three different hollow
fiber membrane artificial lungs (Sarns Turbo 440 (N = 2), Cobe Optima (N = 3), Dideco

Compactflo (N = 3)) are measured in vitro and analyzed to characterize design features.

111.4.1 Experimental setup

Experiments were performed with water, and steady flow is applied by using an upstream
reservoir with constant head. Pressure was measured between the heat exchanger and the
membrane compartment, and at inlet and outlet of the artificial lung, using fluid-filled pressure
transducers (Ohmeda, Gent, Belgium). Flow rate was measured with an ultrasonic transit time
flow meter (Transonic, Ithaca, NY, USA). Downstream the artificial lung, static pressure was

kept constant at 150 mmHg.

O

Sarns Turbo 440

60 4 o0 — — Cobe Optima
a. - - Dideco Compactflo

Ap [mmH(]
3

20 1

Figure 111.2: Measured membrane compartment pressure drop (Ap)-flow rate (Q) relationship
with confidence limits.
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Tablelll.1: Geometric characteristics of artificial lungs, including the model parameters o’ and f3’.

Sarns Turbo Cobe Dideco
440 Optima Compactflo

membrane surfacearea, A [m?] 1.6 1.7 2
fiber diameter, d [um] 380 380 380
inside wre outer diameter, D; [cm] 50 4.4 5.0
outside are inner diameter, D, [cm] 7.0 7.3 7.8
length fiber compartment, L [cm] 20.5 124 12
device porosity, € 0.61 0.51 0.44
characteristic device length, & 0.23 0.37 0.60
model parameter o’ 3686 2076 514
model parameter f’ 57450 22050 12930

111.4.2 Statistical analysis

Fitting of the parabolic pressure drop-flow rate relationship is performed by using the nonlinear

Sarns Turbo 440
o — — Cobe Optima
a. .« « Dideco Compactflo

105':

NEu

104':

ol . Somy

Figure Ill .3: Euler (Ngy)-Reynolds (Nge) relationship for the Sarns Turbo 440, Cobe Optima, and
Dideco Compactflo on a bilogarithmic plot.
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Tablelll.2: Nonlinea regresgon results.

a+SD 2365+ 52
B+ SD 8509+ 25
R? 0.998

regresson Marquardt-Levenberg algorithm (Sigmastat 2.0, Jandel Scientific, Germany). The
same tednique is used to fit geometric parameters within the Euler-Reynadlds relationship.
Results are presented with upper and lower confidence limits (95 %), asymptotic standard errors

of fitting parameters and coefficient of determination, R?, for norinea regresson.

[11.5 Results

Figure Ill .2 presents presaure drop and flow rate dharaderistics for the membrane compartments

of three different artificial lungs, indicating a parabolic relationship between Ap and Q (Eq.

106 A —— NgNg.asafunction d e and ¢
] A o Sarns Turbo 440

o CobeOptima

a  Dideco Compadflo

N, -E/e?

10% 4

01 1
Ng€-(1-€)

Figure 1l .4: Dimensionless presaure drop-flow rate relationship as a function of Euler number,
Ney, Reynolds number, Nge, device porosity, €, and dimensionless characteristic device length, &,
on a hilogarithmic plot.
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[163). The technique to measure the presaure between the hea exchanger and the membrane
compartment does nat influence the presaure drop-flow relationship. Hence the variance in
presaure drop-flow rate relationship in Figure Ill.2 for the three Dideao Compadflo artificia
lungs may be dtributed to a difference in construction d the membrane wmpartment. The
correspondng Euler-Reynadlds relationship for the membrane compartment (Eg. [16€]) is
depicted in Figure Il1.3. The geometric data and model parameters, o’ and ’, are tabulated in
Table Ill.1, indicaing a similar trend among the different artificial lungs in Ng-Nge graph for
device porosity, €, and dimensionless characteristic device length, &. o’ and B increase with € and
decrease with & Based on this finding, the functions of Eq. [167] are determined and yield the

foll owing dimensionlessrel ationship:

NEU%=G+B [16§

Nge 2 [Ql_ 8)
The results of the norlinea regresson are listed in Table Il1.2 and depicted in Figure Il .4.
Figure Il .5 shows the original Ap versus Q data for each artificial lung, along with the predicted

Ap versus Q relationship (with 95 % regression intervals for a and ) obtained by converting the

dimensionlessfit from Figure lll .4 bac to its dimensional form.

[11.6 Discussion

The importance of a given resistance and flow charaderistic in an artificial lung on Hood
elements and the degree of inflammatory resporse have nat yet been established. However, it is
well known that shea stressplays an important role in the adivation d blood patelets and white
blood cdls. However, from an engineaing point of view, a cetain presaure drop ower the device
is necessary for an even dstribution d blood flow. In the past, few attempts have been made to
charaderize hydrodynamics, including geometry and flow pattern of an artificial lung. Pressure
drop aaossa membrane compartment can be studied using a dimensionlessrelationship between
Euler and Reyndds numbers as a function o two dmensionless charaderistic geometric
parameters, namely, device porosity, €, and a dimensionless characteristic device length, &. This
relationship indicaes that the (total) pressure drop aaoss hea exchanger and membrane
compartment is diredly related to:

. length of the blood fath.

. length of manifold.

. flow pattern.
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Sarns Turbo 440 Cobe Optima Dideco Compadflo
50
°©  measured
predicted

Ap [mmH(g]

Q [I/min]

Figure I11.5: Original pressure drop (Ap) -flow rate (Q) data along with the predicted pressure
drop-flow rate data obtained by converting the dimensionless fit back to dimensional form. L eft
panel: Sarns Turbo 440; Middle panel: Cobe Optima; Right panel: Dideco Compactflo.

Figure 111.4 can be presented as a device specific scaling of Figure 111.3, resulting in one curve
representing the three artificial lungs.

In Figure 111.5, the dimensionless Ng,-Ngre equation gives a good prediction of the Ap-Q
relationship for water flow rates up to 3.5 I/min (Nge < 10). However, at higher water flow rates
(Ngre > 10), the predicted Ap-Q data deviate from the measured Ap-Q data, espedaly for the
Cobe Optima.

The dimensionless approach is independent of fluid density and viscosity and enables one to
relate water tests to bood, advertising the benefits of dimensionlessnumbers. Thereis no reed to
rescade the graphs for blood, athough the measurements are performed with water. This is of
gred advantage when hemodil ution and hypothermia ae present, because they ater the dynamic
viscosity and, therefore, the presaure drop-flow rate relationship. However, with the
dimensionless numbers Ng, and Nge, the graph is normalized for a Newtonian fluid of any
viscosity. Asauming a blood temperature of 30°C and a hematocrit of 30% during
cadiopumonary bypass density and dynamic viscosity of blood cen be cdculated <3> p = 1052
kg/m3 and p = 3.02mPas, yielding operational ranges for Nge between O and 7.Blood pesare
drop can then be cdculated, wsing the crrespondng Euler number, dimensionless geometric

parameters, and kinetic energy.



Hydrodynamic Characteristics of Artificial Lungs I11-10

With the help of the proposed dimensionless format, one can

. compare artificial lungs independently.
. relate water tests to blood tests.
. predict pressure drop of anew design of an artificial lung.

We believe that this dimensionless anaysis can be an excellent tool for the study of better
designs.

We demonstrate that pressure drop across a membrane compartment can be studied by using a
dimensionless relationship between Euler and Reynolds numbers as a function of two
dimensionless characteristic geometric parameters, namely device porosity, €, and a newly

defined dimensionless characteristic device length, &.
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|V BLOOD FLOW AROUND HOLL OW

FIBERS

IV.1 Abstract’

In an artificial lung, blood is oxygenated and flows around a bundle of hollow fibers while gas
flows inside the fiber. The objective of this study is to understand the hydrodynamics of three
different fiber banks (inline square, IS, staggered square, SS and equilateral triangle, ET) and to
investigate the influence of both a Newtonian and a non-Newtonian Casson viscosity model on
the flow field. A two-dimensional finite element model for permanent, isothermal, laminar blood
flow perpendicular to hollow fibers is used. All fibers are assumed identical, straight, and
paralel. Porosity ranges from 0.4 to 0.6 and Reynolds number varies from 1 to 60. For a given
Nre, ET generates less resistance than SS, the latter being comparable with IS. A lower porosity
increases resistance. Non-Newtonian viscosity affects velocity patterns only at low Reynolds
numbers (Nge < 0.5) and higher porosities (¢ > 0.5). Resistance at low Nge IS Sgnificantly
elevated in the fiber banks due to an owerall increase in viscosity. This model makes it possble
to study the influence of geometry and viscosity on hydrodynamics in fiber banks and may aid

the optimization of halow fiber artificial lung design.

V.2 Introduction

An artificial lung in the extracorpored circuit oxygenates blood duing cardiopumonary bypass
In most artificial lungs, blood psses a hea exchanger first and then flows through the gas
exchange membrane compartment. Most artificial lungs consist of microparous hallow fibers,
the fundamental gas exchange dements, with bood flowing perpendicular to the fibers (cross
flow). Masstransfer over the membrane (oxygen—carbon doxide exchange) determines artificial

lung performance. The masstransfer efficiency is determined by the resistanceto gas flux of the

" The mntents of this chapter are published in The International Journal of Artificial Organs 200Q 23(9): 610-617
Blood flow around hollow fibers
P.W. Dierickx, D.S. De Wadhter, P.R. Verdonck
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halow fiber membrane on the one hand and to the gas flux of the blood plase flowing over the
exterior of the fiber surfaceon the other hand. It is generally accepted that crossflow past fibers
induwces mndary flows, preventing the development and maintenance of the momentum and
masstransfer boundrry layers and resulting in a better mixing in the blood plase and improved
masstransfer <279280>_ |t is expeded that the degreeof mixing in the extraluminal flow depends
uponthe blood velocity and viscosity, the fiber external diameter, and the porosity and geometry
of the fiber bank <199, However, fundamental studies are lading.

Numericd tedhniques are a useful tod in the study of flow in the atificial lung. They can
provide locd flow field properties such as surface presaure, shea stress and mass transfer
coefficient distribution that are needed to study the mechanics of fluid flow and masstransport.
Masstransport over the membrane, governed by the mnvedion-diffusion equation, is couped to
the locd fluid flow in a fiber array in detal and bdh aspeds have to be @nsidered
simultaneously. The locd hydrodynamic solution d flow around fibers is complex and
generally, the solutionis nontrivial <42,

Newtonian fluid flow in periodic cylinder banks has been the focus of a large number of
investigations, analyticd as well as numericd (finite differences) <43267.281-283 Flow through
an array of randamly oriented fibers is commonly approximated by flow through a regular array
of parallel-oriented fibers. Periodicity and symmetry are used to reduce the domain to the
smalest element (a single fiber), the unit fiber cdl. The dasdcd unit fiber cdl models
developed by Happe <284 Kuwabara <28, and ahers further included the alditional
approximation that the outer boundary of the unit fiber cdl is circular. The boundiry condtions
applied at this outer surface were estimated from periodicity and symmetry arguments. This
approadh was motivated in part by the limitations of computer-generated solutions at the time.
These dasdcd models, particularly those of Kuwabara, still provide good approximations to
modern computer generated solutions for the arerage flow pattern perpendicular to square arays
of cylinders for a large range of porosities. Makarewicz <28> studied mass transfer
charaderistics for flow in afiber bank based onHappel’s methodfor aunit fiber cel <284,
Although flow of a fluid in fiber banks resembles flow past a single glinder, there ae
significant diff erences. These simple models do nd include dfeds such as convedive transfer of
fluid from one unit fiber cdl to its neighbars, for which numericd tedhniques which are more
complex, are required. Launder and Massey <43> developed a two-dimensiondl finite-diff erence
scheme for the analysis of fully developed laminar viscous flow and hed transfer in tube banks.
A hybrid Cartesian grid was used to encompassthe flow domain. Baker et al. <267 developed a

two-dimensional finite-difference model for gas transfer to ood flowing outside and paral e to
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Figure IV.1: Threefiber geometries with a porosity of 0.50: inline square, 1S, equil ateral triangle,
ET, and staggered square, SS(fiber diameter, d, crosswise pitch, Sy, stream-wise pitch, S,).

halow fibers arranged in an equilatera triangle fiber bunde in a blood-gas exchange device
The reported cdculations are generally limited to ore or two geometries and do nd consider
global flow properties as expressed by Darcy’s law. Edwards et a. <42> used a finite dement
numericd scheme to study the dfed of Reynalds number on the goparent hydraulic permeability
of two-dimensional arrays of cylinders. They concluded that a single agparent hydraulic
permeability scdar suffices to quantify the permeable nature of the material. This dar was
found to be afunction d the orientation d the gplied presaure drop and d the Reynalds
number.

