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Measurements of differential diffusion in a liquid-filled lung model

J. R. Saylor

Abstract A noninvasive method for obtaining quantitative
images of differential diffusion in liquid-filled lung models is
presented. The method utilizes planar fluorescence imaging to
obtain differences in concentration fields and was tested on an
oscillatory flow of water in a Y-shaped tube. Differences as
large as 36% were measured between the concentration fields
of two dyes having a factor of 15 difference in their diffusion
coefficient. The method is applicable to the study of differential
diffusion in any internal flow. The relevance to recent clinical
studies of liquid phase respiration (Greenspan et al. 1990) is
discussed.

1
Introduction
Differences in the diffusion coefficients of the individual
species in a fluid flow can result in separation of these species,
a phenomenon called differential diffusion. This phenomenon
is relevant to such diverse fields as combustion (e.g. Bilger and
Dibble 1982) and ground water decontamination (e.g. Zhang
et al. 1996). In the area of respiratory fluid mechanics,
differential diffusion can affect the spatial distribution of
species (gases, pollutants, medications etc.) in the lung during
gas-phase respiration. Clinical studies, as well as experiments
performed in lung models, have revealed differences in the
transport of individual components of gaseous mixtures when
the components have different diffusion coefficients. Reference
to these studies can be found in reviews due to Pedley (1977)
and Grotberg (1994).

Liquid phase respiration has been proposed as a treatment
for various pathologies (e.g. Shaffer et al. 1992), and as
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a method for permitting divers to travel to extreme depths
(Klystra 1974). Recently Greenspan et al. (1990) conducted the
first clinical study of liquid ventilation on a human neonate,
demonstrating the possible viability of this therapy. Reviews
of liquid ventilation are presented in Shaffer (1987, 1992).

A growing interest in liquid ventilation calls for renewed study
of species transport in pulmonary flows. Because the Schmidt
numbers are on the order of 1000 times larger in liquids than in
gases, the extent of differential diffusion as well as its effect on
species distribution in the lungs, may be very different in
the liquid phase than earlier gas-phase experiments have
indicated.

The obvious problems associated with performing in vivo
measurements of differential diffusion in the liquid phase
increases reliance on studies performed in lung models.
Studies of transport in lung models are rendered especially
useful if spatial information of differential diffusion
can be obtained, illustrating which regions of the lung are
most affected. In the current work, a method for obtaining
quantitative two-dimensional images of differential diffusion
in a liquid-filled lung model is presented. The intent of this
work is to present and demonstrate an experimental technique
which permits the investigation of differential diffusion in
pulmonary flows relevant to liquid ventilation. Results ob-
tained suggest that differential diffusion may be more
significant in the liquid phase than is the case for gas phase
respiration.

2
Experimental method

2.1

Fluid mechanics

The measurement technique was tested using a simple model
of a liquid-filled lung consisting of a plexiglass Y-tube assembly
filled with water. The tube layout is presented in Fig. 1. The two
daughter tubes were joined to the parent tube at an angle of 70°
which is equivalent to the branching angle between the right
and left main bronchi in human lungs (Pedley 1977). The
daughter tubes were each 81.5 cm long, with an internal
diameter of 6.35 mm. The parent tube was 33.5 cm long with
an internal diameter of 9.53 mm. Images were obtained at

a test-section located immediately upstream of the parent tube.
The test section was 15.0 cm long and had an internal diameter
identical to that of the parent tube. Distortion due to the
change in index of refraction at the air/plexiglass interface was
eliminated by using a test-section made from square plexiglass
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Fig. 1. Experimental apparatus for liquid-filled lung model (excluding
optics)

rod with a hole bored through its center. The water/plexiglass
interface was curved; however the difference in the index of
refraction between water and plexiglass is much smaller than
that for plexiglass and air.

A modified infant ventilator consisting, essentially, of
a motor driven piston, was used to generate the oscillating
flow. Experiments were performed at piston frequencies of
f=0.24, 0.36 and 0.44 Hz. Values for the average velocity
U, Reynolds number Re = Ud/v, and the average volumetric
flow rate q’, are given in Table 1 for the forward and reverse
piston stroke in the parent and daughter tubes. The average
volumetric flow rate is defined as the total volume displaced
divided by the duration of that portion of the cycle (forward or
reverse). The average velocity is defined as

’

q
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where d is the tube diameter. The volume displaced during
a piston stroke, V7, is tabulated in Table 2 for each piston
frequency.

