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Biomedical and chemical separations often use hollow-fiber 
membranes for exchanging diffusible species between segre- 
gated gas and liquid flow streams. A classic example is the 
hollow fibers used in extracorporeal and intracorporeal artifi- 
cial lungs (cf., High et al., 1993). In artificial lung devices, 
oxygen and carbon dioxide diffuse oppositely across the fiber 
membranes between a blood phase flowing outside the fibers, 
and a gas phase flowing through the fiber lumen (sweep gas). 
The principal determinants of exchange are the overall 
mass-transfer coefficient of the device, the total membrane 
surface area, and the differences in gas species partial pres- 
sure driving the exchange. Although most of the mass-trans- 
fer resistance resides within the membrane and blood phases 
(Qi and Cussler, 1985a,b), the flow dynamics of the sweep gas 
play a key role by dictating the partial pressure of the ex- 
changing species within the gas phase. That is, for a given 
species exchange rate (0, or CO,), the fractional gas species 
concentration along the fiber depends on the sweep gas-flow 
rate through the fiber, and in turn the species partial pres- 
sure along the fiber lumen, the key intrafiber determinant of 
exchange, depends directly on both the fractional species 
concentration and the total gas pressure along the fiber. Thus, 
understanding the gas-flow dynamics (pressure-flow behav- 
ior) within hollow-fiber bundles becomes essential to design- 
ing oxygenators and to modeling their gas-exchange per- 
formance. 

The dynamics of gas flow within hollow-fiber membranes 
may appear superficially as an application of simple incom- 
pressible Poiseuille flow theory. The internal caliber of these 
fibers is generally 300 ,um or smaller, and their length to 
diameter ratios are typically large. For the gas-flow rates usu- 
ally involved, Reynolds numbers are therefore unity or 
smaller, and the flow can be considered fully developed and 
laminar. The incompressible Poiseuille flow paradigm pre- 
dicts, for example, a linear relation between pressure drop 
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and resulting gas-flow rate (Gerhart et al., 1992). Although 
the usual indices suggesting compressible flow are small (e.g., 
Mach number and kinetic energy variations), the gas flow in 
hollow-fiber membranes cannot necessarily be considered in- 
compressible. The small size of the fibers, coupled with their 
great relative length, means that flow resistance and pres- 
sured drops can be appreciable, and that variations in fluid 
density are potentially important. 

Our interest in studying the gas flow dynamics within hol- 
low-fiber membranes arose as part of development work 
(Hattler et al., 1992) on an intravenous membrane oxygena- 
tor (IMO). All artificial lung devices must flow sufficient 0, 
sweep gas to minimize CO, accumulation in the fibers, and 
to avoid reducing CO, exchange as a result (cf., High et al., 
1993). Extracorporeal oxygenators typically use several thou- 
sand fibers in parallel ( - 4,000 to S,OOO), each of a relatively 
short length ( -  15 cm or less) and large internal diameter 
( - 250-300 pm). The requisite sweep gas-flow rate ( - 5 to 
15 L/min) for adequate CO, exchange therefore engenders a 
relatively small pressure drop ( <  - 50 mm Hg), and gas 
compressibility is not important. Conversely, to be insertable 
in the vena cava without unduly restricting blood flow, 
an intravenous oxygenator possesses fewer fibers ( - 1,000) 
of smaller diameter (-200-250 pm), with longer lengths 
( - 50-60 cm) to provide adequate exchange area (Morten- 
sen and Berry, 1989). The resulting gas-phase flow resistance 
of an intravenous oxygenator can easily be 50 to 100 times 
greater than that for extracorporeal oxygenators. Thus the 
vacuum pressures required in intravenous oxygenators for 
driving sufficient 0, sweep gas flow can be several hundred 
mm Hg. Similarly, intrathoracic artificial lungs also have de- 
sign constraints which can lead to increased gas-flow re- 
sistance and larger vacuum pressure requirements for suffi- 
cient sweep gas flow (Fazzalari et al., 1994). Thus, gas com- 
pressibility is potentially of much greater importance in the 
gas-flow dynamics of intracorporeal oxygenators than their 
extracorporeal counterparts. 
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This article describes experimental studies of the pressure 
flow relationship for gas flow through hollow-fiber mem- 
branes, and through a prototype IMO. The relevant theory 
for compressible Poiseuille flow is straightforward, but is sur- 
prisingly not easily found in compressible flow treatises. The 
principal result can be found in the classical treatise of 
Shapiro (19531, and as a component of a mathematical model 
of gas permeation through blind-ended glass membranes 
(Shelekhin et al., 1992). A simple derivation of compressible 
Poiseuille flow theory is given below for completeness. Ex- 