All former studies were limited to a Newtonian fluid. In this work, we present a numericd two-
dimensional model that compares bath Newtonian and norNewtonian Cason <214 blood flow
aaoss different fiber bank configurations. Three different fiber bank configurations are
considered, for which we cdculated the locd flow fields as well as the resistance of the fiber
bank. The model simulations provide insight into the impad of geometry and hydrodynamic
boundiry condtions on flow dynamics and convedive masstransport in hdlow fiber banks of

the atificial lung.
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Figure1V.2: Schematic representation of the unit fiber cell model. T’y represents the symmetrical
boundaries, I'per the periodical boundaries, x the flow direction, y the distance from the fiber center
perpendicular to the flow direction and { the dimensionless distance from the fiber surface,
perpendicular to the flow direction.

V.3 Methods

1V.3.1 Fiber bank model

The fiber bank model is an assemblage of uniform, parallel, fixed circular fibers equally spaced
in a plane perpendicular to the long axes of the fibers. Assuming negligible entrance, end, and
wall effects (which is areasonable assumption for a fiber bank with alarge number of rows) and
fully developed, two-dimensiona laminar steady flow through the fiber bank, periodically fully
developed flow can be considered. A fiber bank can then be divided into a number of identical
unit fiber cells, one fiber occupying each unit fiber cell. Fiber banks are characterized by cross-
wise, S;/d, and stream-wise, S, /d, pitch (S)-to-diameter (d) ratios (Figure 1V.1). Symmetry
boundary conditions, I'sym, are imposed on the symmetry lines and no-slip wall boundary
conditions are imposed on the fiber surface (Figure 1V.2). The distribution of the flow velocities
(but not the local pressure) is identica in al unit fiber cells, hence periodical boundary
conditions, I'per, t0 inlet and exit planes can be applied (Figure 1V.1). The values of flow
variables at the exit plane are imposed upon the inlet plane during the solution procedure.

The overal dimensions of the unit fiber cell are fixed by specifying the configuration, the

porosity, €, and the fiber diameter, d. The porosity is defined as the ratio of the volume of voids
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Figure 1V.3: Both a Newtonian and non-Newtonian plastico-viscous $ea-thinning Casson model
(vield stress5 mPa) is depicted. A significant influence on viscosity at low shea rates is observed
for the Casson viscosity.

(volume in the membrane compartment occupied by blood) to the volume of the bed (tota
volume of the membrane mwmpartment). In the present study, parosity ranges from 0.4 to 0.6for
ead fiber bank.

We studied threediff erent fiber bank configurations:

. inlinesquare, IS'S; =S,

. equil aterd triangle, ET:S, = 20/3 5,

. staggered square, SS S, = 20§,

Figure IV.2 illustrates the three unit fiber cells with a porosity, €, of 0.50 and diameter, d, of
0.380mm, a representative size for a paypropylene fiber used in an artificial lung. The flow

field is oriented in the x-coordinate diredion (Figure 1V.1). For symmetry reasons, only the
meshed part of the geometry needs to be considered.



Blood Flow around Hollow Fibers V-6

IV.3.2 Solvingthelocal flow field

The isothermal flow of a homogeneous viscous liquid is governed by the @ntinuity and Navier-

Stokes equations. These equations expressthe dasgcd principles of conservation d mass
Osu=0 [169
and conservation d momentum:

pus Ou+Op=00t [170
where u is the local mass average fluid velocity vector, p represents the local density, p the local

presare, and t the deviatoric stresstensor. 0 isthe gradient operator (in two dmensions):

~_Qo o
D_E&’ayE 174

To model the deviatoric stresstensor, it is necessary to add the @nstitutive eguation (expressng

rheologicd properties of the fluid), which has the foll owing form:

t = p(0u)gu+0u") [172

in which p denotes the dynamic viscosity and superscript T the transpose of the tensor. The
chaice of u(ﬁﬁ) defines the model. We implemented bah a Newtonian and norNewtonian
plastico-viscous shea-thinning Casson model <214, u is constant for a Newtonian fluid (u.,),

whereas a Casontype fluid is charaderized by the foll owing viscosity model (Figure 1V .3):

0 [173

in which 1, isthe yield stress stressat zero shea rate, and Il denotes the seandinvariant of the

velocity deformation tensor:

M="[A:A [174

N

with A the velocity deformation tensor:

A=0u+0u’ [179
During cardiopulmonary bypass (temperature = 30 °C and hematocrit = 30 %) density, p, and
viscosity, u, are gproximately 1052 kg/m3 and 3.02mPass respectively <3>. The yield stress
To, IS5 MPa <214,

We used the Galerkin finite dement methoddogy <3¢> to discretize and integrate the flow
equations on the computational grid. Numericd simulations were dore using the computational
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fluid dynamics anaysis software SEPRAN (Sepra, Leidschendam, The Netherlands). Treatment
of periodic boundary conditions in the context of a finite element procedure is discussed by
Segdl et al. <41>, The penalty function formulation is used while the resulting system of nonlinear

algebraic equationsis solved by an iterative Newton linearization <30>,

1V.3.3 Resistance

The membrane compartment of an artificial lung is treated as a porous medium <34>, A modified
dimensionless friction factor, f, characterizing the resistance through the fiber bank is defined by:

A 4[R
S L

in which Ry, is the hydraulic radius, a length scale appropriate for internal flow. Us is the Darcy
fluid velocity (or the superficial velocity) <35>, defined as the average velocity in a reference
direction of flow that would occur if the fibers were absent. Ap/S, isthe pressure gradient in the
flow direction. Us and Ap follow from the numerical flow computation so the resistance can be
computed.
The dimensionless characteristic Reynolds number, Nge, determines the relative importance of
inertial and viscous effects and is defined as:
N, = AR U D [177]

He
The Reynolds number characterizes the flow dynamics: at low Reynolds numbers (Nge < 10)
viscous effects dominate inertia. We will study the variation of the resistance, f, with the
Reynolds number. At higher Reynolds numbers, we anticipate recircul ation zones distal to fibers
and a significant positive influence of this recirculation on resistance. To alow a better
assessment of the Reynolds number a which recirculation and consequently the relative

importance of viscous effects to inertia becomes important, the relation log(f [Re) versus

log(Re) is plotted <35>,

1VV.3.4 Recirculation

Thetotal blood flow rate per unit fiber length, g, through the fiber bank is calculated with:
q=U,5; [178]
The degree of recirculation in a given geometry is quantified as the ratio of the flow rate per unit

fiber length in the recirculation zone, q,.., to the total flow rate per unit fiber length, g, in the
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TablelV.1: Nge. values at arecirculation degree of 1 %.

Nrec
€ IS SS ET
0.4 6.5 22.1 9.2
0.5 7.5 47.6 14.7
0.6 9.5 95.6 25.6

flow domain and can be characterized by a critical Reynolds number, Nge . The rétio, q,../d,

was set at 1 % to denote a significant influence of recirculation.

The three different fiber bank configurations are compared for a given superficial velocity and
porosity (this implies a constant Reynolds number but a different total flow rate per unit fiber
length for each geometry) with respect to blood flow pattern, resistance, and the degree of
recirculation, for Reynolds ranging from 1 to 60.

IV.4 Results

Streamline plots for Newtonian blood flow are shown in Figure 1V.4 for the inline square (left
panel) and for the equilateral triangle (right panel) for a porosity of 0.5 at low (0.13) and high
(14.7) Reynolds number. Figure IV.5 plots the modified friction factor, f, multiplied by Reynolds
number, Nge, versus Reynolds number on a bilogarithmic scale for the three fiber bank
geometries both for Newtonian and non-Newtonian blood flow. The results are compared to
published numerical and experimental results <4243,286-288> Critical Reynolds numbers, Nre ,
are listed in Table 1V.1 for the three different geometries and porosities between 0.4 and 0.6.
Normalized velocity profiles, U/U,, perpendicular to the fiber surface and the blood flow
direction, are shown in Figure IV.6 as a function of the dimensionless distance from the fiber
surface, ¢ (Figure 1V.2) at Nge = 0.34 and porosities equal to 0.5 or 0.6 for both Newtonian and

non-Newtonian viscosity. U is the length of the velocity vector, u
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Inline Square Equilateral Triangle

Figure 1V.4: Streamline patterns for Newtonian blood flow (temperature = 30 °C and hematocrit
= 30 %) a low (Nge = 0.13) and high (Nge = 14.7) Reynolds numbers for inline square and

equil ateral triange.

IV.5 Discussion

We amed to simulate flow condtions as they occur in most avail able atificial lungs.

Streanlines within a fiber array depend uponReynolds number and uponits configuration
(Figure IV.4 and Figure 1V.6). For low Nge (0.13 Stokes flow is obtained withou vortex
generation dstal to the fibers (Figure IV.4, top pandl). As the Reyndds number increases, a
vortex develops between the fibers (Figure IV .4, lower pandl).
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The flow path is more tortuous and norinea for the equilateral triangle, while amore open,
linea flow path and a region with curvilinea streamlines (of which many are dosed at high
Reynalds numbers) exist for the inline square. A deaease in paosity enhances the tortuasity of
the flow path in atriangular array. The streanlines become doser to the front part of the oylinder

before being defleded sideways, resulting in higher velocity gradients and consequently higher

Inline Square

1888_ -+« Cason
=0. o Edwards (numerical
goo | £=°° M
700 ................ -
600 1. . | /
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Equil ateral Triangle

1000 ~
900
800

700
600

500 f

400 T

Figure IV.5: Modified friction fador, f, multiplied by Reynolds number, Nge, versus Nge on a
bil ogarithmic scde for the three fiber bank geometries both for a Newtonian and non-Newtonian

blood flow. The results are cmpared to published numerica and experimental results <42:43,286-
288>
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2.0 1

Equilateral Triangle Inline Square

Figure 1V.6: Normalized velocity profile & Nge = 0.34 for inline square and equil ateral triange &
porosities of 0.4 and 0.5 bah for Newtonian and Casson viscosity model.

resistance (Figure IV.5). Note that the fibers are in a dead zone downstrean of the precaling
fiber' swake (Figure 1V .4).

Figure IV.5 shows that there is a good agreament between ou data and the numericd data of
Edwards <42> and Launder et a. <43 The eperimental data of Bergelin et al. <286288 gre
approximately within 10% of our simulations for the entire Reynolds number range studied. Our
data underestimate the experimental data, due to the fad that the experimental data include the
entrance and end effeds sncethe presaure drop was estimated with static pressure taps upstream
and davnstrean of the bank. The numericd procedure thus yields redistic data on the studied
range of Reynalds numbers.

At spedfic Reyndds numbers and paosities, the equilateral triangle causes lessresistance than
the staggered square, the latter being comparable to the inline square (Figure IV.5). Friction

increases with a lower porosity. The point a which the Iog(f DRe) relation ceviates from

lineaity at higher Reyndds numbers, is assumed to dencte the end d cregping flow with no

separation onthe one hand (viscous effeds) and a significant influence of the separation zone on
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resistance on the other hand (inertia). For an equilatera triangle with a porosity of 0.50,
separation is observed at Ngec = 9.2 ower asmall areaon the rea of the fiber. The vortex area
increases with Reynalds number.

Resistanceis a function d porosity, Reynads number, and viscosity (Figure IV.5). The dfed of
viscosity is most pronourced at low Reynadds numbers. For the shea-thinning Casson viscosity
model, a deaease in velocity gradients and shea rates is observed at low Reynadds numbers,
resulting in a higher locd fluid viscosity. This higher viscosity causes the resistanceto increase.
At high Reyndds numbers, no difference is observed between Newtonian and norNewtonian
blood flow due to the higher shea rates. The non-Newtonian viscosity model has only a minor
influence on the velocity profile & low Reynolds numbers (Nge < 0.5) (Figure 1V.6), while the
effed on resistance is maintained at higher Reyndds numbers (Nre < 10) (Figure 1V.5). The
effect is somewhat elevated at higher porosities (¢ > 0.5) for a given Reynolds number (lower
shea rates).

The microparous paypropylene fibers in a halow fiber membrane atificial lung with 206280
um internal diameter and 2550 um wall thickness are wound as a bunde with bood flow
exterior to the fibers (extralumina blood flow). In coiled construction designs, which are the
most common, the blood flow path is predominantly perpendicular to the bunde <279, These
orientations are enployed in many currently avail able halow fiber artificial lungs (Sarns Turbo
440, Cobe Optima, Didea Compadflo,..) <199, For a blood flow rate of 5 I/min, the Reynadlds
number lies between 2.1and 3.3for whole bloodin most hdlow fiber artificial lungs (0.4 <& <
0.6).