Table 1. Reynolds number, average velocity and average volumetric
flow rate for the forward and reverse part of the piston cycle in the
parent and daughter tubes

Parent tube Daughter tubes

q'[ml/s] Ulcm/s] Re Ulcm/s] Re
Forward stroke  23.8 33.5 3190 37.6 2390
Reverse stroke 8.7 12.3 1170 13.7 870

Table 2. Piston frequency and the volume displaced by the piston

Piston Frequency (Hz) Vy (ml)

0.24 24.7
0.36 15.0
0.44 12.0
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Fig. 2. Piston position versus time. The frequency of piston oscillation
for this plot is f=0.36 Hz

A plot of the piston motion is presented in Fig. 2. The large
asymmetry in the piston waveform is due to the fact that the
piston is driven by the ventilator motor during the forward
stroke, and returned via gravitational head during the return
stroke. Compliance in the lines was reduced by using hard
rubber tubing to connect the water reservoir to the rigid
plexiglass tubing. Nevertheless, the rapid decrease in piston
position after the peak of each waveform indicates some
remaining compliance in the system, most likely due to the
rubber diaphragm which seals the ventilator piston. This
waveform is different from that which would exist during
an in vivo study. In the work presented herein, we seek to
demonstrate the utility of a measurement technique and
illustrate some order-of-magnitude results concerning differ-
ential diffusion in liquid phase ventilation. Hence, the
difference between the waveform used here and that which

499



500

would actually be used in liquid ventilation does not diminish
the significance of the results.

Differential diffusion was investigated by introducing
a small parcel of dyed fluid into the Y-tube assembly prior to
initiating the experiment. The dyed fluid was a homogeneous
mixture of two dyes. This mixture was introduced into the flow
using the glass stopcock, illustrated in Fig. 1, following the
method of Ultman et al. (1988). At the start of each experiment,
the stopcock was rotated in line with the injector (perpendicu-
lar to the parent tube) and dye mixture was flushed through the
stopcock bore. The stopcock was then rotated back in line with
the parent tube, creating a cylindrical ‘pulse’ of dye mixture
along the tube axis. The internal diameter of the stopcock bore
was the same as that of the parent tube.

Once the stopcock was in line with the parent tube, the
ventilator was engaged, and the piston was oscillated at
a frequency f, for n cycles. The values of n considered were 1.5,
3.5, 5.5, 10.5, 15.5, 20.5, 30.5, 40.5 and 70.5 cycles. The system
was always halted at a half-cycle because a greater measure of
dye mixture was situated in the test-section at this phase of the
oscillation. After n oscillations, the ventilator was halted and
z-images were obtained following the method to be described
below.

For all experiments considered here the dyed fluid consisted
of a mixture of fluorescein dextran and sulforhodamine 101.
When optically excited, fluorescein dextran emits green
fluorescence and sulforhodamine 101 emits red fluorescence.
They are referred to as the ‘green dye’ and the ‘red dye’,
respectively. The dye concentrations used in all experiments
were 5x 1077 M for sulforhodamine 101 and 1 x10™°M for
fluorescein dextran. These concentrations are sufficiently small
that the fluorescence intensity is linearly related to the dye
concentration (Saylor 1993).

To permit comparison of the green and red dye concentra-
tions, a normalized dye concentration

¢ =clc® (2)

is defined, where c is the actual dye concentration and ¢° is the
concentration of the dye before introduction into the tube
assembly. Hence, at the very beginning of the experiment ¢'=1
for both dyes within the dye pulse, and ¢’=0 for both dyes,
everywhere else. As diffusion occurs, values of ¢’ between 0 and
1 can exist. If the diffusion coefficients for both dyes are
identical, there will be no differential diffusion, and c; = ci for
all times (the subscripts G and R refer to the green and red dye,
respectively). If the two dyes have different diffusion coeffi-
cients, as is the case under consideration, then the green and
red dyes diffuse differentially at the interface between the dye
pulse and the surrounding, clear fluid, creating regions where
cg # cr. Differential diffusion is quantified using the variable
z, defined as

/

Z=Cg—CR. (3)

Since the bounds for ¢ are [0, 1], the bounds for z are [ —1, 1].
Regions where c;; < i exhibit negative values for z, and regions
where c; > c exhibit positive values for z. Regions where there
is no dye or where differential diffusion has not occurred yield
z=0.

Table 3. Diffusion coefficients and Schmidt numbers in water for the
individual dyes (Sc=v/D)

Dye D (m?/s) Sc
Sulforhodamine 101 2.0x107" 5000
Fluorescien dextran 1.3x10° " 77 000

The diffusion coefficients D, for fluorescein dextran and
sulforhodamine 101 are presented in Table 3. Because D is
15 times larger for sulforhodamine 101 than for fluorescein
dextran, sulforhodamine 101 will diffuse ahead of fluorescein
dextran at the interface between the dyed fluid and the clear
fluid. Thus, c; < ck in regions that sulforhodamine 101 diffuses
into, giving z<0, and cg > cy in regions that sulforhodamine
101 diffuses away from, giving z>0.

Stretching and folding of the interface between the dye pulse
and the clear fluid creates a complicated, two-dimensional
z-field. The method for measuring this field is now described.

2.2

Optics

The optical setup used is presented in Fig. 3a, b. The top view
(Fig. 3a) shows the excitation optics. The excitation source was
a 1000 W quartz-tungsten-halogen lamp. Light from this lamp
was formed into a thin sheet of white light using the excitation
optics. This sheet of light passed through the tube centerline
and dye concentration fields were obtained by imaging the
fluorescence emanating from this plane onto a CCD camera.
This is illustrated in Fig. 3b. The camera was located above the
plane of the Y-tube assembly. The illuminated portion of the
test section was imaged through a mirror oriented at 45° to the
plane of the tube assembly.