wall is negligible compared to mass-flow rate along the fiber. 
Multiplying Eq. 2 by p, introducing the perfect gas relation 
P = p 6lT, and integrating over the length of the tube under 
isothermal conditions, yields the compressible Poiseuille flow 
relation. (An energy balance can be used to show that kinetic 
energy changes are small and flow through the fibers remains 
essentially isothermal.) 

periments were designed using air and helium gases to estab- 
lish the applicability of the compressible Poiseuille flow 
paradigm to gas flow through hollow fiber membranes, and 
to use the theory to evaluate the measured gas-flow dynamics 

Thus, incorporating gas compressibility into Poiseuille flow 
gives rise to a nonlinear relationship between pressure drop 
and mass-flow rate. 

in the IMO prototype. Although the application here is to Experimental Methods 
The pressure flow behavior in hollow-fiber bundles was ex- 

perimentally investigated using the apparatus illustrated in 
Figure la. The principal components are a regulated com- 

intracorporeal oxygenation, the results described may have 
significance to other separation processes involving gas flow 
through hollow-fiber membranes. 

Compressible Poiseuille Flow 
Simple estimates can be used to establish the expected 

gas-flow regime in hollow-fiber membranes under relevant 
conditions to intravenous oxygenation. The required gas-flow 
rate through intravenous oxygenators is typically about 5 
L/min. Assuming a hollow fiber bundle consisting of 1,000 
fibers of d = 200 pm, the intrafiber Reynolds number (Re)  is 
less than 50 for air or 0, flow. The flow is therefore not only 
laminar, but can be considered fully developed as well be- 
cause the required normalized entrance length (Gerhart et 
al., 1992) Le/d = 0.065 Re < 3 is a very small fraction of nor- 
malized fiber length L/d > 1,000. The relevant theory for fully 
developed compressible viscous flow in a tube follows below. 

Consider a single cylindrical fiber of length L and constant 
cross-sectional area A with (absolute) gas pressures Po and 
Pt, imposed across the fiber length. The resulting gas volu- 
metric flow rate Q ( z )  varies axially ( z )  along the fiber due to 
variations in gas density, p(z), in the presence of the pres- 
sure variation P(z ) .  A momentum balance on a differential 
length of fiber dz requires that momentum changes across 
the element balance pressure and viscous forces 

/3 dQ dP R 
A dz dz L 
7 p Q -  = - + -Q 

where /3 is a velocity profile correction factor for momentum 
flux, and R is the Poiseuille flow resistance, given by R = 128 
pL/5-d4 for fully developed flow in a tube, with p the fluid 
viscosity. Because of the small caliber and relatively long 
length of a fiber, fluid momentum changes along the fiber 
are about 100 times smaller than viscous forces. Accordingly, 
the momentum balance simplifies to 

dP R 
dz L - -Q 

The volumetric flow rate Q ( z )  varies with z in an unknown 
manner, and so Eq. 2 cannot be integrated directly as for 
incompressible Poiseuille flow. Nevertheless, the mass-flow 
rate, riz = p(z)Q(z) ,  is essentially constant along the fiber be- 
cause in typical application the net mass f lw  across the fiber 