Nevertheless we idedized inflow condtions as well as the fiber bank geometries. In pradice,
there may be adeviation from normal incidence of the fluid. Moreover, fiber banks ssldom
extend to the wall of the housing and alternate fibers are missng nea the howsing's surface
Nea the surface the velocity may be higher due to deaeased friction. In pradice a mixture of
diff erent fiber bank geometries may be the cae.

In conclusion, we have presented a cmputational two-dimensional model for blood flow around
halow fibers. The flow field and derived parameters (pattern, friction, and redrculation) are
significantly different for the different fiber banks and paosities. Overall, a higher Reynalds
number and a lower porosity increase the resistance in the fiber bank. A better mixing may be
adhieved by increasing the superficial blood \elocity (i.e. a higher blood flow rate in a given
fiber bank geometry or a smaller crosssedional area @ agiven bloodflow rate). Considering the

non-Newtonian charader of blood, we found hgher resistance for a given fiber bank at lower
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Reynolds numbers only. At high Reynolds numbers, no difference is observed with Newtonian
fluid flow.

The model is suited for design optimization of hollow fiber blood-gas exchange devices with an
extraluminal blood path. Further studies should be oriented towards blood flow and mass transfer

in order to optimize fiber bank design.
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V MASSTRANSFER CHARACTERISTICS

OF ARTIFICIAL LUNGS

V.1  Abstract’

An artificial lung is used duing cardiopumonary bypassto oxygenate blood and to control the
blood temperature. The oxygen transfer rate-flow rate dcaraderistics of three hdlow fiber
membrane artificial lungs (Sarns Turbo 440,Cobe Optima, Dideco Compadflo) are determined
in vitro to charaderize design fedures. Results are presented as a unique dimensionless
relationship between Sherwood number, Ng, (ratio of convedive to dffusive mass transfer),
Schmidt number, Ns: (ratio of momentum to dffusive transport), and Reynolds number, Nge
(ratio of inertial to viscous forces). This relationship is a function of the device porosity, €, and

characteristic device length, &, defined as the ratio of the mean bood th and manifold length:

where ¢ = 0.26 and m = 1.00 for Npe < 3200 and ¢ = 0.47 and m = 0.64 for Npe > 3200where
Npe is the dimensionless Pédet number defined as N, [(N.. We founda good correspondence
between the model predictions and in vitro blood oxygen transfer rates. We conclude that this
dimensionlessapproach al ows us

. to compare atificial lungs independently.

. to relate water tests to blood.

. to predict the oxygen transfer rate of anew design o an artificial lung.

" The ontents of this chapter are acceted for publication in the ASAIO Journal:
Masstransfer characteristics of artificial lungs
P.W. Dierickx, D.S. De Wadhter, F. De Somer, G. Van Nooten, and P.R. Verdonck
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V.2 I ntroduction

An artificia lung is used during cardiopulmonary bypass to oxygenate blood and to control the

blood temperature. Oxygen transfer rate, V,, , can be monitored by measuring flow rate, Q, in
combination with inlet and outlet oxygen partial pressure, P, , and is related to the geometry of

and the way the fluid flows (flow pattern) through the membrane artificia lung. Nevertheless,
few attempts have been done to characterize mass transfer in relation to the geometry and flow
pattern of an artificial lung <3448271>  |n this study, we propose a unique dimensionless
relationship for oxygen mass transfer rate and flow rate in the membrane compartment of an
artificial lung as a function of geometry and flow pattern that could facilitate the design of new
devices. We therefore first assessed the general dimensionless relationships based on water
experiments for three different types of artificial lungs (Sarns Turbo 440, Cobe Optima, and
Dideco Compactflo) and derived a unique relationship based on geometry and flow pattern.
Secondly, we predicted what could be the oxygen transfer rate for these artificial lungs using

blood for liquid and compared these predicted values to actual experimental measurements.

V.3 M aterials and methods

V.3.1 Dimensional analysis

An artificial lung can be characterized by different geometric parameters. membrane surface
area, A; diameter of the fiber, d; length of the fiber compartment; L; inside housing outer
diameter, D;; outside housing inner diameter, Do; and gross frontal area of the blood path, As.
The “void fraction” or device porosity, €, is defined as the ratio of the volume of voids (volume
in the membrane compartment occupied by blood) to the volume of the bed (total volume of the
membrane compartment). A characteristic length for flow through porous beds or packed fiber
bundles, is hydraulic radius, Ry. Hydraulic radius is expressed in terms of device porosity, €, and

wetted surface per unit volume of bed, a <35276>;

olumeof voids
_ O volumeof bed J_ ¢
"~ Dwetted surface[]  a
Ovolumeof bed O

[179]

h

Manifold length, Ly, is defined as the length by which the total artificial lung flow is divided per
unit width of fiber stack. Mean blood path length, L, is the average distance blood has to travel

through the fiber stack. Consequently, a dimensionless characteristic device length, &, can be
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Figure V.1: Geometric charaderistics of artificial lungs, Top left panel: Sarns Turbo 44Q
Bottom left panel: Cobe Optima; Right panel: Didea Compadflo.

defined asratio of mean blood path length, Ly, and average manifold length, L. We assume that
blood is uniformly distributed owver the fiber stack. In Sarns Turbo 440(3M, Michigan, USA)
and Optima (Cobe, Arvada, USA) membrane artificial lungs, L, and L, are determined as shown
in Figure V.1 (left panel). Blood enters the membrane evenly distributed ower the length, L, of
the manifold and the blood flow is lit in two, for left and right sides. Blood flow rate per unit

membrane width, Q’, is:

= Q.- Q
Q L oo [180]
Mean bood mth lengthiis:
n [D, +D
L, = TP *Paf
e [181]

In the Didecdo Compadflo (Didem, Miranda, Italy), blood flow enters the fiber stadk
circumferentialy (Figure V.1, right pandl). Manifold length is:
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L, =af TP (182
o 2 C

whereas mean blood path length is determined as.

L, =L [183]

It was earlier shown that mass transfer in hollow fiber membrane artificial lungs could be
described by a semi-empirical mathematical model of convective oxygen transfer <34>:

NSh _
NG

¢ [N Rem’ [184]

The Reynolds number, Nge, is defined as the ratio of inertia to viscous forces. Characteristic
length in Nge for flow through a fiber stack is hydraulic diameter, 4-R,. Consequently, The
Reynolds number is defined as:

Q 4R,H
N.. = B
“TAG [185]

in which p represents density and p the dynamic viscosity of the fluid.
The Schmidt number, Ns;, is defined as the ratio of momentum to diffusive transport and

characterizes the fluid:

_
Ng = 186
* pD,, [186]

inwhich D, isthe oxygen diffusivity.
The Sherwood number, Ng,, characterizes the efficiency of mass transfer and is defined as the

ratio of convective to diffusive mass transfer:

_KER,

Ng, 5

[187]

0,
The overall mass transfer coefficient, K, is a measure of the efficiency of mass transfer and is

defined as the oxygen transfer rate, V,, , per unit surface area and per unit driving force of

concentration difference for oxygen transfer (o, {AR,, ) ) inanon-reactive fluid <35>

K=o [188]
A oo, (AP, )

Im

The oxygen transfer rate in anon-reactive fluid is defined as:
Voz =0, [QPOZ ot Pozin ) [Q [189]
where a, is the oxygen solubility and F, ;, and F, ,, are inlet and outlet oxygen partial

pressures, respectively.
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Ancther dimensionless number charaderizing convedive mass transfer is the Pédet number,
Npe:

Npe = Nge [INg, [19Q
The parameters ¢” and m” in Eq. [184] charaderize the porous medium and therefore depend on
the properties of the medium rather than onuniversal constants. It is assumed that the medium is
mainly characterized by the device porosity, €, and the dimensionless characteristic device
length, & <34, The functional form of ¢” and m’” is represented as a power function:

¢ =E° ’EH;‘: o1
m=ml&" [&
in which ¢, m, p’, q’, r’ and s’ are constants which may be determined by nonlinear regression
analysis from experimental data. The relationship between Ng,, Ns, and Nge is therefore solely
determined by the flow pattern in the atificial lung and its geometry.

V.3.2 Methods

Oxygen transfer rate-flow rate dharaderistics of threedifferent halow fiber membrane atificial
lungs (Sarns Turbo 440 (N = 2), Cobe Optima (N = 2), Didea Compadflo (N = 2)) are
measured in vitro and analyzed to charaderize design feaures. Table V.1 summarizes the inlet

condtionsfor thein vitro experiments.

TableV.1: Inlet conditi ons for the in vitro experiments.

water experiments blood experiments

temperature [°C] 20.6+x 0.7 36.7£ 0.8
barometric presauure [mmHg] [754.6 772.4 [754.8 767.9
flow rate, Q [l / min] [0.5 6.0] 1.0-3.0-5.0
pH 7.34+0.05
carbon dioxide partial presaire, Peo, [mmH(Q] 41.1+3.3
inlet oxygen partial presaire, R, ;, [mmH(] 25.1+ 2.0

42+ 3
inlet oxygen saturation, S, [%] 64+ 2

80+ 3

hematocrit, Hct [%] 349+1.3
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Oxygenation experiments were first performed with water to oltain the Ns,-Ns:-Nge relationship
and were subsequently applied for the prediction d oxygen transfer to blood. The predicted

performanceis then compared against that obtained from blood experiments.

V.3.3 Experimental setup: water tests

25 liter of nitrogen-equili brated, dstilled water at room temperature (T = 20.6 + 0.7 C) is
pumped single-passfrom an upstream feed reservoir (reservoir 1) through the test-artificial lung
and dscharged into a downstream colledion reservoir (reservoir 2) (Figure V.2). Air from a
compressed air supdy (20.9% O,) is passed through a rotameter and manifolded into the gas
compartment of the atificial lung. Water temperature is measured by a thermometer in the
upstream and dawvnstream reservoir. Water samples are taken at the inlet and oulet of the
artificial lung and analyzed with a 288 Hood gas analyzer (Bayer, Brussls, Belgium).
Barometric presaure varied from 754.6mmHg to 772.4mmHg. The water is deoxygenated using
100 % nitrogen as the ventilating gas during the redrculation phase in a cndtioning circuit
containing two artificial lungs. The testing phase started orce the desired inlet condtions after
redrculation for deoxygenation were reated. One experiment comprehended the assessment of
the oxygen transfer rate & nine different water flow rates ranging from 0.5 I/min to 6.01/min.
Gas to water flow rate ratio was 3:1. For ead artificia lung, three experiments were caried ou.

Before the onset of eat experiment, the roller pump was cdibrated vdumetricaly and several

reservoir 2

test oxygenator

de-oxygenator

—— water // blood line

- -- gasline

-+ — heat exchanger water line
—» flow direction

roller pump

reservoir 1

X clamp

Figure V.2: Experimental circuit for the in vitro evaluation of the atificial lungs.

quality controls for the gas analyzer were caried ou.
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V.34 Experimental setup: blood tests

Detail s of the theory to cdculate oxygen transfer for blood with the semi-empiricd model for
convedive oxygen transfer have been described by others <3427 The outlet blood ocygen

partial pressire, R, ., is cdculated for blood flow rates from 1.0 to 6.01/min. Measured and

out?

predicted oxygen transfer rates are cdculated from inlet and oulet and the oxyhemoglobin
disociation relationship:

Voz = (102 BD [qpoz out POz in )+1'34|:<[:Hb BD |:Qsozout _Sozin) [192
in which 1.34 denates the binding cgpadty [ml/g] of oxygen to hemoglobin, Hb, and Cy;, the

hemoglobin concentration. The oxygen saturation, S, , is cdculated from PR, using Hill’s

equation describing the oxyhemoglobin dssociation curve <25, The indices in and ou dencte
theinlet and oulet of the atificial lung, respedively.

The experimental perfusion circuit and methods for the in vitro bloodtest are the same & for the
water tests. Approximately 25 liters of fresh, filtered bovine blood are anticoagulated with
heparin (50001U/1) and citrate (100 ml/l). Before starting the experiment, blood gas values and
add base state of the blood was normalized to physiologic values. Deoxygenation d the blood
was achieved by redrculation ower two oxygenators fed with nitrogen. Once the desired inlet
condti ons were obtained, the experiment was darted.

Threedifferent inlet oxygen saturations, S, ;, (42+ 3 %, 64+ 2 %, and 80+ 3 %) are tested at

threedifferent blood flow rates (1.0, 3.0and 5.0l/min) and with a hematocrit, Hct, of 34.9+ 1.3
%. Hemodil utionis acaomplished by adding 0.9 % sodium chloride to the blood.

Triplicae venous and arterial samples are taken at the atificial lung inlet and oulet,
respedively, at ead o the threeblood flow rates. The ventilating gas through the test-artificia
lung consists of pure oxygen. An in-line oxygen saturation monitor (Baxter, Brussls, Belgium)
is used to measure the inlet saturation. All samples are analyzed using a 288 Hood gas anayzer
(Bayer, Brus=ls, Belgium). Experiments with S,;, = 64 + 2 % med the AAMI standard

condtions <45, Blood oxygen transfer rate is determined acording to Eq. [197.
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30 A o Sarns Turbo 440
o— — Cobe Optima
25 - a. - - Dideco Compadflo
c
= 20 -
£
£ 15-
ON
> 10 4
5 ]
O T T T T T T
0 1 2 3 4 5 6

Q [I/min]

Figure V.3: Oxygen transfer rate (Vo,)-flow rate (Q) characteristics in water for the three
artificial lungs: Sarns Turbo 440, Cobe Optima, and Dideco Compactflo.

V.35 Statistical analysis

Fitting of the semi-empiricd dimensionless Ng-Ns-Nge relationship is performed using the
nonlinea regresson Marquardt-Levenberg agorithm (Sigmastat 2.0, SPS$ Chicago, USA).
Results are presented with twice the standard deviation and coefficient of determination R? for

non-linea regresson.
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V.4 Results

Figure V.3 presents the oxygen transfer rate versus flow rate in water for the three different
artificial lungs (Eg. [189). The rrespondng semi-empiricd relationship for water oxygen
masstransfer is depicted ona bil ogarithmic plot in Figure V.4. Two distinct regions with resped
to Reynads number (Nge < 6.5and Nge > 6.5) for the water experiments can be observed for the
three atificial lungs. This Reynads number, multi plied with the Schmidt number for water (Nsc
= 492), corresponds with a Pédet number of 3200,yielding a aiterion for the semi-empiricd
model independent of fluid charaderistics. The semi-empiricd model (Eq.[184)]) isvalid in bah
regions. A least squares fit through the water data for each artificial lung yields values for the ¢’
andthe slope m’, bath for Npe < 3200and Npe > 3200(Table V.2).

Included are geometrica data of the different artificial lungs for device porosity, €, and
dimensionless characteristic device length, & which exhibit a similar trend as ¢’: ¢’ increases
with € and decreases with &, while m’ is more or less constant <4828% Based onthis finding, we
can nav determine the functions of Eq. [19]] which gave ¢’ and m’ as a function of € and &. The
results of the norlinea regresson are listed in the last column of Table V.1 and depicted in

Figure V.5 leading to the following relation for ¢’ and m’:

Table V.2: Geometric charaderistics of artificial lungs, including the model parameters ¢’, m’, ¢, and m.

Sarns Cobe Dideco model
Turbo440  Optima Compactflo  data

membrane surfacearea, A [m?] 1.6 1.7 2

fiber diameter, d [um] 380 380 380

inside wre outer diameter, D; [cm] 5.0 4.4 5.0

outside are inner diameter, D, [cm] 7.0 7.3 7.8

length fiber compartment, L [cm] 20.5 12.4 12

device porosity, € 0.61 0.51 0.44

characteristic device length, 0.23 0.37 0.60

Npe < 3200 ¢’ 0.35 0.19 0.13 ¢ 0.26
R2 0.66 0.62 0.96

Npe > 3200 ¢’ 0.60 0.38 0.27 o 047
m’ 0.69 0.60 0.63 m 0.64

R2 0.84 0.95 0.97
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&’ [193

with ¢ = 0.26 and m = 1.00 for Npe <3200 and ¢ = 0.47 and m = 0.64 for Npe > 3200.
Substitution d Eq. [193 in Eq. [184 and rearanging the equation, yields the following
dimensionless relationship for convedive oxygen transfer as a function d geometry and flow
pattern (Figure V .6):

NSh

N 32 = p[fs'" N, [194
Sc

— NN = ¢ N
* NSh'NSC-lB: ¢ Nige
Ng. <65; Np, <3200 N >65; Ny > 3200
10 _: . .
™ ]
<
o)
P
Z5 :
1 4 e
P % . A
2 . A Sarns Turbo 440
£ o  Cobe Optima
a  Dideco Compadflo
01 —— —
1 10
Nize

Figure V.4: The semi-empiricd Ng-Ns-Nge relationship for water convedive oxygen mass
transfer on a hil ogarithmic plot. Two dstinct regions with resped to the Reynolds, Nge, and Pédet
number, Nge, Can be observed for the oxygen masstransfer in water: Nre < 6.5 (Npe < 3200 and
Nge > 6.5 (Npe > 3200.



Mass Transfer Characteristics of Artificial Lungs

with ¢ = 0.26 and m = 1.00 for Npe < 3200 and ¢ = 0.47 and m = 0.64 for Npe > 3200.

The oxygen transfer rate versus flow rate in blood for threedifferent inlet saturations (40 %, 65
%, 80%) is presented in Figure V.7. Figure V.7 shows the original oxygen transfer rate-flow rate
blood dita for the three atificial lungs, along with the predicted oxygen transfer rate-flow rate
relationship oltained by converting the dimensionlessfit from Eq. [194] and Figure V.6 bad to
dimensional form for blood a the same @ndtions as in ou experiments. Comparison of
predicted values of oxygen transfer rate with blood oxygen transfer experiments for al artificial

1.00
o ¢':N,<3200
o ¢':Ny>3200
0754 ™ m': Ny, > 3200
]
£ 050-
=
0.25 1
0.00 .
0.0 05

Figure V.5: Dependency of ¢” and m’ on € and & as a function of Npe.

lungsis shown in Figure V.8.

V.5

In this gudy, we propase aunique dimensionlessrelationship that alows us

Discussion

to compare atificial lungs independently.
to relate water teststo bood.

to predict the oxygen transfer rate of anew design o an artificial lung.

15
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Figure V.6: A unique dimensionlessrelationship for convedive oxygen transfer as a function of
Sherwood number, Ng,, Schmidt number, Ng, Reynolds number, Ng., device porosity, €, and
dimensionless characteristic device length, &, on a bilogarithmic plot.

Sarns Turbo 440 Caobe Optima Dideco Compactfio
600 measured
O —=— Sp=40%
—— Sp=66% O
500 Sp=80%
O predicted
400
=5
£ o/ 9
E 300
o
>
200
100
0 ————— — :
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Q [I/min]

Figure V.7: Original oxygen transfer rate (V,, )-flow rate (Q) blood cita dong with the predicted

oxygen transfer rate-flow rate charaderistics at threedifferent inlet saturations (40 %, 65 %, 80 %)
for the three atificial lungs (Sarns Turbo 44Q Cobe Optima, Dideco Compadflo) obtained by
converting the dimensionlessfit (Eq. [194]) bac to dmensional form.
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Figure V.3 only shows a major difference in oxygen transfer rate versus flow rate for the three
artificial lungs at higher flow rates (Q > 3.51/min). The oxygen transfer rate versus flow rate can
be trandated into a semi-empiricd dimensionless relationship describing convedive oxygen
transfer (Eq.[184).

The importance of a given masstransfer efficiency and flow charaderistic in an artificial lung
has already been extensively emphasized <3.37.48271.290>_|n the past, hovever, few attempts have
been made to charaderize mass transfer including geometry and flow pattern o an artificial
lung. It has arealy been demonstrated that the presaure drop aaoss a membrane cmpartment
can be predicted using a dimensionlessrelationship between Euler (charaderizing presaure drop)
and Reyndds number as a function d two dmensionless charaderistic geometricd parameters:
device porosity, €, and a dimensionless characteristic device length, & <34,

Likewise, masstransfer can be studied by trandating the oxygen transfer rate versus flow rate

into a semi-empiricd dimensionless relationship describing convedive oxygen transfer as a

600
o Sarns Turbo 440 =
500 - o  Cobe Optima

a  Dideco Compadflo

400 1
300 -

200 -

V, predicted [ml/min]

100 A

0 T T T T T
0 100 200 300 400 500 600

Vo measured [ml/min]

2

Figure V.8: Correlation of predicted and measured blood ocygen transfer rates for the three
artificial lungs. Linea regresson of predicted on measured vaues is (R2 = 0.99):

V =1.010V, —15.13

O, predicted — O,measured
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function d Sherwood, Schmidt and Reyndds number. Vadef et a. <4> state that this emi-
empirica relationship depends onfiber orientation, poosity, and efficiency of the device

We demonstrate aunique dimensionlessrelationship describing convedive oxygen transfer as a
function d two dmensionless charaderistic geometrica parameters: device porosity, €, and
device length, & (Eq. [194] and Figure V .6).

Figure V.4 shows two dstinct regions with resped to the Reynodds number for water
experiments (and thus the Pédet number for any fluid) for the three atificial lungs indicaing
that ¢’ and m’ in Eq. [184] depend onthe dficiency of the device <428%, This discontinuity is
refleded in the wefficients given in Table V.2. At low Reynolds and Pédet numbers, a nea
linea relationship with Reynolds number for water (Figure V.4) can be observed. The Sherwood
numbers at low flow rates are below the regresson line obtained using the data & high flow
rates. This may be explained by the somewhat polydisperse dhannels between fibers, which
cause uneven flows and lea to reduced mass transfer coefficients <48, At low Reyndds and
Pédet numbers, ore can thus exped an incressed degree of shunting and consequently a
deaeased influence of convedion onmasstransfer than is observed at higher Reynolds numbers.

Figure V.6 is a device spedfic scding of Figure V.6 resulting in ore airve representing the three
artificial lungs. Our relationship (Eq. [194]) indicates that masstransfer is diredly related to

. the blood sth length.

. the manifold length.

. the flow pattern.

. the Reyndds number.

The dimensionless approad is independent of fluid physicd properties. density, viscosity,
oxygen solubility, and dffusivity. It enables one to relate water tests to bood, sharing the
benefits of using dimensionlessnumbers, as discussed by Mockros et a. <3> and Vadlef et al. <4>.
Thereis no redl to rescde the graphs for blood athough the measurements were performed with
water. Thisis of grea advantage when hemodil ution and hypathermia ae present, becaise they
alter the physicd constants and therefore the masstransfer.

In Figure V.7 a mmparison is made with resped to bood oygen transfer rate between ou
measurements and tedchnicd data for the Sarns Turbo 440acording to the AAMI standards
<291 |t shows a good agreement (< 7 %) between ou oxygen transfer rate measurements and
the literature data.
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Figure V.9: Comparison between our measurements and technical data according to the AAMI
standards with respect to the oxygen transfer rate ( V02 )-flow rate (Q) relationship in blood.
Blood oxygen mass transfer can then be calculated using the corresponding Sherwood and
Schmidt number and dimensionless geometrical parameters. The good agreement between the
model predictions and experimental blood oxygen transfer rate in Figure V.8 demonstrates the
validity of using ¢ and m values derived from the in vitro oxygen-water experiments and the
geometry of the device.
Using the proposed dimensionless format, one can

. compare artificial lungs independently
. relate water tests to blood tests
. predict the oxygen transfer rate of anew design of an artificial lung.

We believe that this dimensionless anaysis is an excellent tool for the development of better

designs.

V.6  Conclusion

We have demonstrated that mass transfer can be studied using a dimensionless relationship
between Sherwood, Schmidt and Reynolds number as a function of two dimensionless
characteristic geometrical parameters. device porosity, €, and a newly defined dimensionless

characteristic device length, &.
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VI TWwWO-DIMENSIONAL FINITE ELEMENT
MODEL FOR OXYGEN TRANSFER IN
CROSSFLOW HOLL OW FIBER

MEMBRANE ARTIFICIAL LUNGS

VI.1 Abstract’

A predictive, two-dimensional model with good absolute acaracy for flow and masstransfer in
crossflow halow fiber membrane atificial lungs is developed. The proposed mode is able to
predict the gas transfer to water flowing outside and perpendicular to hdlow fibers in the
artificial lung. The model uses a finite dement technique to solve the Navier-Stokes equations
and the mnwedion-diffusion equation on the @mputationa domain of a unit fiber cdl.
Subsequent stream-wise and crosswise unit fiber cdls are then couped/assembled to the
relationship between the oxygen transfer rate and flow rate of a aossflow holow fiber
membrane atificial lung. The model is compared to water experimental data obtained by

perfusing three @mmercia artificial lungs with water.