pressor as a vacuum source, a mercury manometer, ,a mass- 
flow meter (Top-Trak 821-1, Sierra Instruments, Inc., Mon- 
terey, CAI, and the test hollow fiber bundles. Two different 
hollow fiber bundles were studied, as illustrated in Figure lb: 
a test fiber bank (TFB) of parallel fixed fibers, and an IMO 
under development in our lab. The TFB was constructed 
specifically to examine pressure flow behavior within the hoL 
low fibers themselves, and has inlets/outlets opening directly 
to relatively wide manifolds for distributing and collecting 
flow from the individual fibers with minimal additionid pres- 
sure drop. (The estimated dynamic head within the inlet/out- 
let of the TFB was much less than 1 mm Hg for air and 0.1. 
mm Hg for helium under conditions of interest.) Conversely, 
the gas pathway within the IMO device (pre- and postfibers) 
is more complicated. Gas enters the IMO through a long 
central conduit and travels distally to a feed manifold where 
it distributes to the individual hollow fibers. The flow through 
the fibers collects in an exhaust manifold, then exits the IMO 
device in an annular outlet pathway leading to the gas out- 
flow port. The TFB and IMO fiber bundles both were corn.- 
posed of Mitsubishi composite hollow fiber membranes 
(MHF-200L, Mitsubishi Corp., Japan), with an inner diame- 
ter of d =207 pm. (The Mitsubishi composite fiber uses a 
one micron nonporous polyurethane layer within its micro- 
porous wall, and so gas flow (permeation) through fiber wall 
is negligible.) The TFB uses 93 fibers each of 11.5 cm in 
length, while the IMO bundle consists of 960 fibers of 34 cm 
length. 

One implication of the compressible Poiseuille flow theory 
(Eq. 3) is that the pressure drop (Po - Pl)  for a given mass- 
flow rate differs for vacuum driven flow (Po = Pat,,,, A", < Po:) 
compared to positive pressure driven flow (Po > Pt, Pt = 

Pa,,). As oxygenators typically drive gas flow under vacuum, 
the regulated compressor was operated to provide a constant 
vacuum source in the range up to -450 mm Hg gauge. Vac- 
uum driven air flow and helium flow were studied in both the 
TFB and IMO fiber bundles. For vacuum driven helium flow, 
a tee, open to the atmosphere as shown in Figure la, was 
placed between the helium supply tank and the fiber bundle, 
and tank flow was increased until flow out of the tee was 
evident, thus ensuring that only helium entered the fiber 
bundles. The fiber bundles were tested in air and also sub- 
mersed in water. No differences were found in the measured 
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Figure 1. a) Apparatus for measuring pressure and flow in hollow-fiber bundles; b) hollow-fiber bundles: IMO being 
developed and TFB. 
Relation of fibers to device not drawn to scale. 
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flow resistance of the fiber bank for either air or helium flow. 
The experimental pressure flow relationship for both gases 
deviate consistently from incompressible Poiseuille flow the- 
ory above a pressure drop of 100 mm Hg. The deviation can- 
not be attributed to inertially related pressure drops because 
helium and air deviate from theory similarly, despite their 
ten-fold difference in gas density. Furthermore, the pressure 
drop for helium exceeds that for air, consistent with the 
greater viscosity for helium than for air ( p H e  = 1.95 X 
Poise vs. pair = 1.82X Poise). 

The application of compressible Poiseuille flow theory to 
the same experimental pressure-flow behavior is evaluated in 
Figure 2b. Here, the pressure-flow relations shown in Figure 
2a are recast according to the pressure squared drop across 
the fibers A P z  which according to compressible Poiseuille 
flow theory should vary linearly with mass-flow rate. The solid 
lines represent compressible Poiseuille flow theory for he- 
lium and air with mass-flow rate expressed as a volumetric 
flow rate QRTP at RTP. In these terms, mass-flow rate for a 
perfect gas is 

Figure 2. Pressure drop vs. mass-flow rate measured in 
the TFB for air (A) and helium (u) flow driven 
by vacuum pressure: a) incompressible and 
b) compressible Poiseuille flow form. 
The solid lines represent the respective theoretical predic- 
tions for these flow paradigms. 

pressure flow behavior, indicating that gas permeation in/out 
of the fiber wall is not significant, due to the composite mem- 
brane used. 