VI.2 Introduction

An artificial lung is used duing cardiopumonary bypass to oxygenate blood and to control
blood temperature. Many of the oxygenation systems (cagoillary membrane, coiled tube,
membrane-lined capill ary channels, spiral, crossflow hdlow fiber, etc.) have been developed
(196G — 197G —198Gs — 199G) on empiricd grounds <44>. Applicable theories would grealy

" The wmntents of this chapter is sibmitted to The International Journal of Artificial Organs:
Two-dimensional finite dement model
for oxygen transfer in crossflow hollow fiber membrane artificial lungs
P.W. Dierickx, D.S. De Wadhter, and P.R. Verdonck

VI-1
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enhance dinicd progress by insuring maximum transfer efficiency and safety which are
important design fadorsin e.g. long-term perfusion.

The design of an ogima system demands an experimental and a mathematicd (analyticd or
numericd) approadch. The analyticd and the numericd approach aim to derive amodel of the
system using basic mathematica equations to describe the physicad laws such as the cnservation
of mass and momentum, and to describe the caisal relationships between its comporent parts.
Prototypes, designed based on extensive analyticd investigation, are frequently optimally
designed. The only experimental results neeled are those required to vali date the model.
Nowadays, crossflow hadlow fiber membrane atificial lungs are used duing cadiopumonary
bypass Mathematicd analysis of the membrane atificial lung has been attempted in the late
196G and ealy 1970 on multi ple parall el permeable tubes (intraluminal bloodflow) and dates.
The agreament between theoreticd approadies and experimental data for blood ocygenation in
membrane channels has resulted in a series of design-oriented articles <238242247254258  Sem)j-
empiricd <3> methods are developed for crossflow hallow fiber membrane atificial lungsin the
mid 198G. In the ealy 199G numericd <26~ methods are developed for extraluminal
membrane atificial lungs with abloodflow path parall €l to the fiber axis.

This paper ams to demonstrate a predictive, two-dimensional model with good absolute

acaracy for flow and masstransfer in crossflow hall ow fiber membrane atificial lungs.

VI.3 Materialsand methods

VI1.3.1 Fiber bank model

The fiber bank in a aossflow hadlow fiber membrane atificia lung can be mnsidered as an
asemblage of uniform, paralel, fixed circular fibers equally spacel in a plane perpendicular to
the long axes of the fibers. Assuming negligible entrance, end and wall effeds (which is a
reasonable asumption for a fiber bank with a large number of rows) and fully developed, two-
dimensional laminar steady flow through the fiber bank, periodicdly fully developed flow can be
considered <36>. A fiber bank can then be divided into a number of identicd unit fiber cdls, ore
fiber occupying ead unt fiber cdl. Fiber banks are charaderized by crosswise, S;/d, and
strean-wise, S, /d, pitch(S)-to-diameter(d) ratios (Figure VI.1).

The “void fradion” or device porosity, €, is defined as the ratio of the volume of voids (volume

in the membrane cmpartment occupied by blood) to the volume of the bed (total volume of the

membrane cmpartment). A charaderistic length for internal flow through fiber banks, is
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hydraulic radius, Ry Hydraulic radius is expressed in terms of device porosity, €, and wetted

surface per unit volume of bed, a <35.276>;

olumeof voi dsH
_ O volumeof bed J_ ¢
" Nwettedsurface]  a
Ovolumeof bed O

[195]

The overall dimensions of the unit fiber cell are fixed by specifying the configuration, the
porosity, €, and the fiber diameter, d. In the present study, porosity varies from 0.4 to 0.6 for

each fiber bank.

Inline Square, 1S
(2
S

Equilateral Triangle, ET / \ /
k J \ Staggered Square, SS
S

|
S, & =050 S

Figure VI.1: Three fiber geometries with a porosity of 0.50: inline square, 1S, equilateral triangle,
ET, and staggered square, SS (fiber diameter, d, cross-wise pitch, Sy, stream-wise pitch, S,).

o

Three different fiber bank configurations are studied:
. inlinesquare, IS'S; =S,

. equilatera triangle, ET:S, = 20/3 5,

. staggered square, SS:S; = 2[5,
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Figure VI.2: Schematic representation of the unit fiber cel model. I'ym represent symmetrice

boundaries and Ty periodicd boundaries; x denotes the stream-wise diredion and y is
perpendicular to the flow diredion.

Figure V1.1 ill ustrates the three unit fiber cdls with a porosity, €, of 0.50 and diameter, d, of
0.380mm, a representative size for a paypropylene fiber used in an artificial lung. The flow

field is oriented in the x-coordinate diredion (Figure V1.2). For symmetry reasons, only the
meshed part of the geometry needs to be considered.

Figure V1.3 represents a fiber bank of height, H’, length, L', and width, W’ (left panel) as a

A B
IGG 0P L
7 b} @
2» H'{
4 L

7 '
X

Figure VI1.3: A. Schematic presentation of afiber bank of height, H’, length, L’, and width, W’. x
denotes the stream-wise diredion, y denotes the cosswise diredion and z the diredion along the
fiber axis. Q' represents the flow rate through the fiber bank. B. The fiber bank is presented as an
idedized periodicd array of cylindricd fibers perpendicular to the flow.
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periodicd array of cylindricd fibers perpendicular to the flow (right panel). This fiber bank is an
idedized representation d the membrane compartment of the commercially manufadured cross
flow hallow fiber membrane atificial lungs.

Using the geometricd data of the membrane cmpartment of the commercially manufadured
crossflow hdlow fiber membrane atificial lungs, the two-dimensional unit fiber cdl is
integrated in every diredion to smulate the complete membrane. The oxygen transfer in awhole
fiber bank can therefore be cdculated from the results obtained in a single unit fiber cdl by
integration into the stream-wise (x-) and crosswise (y-) diredion and by multi plicaion with the
fiber length (z-diredion).

VI1.3.2 Thefluid flow: Navier-Stokes equation

A two-dimensional, isothermal, steady state, laminar, Newtonian flow outside but perpendicular
to a fiber bunde is considered. This flow is governed by the cntinuity and Navier-Stokes
equations, expressng the dasscd principles of conservation d mass

Oeu=0 [196]
and conservation d momentum:

pue Ou+0p = M{0u+0u”) [197
where u is the locd mass average fluid velocity vedor, p isthe locd density, p is the locad

hydrostatic presaure, and p is the Newtonian fluid viscosity. O is the gradient operator (in two

dimensions):

3k

Symmetry boundxry condtions ,I are imposed upon the symmetry lines, nodlip wall

sym?
boundiry condtions uponthe fiber surface The distribution d the flow velocities (but nat the
locd presaure or massconcentration) isidenticd in all unit fiber cdls, hence periodicd boundary

condtions, I .., to inlet and exit planes can be gplied (Figure VI1.2). Periodicd boundry

per?
condtions are implemented with a prescribed vdume flux, g, per unit fiber length:

q:rJ'u-nmlrzusBSZ—T (199

where Us is the superficial velocity of the porous medium <3536> |n this model, a uniform
distribution d the flow is assumed, hence
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- Q
US _Af [Zoq

where Q isthe flow rate through the atificial lung and A¢ the grossfrontal area
A, =H W [207]

V1.3.3 Theoxygen transfer: convection-diffusion equation

The onwedion-diffusion equation describes the mass transfer in a fluid flow. The stationary
convedion-diffusion equation for oxygen transfer in water reads as foll ows:

us0C,, =D, [AC,, [202
where u is the blood \eocity vedor, C,, represents the oxygen concentration and D, the
diffusion coefficient of oxygen in water. In Eq. [202, u- ECOZ denotes the @mnwedive part,
while D, [AC, denotesthe diffusive part.

The total amourt of oxygen in water is in the dislved state. Applying Henry's law <23 in Eq.
[202, yields the mnwvedion-diffusion equation as afunction d oxygen partial presaure:
ue EPOZ =D, [AP,, [203

Symmetry boundary condtions I, are imposed uponthe symmetry lines between adjacent

sym>
unit fiber cdls, acdosswhich no ret oxygen transfer occurs. Asuming a negligible gas sde and
membrane mass transfer resistance, a @nstant oxygen pertial presaure, equa to the oxygen
partia presaure in the gas Sde, is presented at the fiber surface At the inlet, a uniform oxygen
partial presaure of 20 mmHg is presented. In subsequent unit fiber cdlsin the flow diredion (cfr.
infra), the inlet oxygen pertial presaure distribution equals the outlet oxygen partial presaure
distribution d the former unit fiber cdl.

At the outlet of the unit fiber cdl, the cncentration profileisimposed to remain invariable in the
stream-wise diredion <49

us0OC,, =0 [204]
The physicd meaning of this outlet boundiry condtion is that the wncentration field along the
outlet contour is dominated by the strean-wise wnwvedion.

Room air (20 % Oy,) is fed to the fiber bank yielding an oxygen pertial presaure of 156 mmHg at
the gas sde. The asumption d a high oxygen concentration gas flow rate & the gas sde
together with negligible gas sde and membrane masstransfer resistances, justify the mncept of a

constant oxygen partial presaure & the surfaceboundary.
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Vaues for the Bunsen solubility and diffusion coefficient of oxygen in water are available from
the literature <19.260> Oxygen transfer experiments in Sarns Turbo 440, Cobe Optima and
Dideco Compactflo <36> were conducted at different flow rates to evaluate the oxygen transfer to
nitrogen-equilibrated water. Data obtained from these experiments are used in the validation of
the model.

Mockros et a. <34> developed a one-dimensional semi-empirical model for the oxygen transfer
in across-flow hollow fiber artificial lung. The model reads as follows:

Ng, INg ™ = ¢f INg," [205]
Nsn represents the loca Sherwood number and is defined as the ratio of the convective to
diffusive mass transfer:

_K@R,

N
Sh Do,

[206]

where K is the local mass transfer coefficient, defined as the ratio of the loca rate of mass
transfer per transfer area, to the driving force. The ratio of momentum to diffusive transport is
expressed by the Schmidt number, Ns::

.
N. =
s oD, [207]
Nre represents the ratio of inertial to viscous forces:
U, 4R
Ng = Suhm [208]

¢’ and and m’ are model parameters.
This model can be applied to the unit fiber cell on the one hand, and to the extrapolated
membrane compartment on the other hand, yielding information about the oxygen transfer

efficiency.

VI1.3.4 Thefinite element method

We used the Galerkin finite element methodology <39> to discretize and integrate the flow
equations on the computational grid. Numerical simulations were done using the computational
fluid dynamics analysis software SEPRAN (Sepra, Leidschendam, The Netherlands). Treatment
of periodic boundary conditions in the context of a finite element procedure is discussed by
Segal et d. <41>, The penalty function formulation is used while the resulting system of nonlinear
algebraic equations is solved by an iterative Newton linearization <30>, The elements used to
construct the computational grid are standard Crouzeix-Raviart bilinear triangular elements.



Two-dimensional finite element model for oxygen transfer in cross-flow hollow fiber membrane artificial lungsvi-8

Table VI.1: Geometry of a given membrane cmmpartment for two dfferent porosities but with a
fixed length, L’, width, W’, and transfer areg A. IL: inline square; SS staggered square; ET:
equil ateral triange.

porosity, &
05 0.6
length, L’ [mm] 100 100
width, W’ [mm] 120 120
transfer area, A [m?] 17 17
heigth, H' [mm] 27 34
hydraulic radius, R, [mm] 0.10 0.14
void volume, Vg [MI] 185 265
number of fibers 11867 11867
inlet oxygen partial presaure [mmH(Q] 20 20
IL SS ET |IL SS ET
outlet oxygen partial pressure [mmH(] 121 150 131 | 955 134 105

The streanline upwind Petrov-Galerkin method (SUPG) with the linea triangular method d
Mizukami and Hughes <232> satisfying the maximum principle is used to solve the mnvedion
diffusion equation.

It is assumed that the masstransferred does not influence the velocity. Hence, the Navier-Stokes
equations are solved first and then the @nwedion-diffusion equation is lved using the
computed velocity vedor.

In order to improve the acaragy and to eliminate numericd diffusion, the computational meshis
refined localy where high partial presaure gradients are expeded.

The outlet concentration profile of the atained solution is applied to the inlet yielding the inlet
boundiry condtion for the subsequent unit fiber cdl aong the flow path. This procedure is
repeded urtil the total length of the flow path of the membrane compartment or the desired cup-
mixed oxygen oulet partial presare, is readhed. The ap-mixed oxygen pertial presaure & the
inlet and oulet boundxriesis cdculated as foll ows:

| -
Fo, :—DJ'F’O2 (e dn [209
T

per

where u isthelocd velocity vedor and n the normal at the boundxry.
The atained solution along the flow path can then be integrated crosswise (y-diredion) and
along the ais of the fiber (z-diredion).
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VI.4 Results

Figure V1.4 presents the semi-empiricd model of Eq. [205 on a bilogarithmic plot for the
oxygen transfer in ore unit fiber cdl for the three different fiber configurations with an inlet
oxygen partial presaure of 40 mmHg for two different porosities (¢ = 0.5 and € = 0.6). These
results can be integrated for subsequent unit fiber cdls yielding the oxygen transfer rate of a
membrane compartment (Figure VI.5). The geometry of this membrane compartment with a
fixed length, L', width, W’ and transfer area A is given in Table VI.1. In addition, Table VI.1
lists the outlet oxygen partial presaure. Figure V1.6 shows measured data of oxygen transfer to
nitrogen equili brated water in three @mmercia membrane atificial lungs versus cdculated
results of oxygen transfer using the numericd model taking into acourt the geometry of the
membrane cmmpartments. Results for a single ommercial membrane atificia lung are obtained

by averaging the results of the oxygen transfer simulations for the three different fiber

configurations.
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4
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Figure VI.4: Ng-Ns-Nge On a bilogarithmic plot for the oxygen transfer in one unit fiber cell
(inlet oxygen partial pressure is 40 mmHg) for two porosities (¢ = 0.5 and & = 0.6). Left pane:
inline square; middle panel: staggered square; right panel: equilateral triangle.
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Inline Square Staggered Square Equil aterd Triangle
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Figure VI1.5: Oxygen transfer rate, V02 , versus flow rate, Q, for two porosities (¢ = 0.5 and € =

0.6) in a membrane compartment with fixed length, L', width, W' and transfer areg A. The
membrane compartment is asembled by integrating urit fiber cdls. Left panel: inline square;
middle panel: staggered square; right panel: equil atera triangle.

VI.5 Discussion

Semi-empiricd and numericd methods for prediction d the blood-gas transfer cgpabiliti es of
membrane atificial lungs withou prototype testing using blood, fave been developed (and till

are being developed). Vadef et a. <4> use anarmalized masstransfer coefficient for crossflow
devices derived from experiments using water to charaderize the gas transfer performance of a
membrane oxygenator for any inlet blood condtions. In this method, the deviceis approached as
a porous medium. Baker et al. <267 developed a two-dimensiona finite-diff erence predictive
model for gas transfer in hdlow fiber membrane atificial lungs. The model is ableto predict gas
transfer to bood flowing outside and perallel to oxygenating fibers withou experimental data.
The aosssediona fiber distribution is assumed a uniform triangular array, while the rest of the
deviceis extrapalated by symmetry. The model is compared to bovine and human experimental
data from small test cdls with microparous polypropylene fibers. Niranjan et al. <26% developed
a finite-difference model of the gas transfer within the IVOX intra-vascular halow-fiber blood
gas exchanger by considering fluid flow both within and ouside hallow capill ary fibers using the
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Krogh cylinder approach for flow parallel to the fiber axis, previously used to model gas
transport in vascular capillaries surrounded by tissue <270>, The goal of their anaysis was to
investigate the effects of various operating conditions on oxygen transfer rate. They validated the
model using independently obtained experimental data and investigated the effects of various
operating conditions on the mass transfer rates of carbon dioxide and oxygen.

This paper, on the other hand, investigates the oxygen transfer to water in a cross-flow hollow
fiber membrane oxygenator with a two-dimensiona finite element method. Finite element
modelling allows a more accurate calculation of high oxygen pressure gradients. We applied the
dimensionless semi-empirical model of Vadef et a. <4> (Eq. [205]) to the unit fiber cell of three
different fiber configurations on the one hand and extrapolated the results from a single unit fiber
cell to a homogeneous fiber bank on the other hand. The model is validated with experimental
results obtained on three commercial artificial lungs.

Figure V1.4 shows that the staggered square configuration with a high porosity is most efficient.
The mass transfer coefficient, K, in the Sherwood number, Ns,, (EQ. [206]) is evaluated by
dividing the local flux by the locally averaged partia pressure difference between the fluid and

the gas phases.

Sarns Turbo 440 Cobe Optima Dideco Compactflo

20

Numericd

o  Experimenta
L)

15
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Q [I/min]

Figure VI.6: Comparison of predicted (numerical) and measured (experimental) oxygen transfer
rate, V02 , as a function of flow rate, Q, for three commercial hollow fiber membrane artificial
lungs. Results are obtained from an extrapolation of subsequent unit fiber cells to a membrane
compartment with identical measures. L eft panel: Sarns Turbo 440; middle panel: Cobe Optima;
right panel: Dideco Compactflo.
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Increasing the porosity augments the efficiency of the oxygen mass transfer.

In Figure V1.5, one observes a deviation from linearity in the oxygen transfer rate versus flow
rate relationship at higher flow rates (Q > 2 I/min). At low flow rates (Q < 2 I/min), the diffusive
part dominates the convective part and all water is saturated with oxygen, because the locad
velocity is slow enough to let the oxygen diffuse throughout the fluid. In this case the total
oxygen uptake rate is flow rate limited. At higher flow rates, the convective part dominates the
diffusive part (Q > 2 I/min). The velocity of the fluid becomes too high and the time to transfer
and take up oxygen is decreased. Therefore some part of the water flow will leave the membrane
without being fully saturated with oxygen. In this case the total oxygen uptake is limited by the
boundary layer around the hollow fiber. The larger the boundary layer is, the longer it takes
oxygen to diffuse through and the lower the uptake by the bulk flow. A large boundary layer will
negatively influence the efficiency.

Comparison of Figure V1.5 with Figure V1.4 produces a seeming paradox. The higher efficient
high porosity unit fiber cell (¢ = 0.6) deviates earlier from the straight line at higher water flow
rates than the medium porosity membrane (¢ = 0.5). However, one should observe that although
both membranes have the same effective membrane area, the former membrane has a larger void
volume than the latter (Table VI1.1). Though the mass transfer through the boundary layer is more
efficient at higher porosities, the total mass transfer produced in the membrane is limited,
because the increased oxygen transport through the membrane surface is not able to cope with
the higher volume of water that needs to be saturated. The result is again that some part of the
water flow rate does not become fully saturated at the outlet of the higher porosity membrane.
Figure V1.6 shows a good agreement between the in numero model and the in vitro experiments
for the oxygen transfer to nitrogen-equilibrated water in commercial membrane artificial lungs.
The difference at high flow rates for the Sarns Turbo 440 can be minimized by taking the
staggered square fiber bank configuration instead of the average over the three fiber bank
configurations. At awater flow rate of 4 I/min, the oxygen transfer rate is 19.1 ml/min in numero
versus 20.0 ml/minin vitro (5% difference).

Although the excellent results correlate with experimental data of commercial artificial lungs,
our model has still some limitations. Fluid flow outside and around the fibers creates a
considerable complication in modelling. The overall design was considered to be a repeating
pattern of a definable and reasonably small computational domain. The computational domain
boundaries than become the lines of periodicity and symmetry. This level of simplification was
necessary to simplify the problem and keep it two-dimensional. The model is limited by the
assumption of a uniform distribution of the fibers on the one hand and a constant device porosity
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on the other hand. In an idealized first approximation, the membrane compartment of a
membrane artificial lung can be modelled in terms of arepeating cell unit with no net interaction
between adjacent units. The behavior of the device may then be deduced from the analysis of this
cell unit structure. An advantage of this type of modelling is that the blood flow around the fibers
isexplicitly considered.

The validity of the model is proven by its ability to predict oxygen transfer in water. The model
is suited for design optimization of hollow fiber blood-gas exchange devices with an
extraluminal blood path.
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VII AIR-HANDLING CHARACTERISTICS

OF PEDIATRIC ARTIFICIAL LUNGS

VII.1 Abstract’

At present, air handling of a membrane oxygenator is generally studied by using an utrasonic
sound bubbe murter. However, this is not a quantitative method and it does not give ay
information onwhere ar was entrapped in the oxygenator and if it eventually was removed
through the membrane for gas exchange. The study presented here gives a novel technique for
the determination d the ar-handling charaderistics of a membrane oxygenator. The study amed
at defining not only the anourt of air relessed by the oxygenator, bu also the anourt of air
trapped within the oxygenator and/or removed through the gas exchange membrane. Two
neonatal membrane oxygenators withou the use of an arteria filter were investigated: the
Polystan Microsafe and the Dideco Lilli put. Although the ar trap function d both oxygenators
when challenged with a bolus of air was smilar, the Microsafe obtained this effed mainly by
cgpturing the ar in the hea exchanger compartment while the Lilli put did remove alarge
amourt of air through the membrane. In conclusion, the difference in trap function was most
striking during continuows infusion d air. Immediate mntad with a microparous membrane,
avoidance of high velociti es within the oxygenator, pressure drop, transit time, and construction
of the fiber mat all contribute to the ar-handling charaderistics of a membrane oxygenator.

VIl .2 Introduction

With the introduction d neonatal oxygenators, total system priming volumes of 180 ml are
feasible <292, The use of an arterial filter in these systems is debatable. The priming volume of a

pediatric ateria filter with its bypassis amost as large & the membrane or hea exchanger

" The ntents of this chapter are published in Perfusion 1998 13:157-163
Can an oxygenator design potentially contributeto air embolism in cardiopulmonary bypass? A novel
method for the determination of the air removal capabili ties of neonatal membrane oxygenators
F. De Somer, P. Dierickx, D. Dujardin, P. Verdonck, and G. Van Nooten

VII-1
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compartment of a neonatal oxygenator. In addition, an arterial screen filter is only effective in
the removal of air emboli with an open purge line. However, especialy in small babies, it is not
desirable to keep this purge line open since one wants to know exactly the tissue extracorporeal
blood flow for adequate tissue perfusion.

By not using an arterial screen filter, there is arisk for pumping gaseous microemboli (GME) or
particles towards the patient. However, most data supporting this risk have been generated using
bubble oxygenators <50.53.293> \When using membrane oxygenators, a lower incidence of GME
generation is reported. However, membrane oxygenators can vary in ther air-handling
performance, as has been frequently reported <52,294,295>,

The assessment of air-handling capabilities of an oxygenator generally includes an ultrasonic
bubble counter <63>, However, this method is not sufficiently quantitative and has low
reproducibility due to the limitations of the working principle <64-66>, Therefore, an objective
assessment could contribute to the air-handling improvement of a given device.

This study investigates the risk for microemboli and macroemboli when using a neonatal
membrane oxygenator without an arterial screen filter. Its aims are to define not only the amount
of air released by the oxygenator, but also the amount of air that is trapped within the oxygenator
and/or removed through the gas exchange membrane.

VII.3 Method

VI11.3.1 Circuit

To determine the amount of air released by the oxygenator, a standpipe is used as described by
Miller and Johnson <198> (Figure V11.1). This standpipe (€) acts as along cylindrical bubble trap.
A dilatometer (4) measures the amount of gas evacuated through the gas exchange membrane.
This meter consists of a calibrated glass capillary with a mercury bead inside. After sealing the
gas outlet port and the overpressure relief with silicone, the capillary is connected to the gasinlet
port. As gas goes from the blood to the gas compartment, the mercury bead will move due to the
volume increase until equilibrium is established with the atmospheric pressure. The following
formula converts the displacement of the mercury bead into avolume value:
_ ALy, 0,
ar 4000

Where V4, is the volume [ml], ALyq is the displacement of the mercury bead [mm] and d. is the

[210]

diameter of the glass capillary [mm].
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Grossfiltered bovine blood (hematocrit 22%, temperature 22 °C) was squestered in a 10-liter
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Figure VII.1: Test circuit: (a) cdibrated roller pump, (b) Cobe Excd, (c) air injedion port, (d) test
device, (e) standpipe, (f) reservoir, (1) and (2) presaure measurements, (3) Dopder probe, (4)
dil atometer, (5) syringe.

reservoir. It was pumped by a cdibrated roller pump (Cobe Cardiovascular Inc., Arvada, CO,
USA) through a Cobe Excd flat-shed membrane oxygenator. Blood flow was then dreded via
1/4-inch padyvinyl chloride (PVC) line through the test deviceinto the standppe. Blood returned
to the reservoir via a3/8-inch PVC line. Arterial line presaure was maintained at 150 mmHg.
Blood flow during the experiment was st at 600 ml/min. Presaures were measured before (1)
and after (2) the membrane oxygenator by fluid filled presaure transducers (Ohmeda
Spedramed, Gent, Belgium).