Pressure-Flow within Hollow Fibers 
The principal evidence that gas compressibility affects the 

flow dynamics within hollow fibers is shown in Figure 2a. 
Here, the relationship between pressure drop and mass-flow 
rate measured in the TFB is shown for the flow of helium 
(II) and air (A). The mass-flow rate measured by the 
flowmeter is expressed as a volumetric flow rate in L/min 
(lpmRTP) at a reference temperature and pressure (RTP: T = 
25°C and Pat,,, = 760 mm Hg). The solid lines show the pre- 
dicted pressure flow behavior based on incompressible 
Poiseuille flow theory Po - Pl = R Q, where R is the Poiseuille 

and the compressible Poiseuille relation (Eq. 3) becomes 

for flow at the reference temperature. Figure 2b indlicates 
that for both air and helium flow, the compressible Poiseuille 
flow result (Eq. 5 )  predicts well the pressure-flow behavior in 
the hollow fiber test bank over a broad range of pressure 
drops (0-400 mm Hg). For smaller pressure drops below 
about 100 mm Hg, the pressure flow relationship can be sat- 
isfactorily predicted by incompressible Poiseuille flow theory 
(Figure 2a). 

The experimental data do suggest a small deviation from 
compressible Poiseuille flow, as evident by some curvilinear- 
ity in Figure 2b. That distensibility of the polymer fibers may 
be responsible for the minor deviation was eliminated by al- 
tering the ambient pressure on the outside of the fibers (up 
to -200 mm Hg) and demonstrating that pressure flow rela- 
tionships were unaffected. Thus, differences in transmural 
pressure do not affect flow resistance, and the fibers are es- 
sentially rigid tubes. The small deviation from compressible 
Poiseuille flow also cannot be attributed to departures from 
assumed isothermal flow. In the limiting nonisothermal case 
of adiabatic compressibility, the pressure density relation is 
given by P = k p Y  for a perfect gas, where k is a constant and 
y is the specific heat ratio, approximately 1.4-1.6 for air and 
helium (Kyle, 1984). If this were the case, the compressible 
Poiseuille flow relation (Eq. 3 or 5 )  would exhibit a weaker 
pressure dependence of AP1.6-1.J,  rather than the A P 2  for 
isothermal compressibility. Furthermore, the temperature de- 
crease associated with nonisothermal expansion would re- 
duce gas viscosity and Poiseuille flow resistance and further 
reduce the pressure dependence in the compressible 
Poiseuille flow relation. In contrast, a nonlinear regression to 
the experimental data for air and helium indicate that a pres- 
sure dependence of about AP2.3-2 would give the least de- 
viation from a linear variation with mass-flow rate. 
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Figure 3. Pressure drop vs. mass-flow rate measured in 
the IMO for air ( A) and helium (B) flow driven 
by vacuum pressure. 
Results are expressed in the compressible Poiseuille flow 
form, and the solid lines represent the compressible 
Poiseuille flow predictions for the assumed fiber hank within 
the IMO. 

Pressure-Flow within the Intravenous Oxygenator 

The pressure flow behavior for the IMO is displayed in 
Figure 3 (in compressible Poiseuille form) for helium ( ) and 
air (A) flow. The solid lines are the pressure-flow predic- 
tions for compressible Poiseuille flow through the hollow 
fibers of the IMO device. Figure 3 indicates that the pressure 
drop required for a given air or helium flow rate through the 
IMO device is substantially larger than can be theoretically 
attributed to compressible Poiseuille flow through the fiber 
bundle itself. Thus, either some aspect of flow through the 
IMO fiber bundle is not well understood, or substantial pres- 
sure drops exist in other parts of the IMO gas flow pathway. 
The discrepancy, however, is not due to an inability to pre- 
dict pressure-flow behavior within hollow fiber membranes, 
since the test bank pressure-flow behavior is predicted well 
by compressible Poiseuille flow theory (Figure 2b). Compari- 
son of the air and helium flow data in Figure 3 provide some 
insight into possible explanations. 

At a mass-flow rate of 5 L/minRTP, the additional A P 2  
(measured A P 2  minus predicted A P 2  for the fiber bundle) 
for helium is about 58% of the additional AP2 for air (Fig- 
ure 3). Since air and helium have comparable viscosities, but 
ten-fold different densities, this comparison suggests that 
roughly half of the additional A P 2  for air involves inertially- 
related pressure losses. At 5 L/minRw the dynamic gas head 
(1/2 p v 2 )  within the fibers is appreciably less than 0.1 mm 
Hg for air, and so inertial pressure losses within the fibers is 
not likely important. The largest estimated dynamic head 
along the entire IMO gas flow pathway appears to be in the 
gas feed tube/port opening (A=0.03 cm2) into the feed 

manifold (Figure lb) for the fibers, and is roughly 10 mm Hg 
for air at 5 L/minRTP, or nearly ten times less than the ap- 
parent inertially-related additional pressure drop. Thus, iner- 
tial effects associated with flow into and within this feed 
manifold may be playing some role, but a significant inertially 
related component still appears to be unaccounted for. 

Roughly one-half of the additional pressure drop appears 
to be density independent, which suggests additional viscous 
dissipation not accounted for by compressible Poiseuille flow 
within the assumed fiber bundle. Several possible explana- 
tions require further study. The plotting of the fibers into the 
manifolds may be constricting the entrances and exits of the 
hollow fibers. The potting process itself may even be occlud- 
ing some population of the fibers within the bundle. These 
are clearly important design and fabrication issues demand- 
ing further study, and an IMO prototype is being fabricated 
with several additional pressure taps (such as in the feed and 
exhaust manifolds) for partitioning the overall measured 
pressure drop along key points within the gas pathway. The 
compressible Poiseuille flow paradigm for hollow fibers, as 
validated in this study, will be an essential tool in the analysis 
and interpretation of these experiments. 

Conclusions 

The principal finding of this study is that the pressure-flow 
behavior measured in hollow fibers follows compressible 
Poiseuille flow theory, which predicts a linear relation be- 
tween mass-flow rate and the difference in pressure squared 
across the fiber length. Incompressible Poiseuille flow theory 
predicts the pressure-flow behavior in hollow fibers satisfac- 
torily up to about 100 mm Hg vacuum, whereas the applica- 
bility of compressible Poiseuille flow theory was established 
over the broad range of gas-phase pressure drops (up to - 400 
mm Hg) pertinent to intravenous and other forms of intra- 
corporeal oxygenation. Demonstration that the pressure-flow 
behavior in hollow fibers follows compressible Poiseuille flow 
theory was essential to the interpretation of the measured 
pressure-flow behavior in our IMO. The IMO gas pathway 
engenders a signficantly greater pressure drop than at- 
tributable to compressible Poiseuille flow in its hollow fiber 
bundle. Compressible Poiseuille flow theory will be a valu- 
able tool in further experimental studies of the pressure flow 
behavior within the IMO device. 
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Notation 
d = hollow-fiber internal diameter 

Le =fiber entrance length 
$ = (species-dependent) gas constant 
V =cross-sectional average fluid velocity 
z =axial cylindrical coordinate 

2098 July 1996 Vol. 42, No. 7 AIChE Journal 



Subscripts/superscripts 
atm =atmospheric pressure 

o =evaluated at upstream end of fiber 
1 =evaluated at downstream end of fiber 
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