A conredor and stopcock are alded in-line to the test deviceinlet before the test. This gives the
ability to dredly injed a bdus of air (at standard temperature and presaure) 1, 5and 20ml) in
order to smulate agrossair embolus or to attach a syringe pump and slowly injed air (20ml at 3
ml/min) to simulate an adverse event leading to GME. After injeding a balus, a 3-min period
was allowed for equili bration after which the pump was gopped and the data recorded. During

the slow injedion, the pump flow was maintained for 10 min before the data were recorded.
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A “Y” connedor is added before the entrance of the standpipe, so that aredrculation line badk to
the diqua could be used duing priming and debubHbing of the test device The test device was
cabon doxide-flushed and pimed acrding to the manufadurers' instructions. A syringe was
employed at the top d the standppe to vdumetricaly quantify the anourt of air passng through
the membrane test device The reservoir was positioned to minimize head presaure dfeds.

A Hatteland CMD-10 (Hatteland Instrumentering, Royken, Norway) pulsed Dopper
microbubbe wurter is attaded to the tubing 20 cm after the ateria outlet of the test device
The device was st a a maximum sensitivity and was used to deted microbubbes not
maaobubbes. This device was conreded to a computer with a COMAC computer interface
suppated by BUBMON (version 1.6 Hatteland Instrumentering). The aldtion d the bubde
courter in the test circuit was to compare the bubde wurts with the anourt of air colleded in
the standppe dter the test device

VI1.3.2 Calibration

The test circuit was cdibrated by initialy injeding a0.5, 1, 5,and 10ml boluses into the arcuit
with no test oxygenator. The injeded air was then colleded at the syringe to verify that the
standppe is effedively colleding al the ar injeded. Injeding 0.5, 1, 5,and 10ml before the
mercury bead after which the dange in dstance is recorded, provides cdibration o the
dil atometer.

VI1.3.3 Test devices

Two neonatal oxygenators were investigated, the Polystan Microsafe (Polystan A/S, Denmark)
and the Dideo Lilliput (Sorin). Although their performance daraderistics are mmparable
(Table VI1I.1), their design is not. The Microsafe ansists of two cylinders. The first cylinder of
stainless $ed tubes forms the hea exchanger. The second cylinder hads the gas exchange

Table VII.1: Oxygenator charaderistics

Dideco Polystan

Lilliput Microsafe
Maximum blood flow [ml/min] 800 800
Priming volumein membrane and heat exchanger [ml] 60 52
Minimum volumein venousreservoir [ml] 20 25
Connector size[inch] 3/16and ¥4  3/16and V4
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membrane. A rigid tube @nreds both cylinders. Although blood flow will be the same
everywhere in the device, the velocity will not. Blood \elocity will be high in the inlet conredor,
outlet conredor, and the mnreding tube between the two cylinders and much lower in the
cylinders themselves. In the Lilli put, blood flows through the inner side of a spiral corrugated
pipe hed exchanger after which it enters the fiber stadk for gas exchange. This design gives high
velocities in inlet and oulet conredors and lower velocities in the rest of the oxygenator. Both
devices have atop-to-bottom flow path in oder to establish a bublde trap function in the
oxygenator. The fibers in the Microsafe ae & an angle of approximately 15° to the longitudinal
axis of the membrane modue. In the Lilli put, the fibers are in parall el with the longitudina axis
of the oxygenator modue ad the dealy visible spadng wires are perpendicular to the

longitudinal axis.

VIl.4 Resaults

VIl.4.1 Calibration

Cdlibration d the standppe (R? = 0.99 and the dilatometer (R? = 0.99 show excdlent
correlation (Figure V11.2).

VI1.4.2 Bolusinjection

The results of the bolus and slow air injedions are shown in Table VII.2.

Injedion d 1 ml air in the Microsafe resulted in avisible ar colledion o 1 ml at the bottom of
the hea exchanger, noair entrapping in the buble trap and noremoval of air by the membrane.
In the Lilli put, noair was observed in the oxygenator modue or in the bublde trap. However, the
oxygenator contained 0.9+ 0.1 ml air and 0.1+ 0.1 ml was removed by the membrane.

The 5 ml balusinjedionresulted in visible ar (4.7 + 0.1 ml) in the hea exchanger modue of the
Microsafe, noair in the buble trap and an evaauation d 0.4 + 0.2 ml by the membrane. In the
Lilli put, air was foundat the top d the oxygenator (1.8 £ 0.2 ml) and in the bubHde trap (0.1 +
0.2ml). 3.1+ 0.1 ml was evaauated by the membrane.

With an injedion d 20 ml of air, air was foundin bah hea exchanger and membrane modues
of the Microsafe (8.3 ml) as in the bublde trap (4.9 ml) while 6.8 ml was evaauated by the
membrane. In the Lilli put, air was foundin the oxygenator (3.2 ml) and in the bubHde trap (4.2
ml). At the end d the 3-min period for stabili zation, there was gill some small movement of the

mercury drop. At that time, the membrane evacuated 12.6ml.
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VI1.4.3 Slow injection

When injeaing 20 ml of air at 3 ml/min, the Microsafe entrapped air in bah hea exchanger
modue and membrane modue (12.2+ 1.9 ml). As more ar entered the oxygenator modue, it
was captured in the same plane & the aterial outlet connedor of the oxygenator, after which it
traveled along the fibers towards the aterial outlet conredor (Figure VII.3). Thisresulted in 2.7
+ 0.1 ml of entrapped air in the bubde trap. The membrane evacuated 5.1+ 1.7 ml.

In the Lilli put, air was observed in the membrane wmpartment where the membrane eaily
removed it. Even after the 10 min of stabilization, there was 4gill some evaauation by the
membrane & deteded by the dilatometer. The oxygenator entrapped 2.9+ 0.1 ml of air, noair

was foundin the bublde trap and the membrane removed 17.1+ 0.1 ml.

Table VII.2: Air removal cgpabiliti es of the Lilli put and the Microsafe.

Bolus Air in dilatometer Air in bubble trap Air in oxygenator Bubble munter
[mi] [ml]+SD [ml]+SD [mI]xSD [count/min]
Oxygenator  Microsafe Lilli put Microsafe Lilli put Microsafe Lilli put Microsafe Lilli put
12 0 0.1+0.1 0 0 1 0.9+0.1 0 0
52 0.4+0.2 3.1+0.1 0 0.1+0.2 4.7+0.1 1.8+0.2 101 128
20° 6.8 126 4.9 42 8.3 32 210 217
3ml/min? 5.1+1.7 17.1+0.1 2.7+0.1 0 12.2+1.9 2.9+0.1 49 366

2 Two measurements.

® One measurement.

VI1l.4.4 Pressure measurements

The presaure drop ower the oxygenators during the experiment was 30.1 + 1.4 mmHg for the
Microsafe and 53.1+ 1.5mmHg for the Lilli put.

During the bdus injedions of 5 and 20 ml, there was a sudden transient increase in pre-
membrane pressure with the Lilli put for afew seconds after which it returned to namal.

VII.5 Discussion

Arterial screen filtration hes become astandard procedure in the USA for pediatric and adult
perfusion. The rationale is to reduce the risk of gaseous and/or solid microembadli. However, the
fea for these alverse dfeds was based mainly on the large experience with bublde oxygenators
<5053293> Membrane oxygenators, in contrast do have a @mpletely diff erent working principle.
The padked fibers in the gas exchange compartment do nd only provide a ontrol of the blood

path bu will also work as an effedive depth filter for solid particles. This was confirmed by
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recent research in a pig model showing no difference in embolization of vital organs after 3 h of
extracorporeal circulation using an extraluminal hollow-fiber oxygenator with or without
arterial screen filter <296>, Several papers have described a much lower, or even nonexistent,
generation of GME with the introduction of membrane oxygenators <51.297>, However, thereis a
much controversy amongst authors about the GME generation of a given device <51.294>, This
inconsistency probably has its origin in the non-quantitative nature of the data generated by
bubble counters and in the severe limitations of accurately counting GME by ultrasonic
techniques <66:297>, Indeed, problems can occur from the angle and coupling of the ultrasonic
transducer, the frequency and pulse length of the device, the electrical circuitry employed,
bubble diameter and shape, tubing diameter and curvature, amount of air and speed at which air
is introduced, red cell interference, and the rate of blood flow <64295>  Finaly, the bubbles
themselves may produce the most serious problems. Signal differences can result from multiple
bubbles clumping, bubbles of different sizes blocking others, or the beam missing multiple
bubbles, as described by Butler <297>,

20
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Figure VII.2: Cdlibration of dilatometer and bubble trap.
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Our assumption was that theoretically a membrane oxygenator must be able to evacuate air
because of its combination of a microporous membrane with a depth filter. The results in this
study show clearly that this hypothesisis correct, but highly dependent on the oxygenator design.
Both oxygenators had more or less the same bubble trap efficiency when confronted with an air
challenge. However, the Microsafe obtained this effect mainly by capturing the air in the heat
exchanger compartment. Since the heat exchanger is not permeable for gas, the risk for a sudden
release of this air by movement of the oxygenator (taking samples, repositioning) or by changes
in temperature still exists. In the Lilliput, there is almost immediately contact between the air and
the gas exchange membrane and, because of this, a large portion of the air is evacuated. This
difference is most obvious during the slow injection of air where the Lilliput is capable of
removing amost 90% of the air via the membrane after 10 min. The Microsafe will, in the same
circumstance, still release emboli; repositioning of the arterial outlet connector in another plane
could probably reduce this but was not studied. Nevertheless, the design of the Microsafe will
always keep an amount of gas accumulated in the heat exchanger module.

In addition, the construction of the membrane mat and the existence of high velocities within the
body of the oxygenator seem to be important aspects. In the Microsafe, air is actually pushed by
the high velocities generated in the connection tube between the two cylinders in the plane of the
arterial outlet connector, where it is guided by the fibers towards the arterial outlet. The influence
of pressure drop was aso interesting in that, theoretically, a higher pressure drop should be
beneficial in the removal of air, especially when there is good contact with the membrane
material. The Lilliput with the higher pressure drop and the largest immediate contact with the
membrane is the most effective. Because of this, one should not only open the purge line on an
oxygenator when air has entered the unit, but also, at the same time, raise the pressure
downstream the oxygenator. Removal of air in a neonatal oxygenator seems to be positively
influenced by the following aspects. rapid and large contact with the gas exchange membrane,
contact time between the fibers and the gas, avoidance of zones with high velocities within the
oxygenator module, pressure drop (higher seems favorable) and the construction of the fiber mat.
The dilatometer also showed an important consideration in that the evacuation of air through the
membrane is most effective initially and will decrease over time. This is explained by the

reduction of the contact area of the bubble against the fiber over time.
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Figure VI1.3: The Microsafe oxygenator

The results of this study show an important influence of oxygenator design on the air removal
capability of a neonatal oxygenator. Although others have tried to speculate what was happening
to gas once it had entered the oxygenator, they had no means to measure or quantify it <52>, The
technique described in this paper gives the possibility to actually measure and quantify the
capability of a given device to trap, release or evacuate air. Because of the lack in existing data
on bubble dynamics during extracorporeal circulation, we believe this test protocol should
become a standard procedure in combination with pulsed Doppler bubble counting for the
evaluation and study of the air removal and air trap capabilities of membrane oxygenators or
artificial lungs.
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VI CONCLUSION

An artificial lung is used duing cardiopumonary bypass to oxygenate blood and to control
blood temperature. In this work, the hydrodynamics and the mass transfer charaderistics of
crossflow halow fiber membrane atificial lungs are studied in numero andin vitro.

The presaure drop-flow rate charaderistics of the membrane compartment in three hollow fiber
membrane atificia lungs (Sarns Turbo 440, Cobe Optima, Didecd Compadflo) were
determined in vitro to charaderize design fedures. Results are presented in a unique
dimensionlessrelationship between Euler number, Ng, (ratio of presaure drop to kinetic energy),
and Reynalds number, Nge, (ratio of inertial to viscous forces), and are afunction d the device
porosity, €, and a characteristic device length, &, defined as the ratio of the mean blood path and

manifold length <34>:

S _ p
N, 2 =gt P
g2 a+NReE¢[ﬂl—s)

In analogy with the in vitro hydrodynamics dudy, the oxygen transfer rate-flow rate
charaderistic of the three hdlow fiber membrane atificial lungs are determined in vitro to
charaderize design fedures. Results are presented as a refinement of a previously pubished
semi-empiricd mathematicd theory of mass transfer in artificial lungs between Sherwood
number, Ng, (ratio of convedive to dffusive mass transfer), Schmidt number, Ng. (ratio of
momentum to dffusive transport), and Nge. The refinement involves a unique dimensionless

Nsn-Nsc-Nge relationship a function of € and &, <37

where ¢ and m depend on the Pédet number. A good correspondence is found ketween the
model predictionsandin vitro blood oxygen transfer rates.

A two-dimensiona in numero finite dement modd for permanent, isothermal, laminar blood
flow perpendicular to hdlow fibers is developed to study the flow and masstransfer in cross
flow hdlow fiber membrane atificial lungs. All fibers are assumed identicd, straight, and
paralel. The model is developed to understand the hydrodynamics in a membrane compartment.
Threedifferent fiber banks (inline square, staggered square, and equil ateral triangle) are studied.

The mode uses a finite dement technique to solve the Navier-Stokes equations and the

VIII-1
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convection-diffusion equation on the computational domain of a unit fiber cell. The influence of
both a Newtonian and a non-Newtonian Casson viscosity model on the flow field is investigated
and indicates that the non-Newtonian effect becomes apparent at very low Reynolds numbers.
Subsequent stream-wise and cross-wise unit fiber cells are coupled/assembled to predict mass
transfer to water and blood in a cross-flow hollow fiber membrane artificial lung. The model is
compared to water experimental data from three commercial artificial lungs and correlates well
with the in vitro measurements. Blood simulations revea that only a blood path length of no
more than 40 mm is needed to attain an oxygen saturation of 99.5 %.

To study the ability of membrane artificial lungs to handle and remove air, a novel technique for
the determination of the air-handling characteristics of a membrane artificial lung is devel oped.
The study aimed at defining not only the amount of air released by the artificial lung, but also the
amount of air trapped within the artificia lung and/or removed through the gas exchange
membrane. Two neonatal membrane artificia lungs without the use of an arteria filter were
investigated: the Polystan Microsafe and the Dideco Lilliput. This study revealed that immediate
contact with a microporous membrane, avoidance of high velocities within the artificial lung,
pressure drop, transit time, and construction of the fiber mat al contribute to the air-handling
characteristics of amembrane artificial lung.

In conclusion, a predictive, two-dimensional model with good absolute accuracy for flow and
mass transfer in cross-flow hollow fiber membrane artificial lungs is developed. This model
enables one to study the influence of geometry and viscosity on hydrodynamics and mass
transfer in fiber banks and may aid the optimization of hollow fiber artificial lung design. A
unique, dimensionless, semi-empirical relationship for both the hydrodynamics and mass transfer
is presented. This dimensionless approach enables one to compare artificial lungs independently
with respect to the hydrodynamics and mass transfer charecteristics and to predict mass transfer
rate to blood of anew design of an artificial lung.

The results presented in this work could be suitable for design optimization of hollow fiber

blood-gas exchange devices.
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Abbreviations

AAMI Assciation for the Advancement of Medicd Instrumentation
ACT Activated Clottting Time

AF Advancing Front

ARDS Adult Respiratory DistressSyndrome

ARF Acute Respiratory Failure

BiVAD BiVentricular Assst Device

CABG Coronary Artery BypassGrafting

CPB CardioPulmonary Bypass

CPS Cardiopumonary Suppat

ECC ExtraCorpored Circulation

ECCO;R ExtraCorpored Carbon doxide Removal
ECLA ExtraCorporegl Lung Assst

ECLS ExtraCorpored Life Suppat

ECMO ExtraCorpored Membrane Oxygenation

ECPR Extracorpored CardioPulmonary Resuscitation

ET Equilatera Triangle

FEM Finite Element Method
GME Gaseous Microembadli

IL Inline Square

IVOX IntraVenous Oxygenation

KAVD Kinetic Asssted Venous Drainage
LVAD Left Ventricular Asgst Device
PVC PolyVinyl Chloride

R Respiratory exchanger ratio

" In order to trandate non-S.I.-units into Sl-units, one can make use of the mnverstion fadors which are listed at the
end. These Sl-units can than be gplied in the definition / cdculation of dimensionlessnumbers.



Symbalst

RBC Red Blood Cell

RQ Respiratory Quatient

RVAD Right Ventricular Asgst Device

Sl “Systéme Internationale d’ Unités”

SS Staggered Square

STPD Standard Temperatur and Presaure, Dry
SUPG Streamline Upwind Petrov-Galerkin
THI Texas Heat Institute

VAVD Vaaum Asssted Venous Drainage
Symbols

a wetted surfaceper unit of volume of bed [mm™]
a parameter

A membrane surface aea[m?|

A’ parameter

A velocity deformation tensor

As grossfronta area[cm?|

b’ parameter

BE base excess|[mmol/l]

Bo, oxygen hinding cgpadty of hemoglobin [ml/g]
CO; carbon doxide

Ca concentration d speaes A [ml/1]

Cus hemoglobin massconcentration [g/l]
Co, total oxygen concentration [ml/I]

Co,, bound oxygen concentration [ml/I]
Co,, dislved axygen concentration [ml/l]
Co, . oxygen concentrationin the gas phase [ml/I]
Co,in inlet oxygen concentration [mi/I]

Co, max maximum oxygen concentration [ml/I]
Co,out outlet oxygen concentration [ml/min]

d fiber diameter [mm]

de diameter of glasscapill ary [mm]



diffusion coefficient of spedes A into B [cm?/g]
inside housing outer diameter [cm]
outside housing outer diameter [cm]

oxygen dffusion coefficient [cm?/s]

oxygen dffusion coefficient of bound xygen in blood[cm?/s]
oxygen dffusion coefficient of dislved axygen in bood[cm?/g]
eff edtive oxygen dffusion coefficient in bood cm?/s|

oxygen dffusion coefficient in pasma[cm?/g]

oxygen dffusion coefficient in thered bdoodcdl [cm?/s)

fradional saturation change
frictionfador

iron atom

element width in the diredion d the flow [L]
hydrogen atom

heigth [L]

hemoglobin

hematocrit

Chilton-Colburn j-fador

masstransfer coefficient [cm/s] [ml/s/cm?]
parameter

length of fiber compartment [cm]

unit of length

length [L]

dimensionlesschannel |ength for oxygen transfer
blood pth length [cm]

manifold length [cm]

displacement of mercury bead [mm]
parameter

parameter

unit of mass

model parameter

Hill parameter



NRe

normal vedor
parameter

number

nitrogen

Euler number
Pédet number
Reynads number
Schmidt number
Sherwood number
Stanton number
oxygen

presaure [Pa]
upwind parameter
model parameter
hydronium ion concentration d a solution

cabon doxide partial pressure [mmH(g]

oxygen partial pressure [mmH(g]

cup-mixed oxygen partial pressure [mmHg]

oxygen partial presaure in the gas phase [mmH(]

inlet oxygen pertial pressure [mmHg]

outlet oxygen partial pressure [mmHg]

oxygen partial presaure & the membrane surface[mmHg]
oxygen partial presaure & S, =50 % [mmHg

bloodflow rate [I/min]

volume flux per unit length [mmg/s/mm|

model parameter

flow rate per unit width of membrane [I/cm/min]
readionterm [ml/I/g]

radia coordinate

parameter

parameter

masstransfer resistance
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R? coefficient of determination

Ry masstransfer resistancein bood plase
R, readion term of (bound oxygen with hemoglobin
R, readion term of (dislved) oxygen with hemoglobin
Ry masstransfer resistancein gas phase
Rn hydrauli c radius [mm]

Rw membrane masstransfer resistance
S model parameter

S stream-wise pitch [mm]

So, oxygen saturation

So,in inlet oxygen saturation

So,out outlet oxygen saturation

Sr crosswise pitch [mm]

t model parameter

t deviatoric stresstensor [M/L/T?]

T temperature [°C]

T unit of time

u velocity vedor [L/T]

Un mean velocity [L/T]

Us superficial velocity [L/T]

Vair volume of air [ml]

Vbed volume of bed [ml]

Vyvoid void vdume [ml]

Vo, oxygen transfer rate [ml/min]

w’ width [L]

X catesian coordinate [L]

y catesian coordinate [L]

z cartesian coordinate [L]

Greek symbols

o model parameter

o’ model parameter



Symbalst

2
aozp
aozrbc

a O,water

per

sym

Vi

Bunsen solubility coefficient of oxygen in dood[ml/ml/mmHg]

Bunsen solubility coefficient of oxygen in plasma[ml/ml/mmHg]

Bunsen solubility coefficient of oxygen in thered doodcdl [ml/ml/mmHg]
Bunsen solubility coefficient of oxygen in water [ml/ml/mmHg]

model parameter

model parameter

parameter (oxyhemoglobin / upwinding)
shea rate[s”]

boundiry

periodicd boundry condtion
symmetry boundiry condtion

parameter penalty function method

porosity

upwind choice parameter

dimensionlessdistance

sink term ac@urting for oxygen uptake by hemoglobin
dynamic viscosity [M/L/T]

dynamic blood viscosity [mPa:s]

dynamic plasma viscosity [mPa:s]

secondinvariant of the velocity deformation tensor
density [kg/m3]

stresstensor [M/L/T?]

shea stress[mPa]

yield shea stress[mP4]

Kinematic viscosity [cm?/g]|
parameter

parameter

i™ basis function
dimensionlesscharaderistic length
parameter

domain
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Subscripts

ar ar

A species A
b blood

b bound

B species B
c capillary
d dissolved
e element
eff effective
f frontal

g gas phase
Hg mercury

[ internal

in inlet

L longitudinal

m mean

max maximum

n normal

0 outside

0 yield shear stress subscript
out outlet

p plasma

per periodical

rbc red blood cell

S superficial

sym symmetry

t tangential

T transversal

W water

Super scripts

k iteration number

iteration number

Vil



Symbalst vii

T transpase operator
Operators

d differential

D differential

A difference

A Laplaceoperator [L™]
O gradient operator [L™]
| 2-norm

weighted mean

() average

do)l( derivative with resped to variable X

£< partial derivative with resped to variable X
J’ integral operator

Units

mm [L] millim eter 10°m
ml [L] millilit er 10° m3
cm [L] centimeter 10%m

| [L3] liter 10° me
min [T] minute 60s

S [T] seawond 1ls
mPa [M/T?L] milli Pasca 10° Pa
g [M] gram 10° kg
kg [M] kilogram 1kg

K Kelvin

°C degrees Celsius

mmHg [L] millim eter mercury  133.3Pa
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APPENDI X

A I ntroduction

This appendix offers a brief survey of representative in numero results on the hemodynamics and
the oxygen mass transfer in blood for three different unit fiber cells: inline square, IL, staggered
square, SS, and equilateral triangle, ET. Results are presented as coloured contour plots of the

hydrostatic pressure, p, the oxygen partial pressure, P, , and the oxygen saturation, S, . The

streamlines are visualized as contour plots. The influence of three parameters on hemodynamics
and mass transfer in three unit fiber cells is presented. These parameters are porosity, &,

superficia velocity, Us, andinlet oxygen saturation, S, ;, . The table below gives an owverview of

the parameter values in the three unit fiber cdls. Blood in the simulations has a temperature of
30 °C and a hematocrit of 30 %.

3 Us So,in Results
IL B
SS Hos 20 0.40 p. P, So,
ET H
ET 0.6 20 0.40 P, P, So,
S5 0.5 5 0.40 P, P, So,
ET 0.5 20 0.85 Py, So,
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C Oxygen transfer

a) Oxygen partial pressure
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b) Oxygen saturation



0.0

0.5

1.0

IL,&=0.5 U,=20 mm/s, Sy ;,=40%

LT-XIpusddy



0.0

0.5

1.0

ET,e=0.5U;=20mm/s, Sy ;, =40 %

8T-XIpusddy



0.0

6T-Xlpuaddy



0.0

0.5

ET,&=0.6,U,=20 mmis, Sy, =40 %

0z-xIpueddy



0.0

TZ-XIpuaddy



0.0

0.5

1.0

ET,e=0.5U;=20mm/s, Sy ;, =85%

Ze-Xipusddy



Bloedstroming en gastransport in een kunstlong:
in numero en in vitro analyse

Blood flow and gas transport in artificial lungs:
in numero and in vitro analysis

ir. Peter Dierickx

Academigjaar 2000 — 2001



	1 phd_01_kaft_voorkant.pdf
	2 phd_1_intro_1.pdf
	3 phd_2_intro_2.pdf
	4 phd_3_book_final.pdf
	5 phd_4_appendix_1.pdf
	6 phd_5_appendix_2.pdf
	7 phd_02_kaft_rug.pdf