Obtaining two-dimensional images of z (Eq. (3)), requires
the two-dimensional fields ¢ and ck. This necessitates imaging
the fluorescence from each dye, without cross contamination
from the other dye. Separation of the fluorescence signals from
the green and red dye was achieved using two pairs of optical
filters. The first pair, referred to as the “excitation filters”, is
placed in front of the white light source. The transmission
spectrum for each member of this filter pair is tuned so that
light passed by this filter is centered on the peak of the
absorption spectrum for the dye under consideration. The
second pair of filters, referred to as the “collection filters”, is
located in front of the camera lens. These filters are tuned to
pass light centered on the peak of the fluorescence spectrum
for the dye under consideration. Thus when the green
excitation and collection filters are in place, fluorescein dextran
is preferentially excited to fluorescence and is preferentially
collected by the camera, and the same is true for sulfo-
rhodamine 101 when the red filters are in place. By obtaining
an image with both green filters in place, and then quickly
taking a second image with both red filters in place, fluores-
cence images of both dye fields were obtained at virtually the
same instant in time, without optical cross-talk.

The green and red images were obtained after the fluid in
the Y-tube apparatus had been oscillated a given number of
oscillations, n. When the piston was stopped, fluid motion
in the test section ceased within 5 or 6 s. The green and red
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Fig. 3a,b. Optics for obtaining differential diffusion images. a Top
view of the optics setup for image acquisition illustrating the
excitation optics; b side view of the optics setup illustrating the
collection optics

images were recorded when fluid motion ceased. Both the
collection and excitation filter pairs were mounted on filter
holders which permitted rapid positioning. The green image
was obtained first, after which the red filters were moved into
position and the red image was recorded. The total time
required to take both images was approximately 5 s. To insure
that our observations were not due to fluid motion or diffusion
during the time delay between acquisition of the red and green
images, a test run was conducted. During this test run, two
sequential green images were recorded, spaced apart in time by
5 s. These images were negligibly different from each other,
indicating that the diffusion which occurred during the 5 s
interval of data-taking was small compared to that which
occurs during the flow oscillation. This same test was per-
formed for a sequence of two red images, yielding the same
results.

Equation (2) requires a measurement of ¢°, which is the
concentration of the dye before it is injected into the tube
assembly. This field was obtained by filling the test section
with the dye mixture and taking an image of the uniform
dye field, referred to as iy, prior to the experiment. Images,
iy, were obtained for both the red and green dyes prior to
the experiment, and were subsequently used to normalize the
actual data images, referred to as iy, obtained during the

experiment. Normalization to these uniform images according
to Eq. (2), also accounted for any spatial nonuniformities in the
white light sheet. That is, variations in intensity across the light
sheet did not result in a variation in the measured concentra-
tion, since these variations were identically present in both the
numerator and the denominator of Eq. (2). The images i, and
i, were also corrected for background room light by recording
a background image, iy prior to the experiment, without any
dye in the test section and with the excitation light source
turned off. This image was subtracted from both iy and ij,.
Referring to Eq. (2), c=ip—ip and ¢® =iy —ip. Inserting these
definitions into Eq. (2) yields

,_(ip—is)

(iy—ip)

which was used in Eq. (3) to obtain the z images.

(4)

3

Results and discussion

A compilation of the z-images obtained in these experiments is
presented in Fig. 4. Each rectangular image presented in this
figure is the z-image for one experiment. The long dimension
of the z-images is parallel to the axis of the tube. The z-images
are organized in a matrix according to the value of f and » for
the experiment. The color coding for the images is as follows.
Regions where z>0 (i.e. ¢;>cy) are color coded yellow and
green, with z increasing from pale yellow to dark green.
Regions where z<0 (i.e. ¢ <cy) are color coded orange and
red, going from pale orange, near zero, to dark red at the
maximum negative value. Regions where z=0 are color coded
white. Hence in the absence of differential diffusion all images
would be white. It is stressed that these are images of z, and
that the green and red color in Fig. 4 is not the green or red dye
concentration, but rather z as defined in Eq. (3). These images
demonstrate that this method can successfully image differen-
tial diffusion in a liquid-filled lung model and that application
of the method to a more detailed lung model would provide
information on the separation of species during liquid ventila-
tion.

At the onset of each experiment, a pulse of homogeneously
mixed dye exists in the tube. At =0, c;=ck and z=0
everywhere in the domain. As the experiment proceeds the
dyes diffuse differentially across the interface between the dye
pulse and the surrounding water. Values for ¢; and ¢ become
unequal at the interface, and z takes on nonzero values. In the
absence of convection, nonzero values of z would exist only
at the edges of the dye pulse. However the oscillating flow
stretches and folds the interface, creating the striated structure
observed in the images of Fig. 4. This striated structure is
caused by the successive splitting and recombination of the
interface at the bifurcation in the Y-tube assembly. The
stretching of the interface by the flow speeds the differential
diffusion process by increasing the interfacial area and by
sharpening dye concentration gradients. As a result, large
values of z are observed in these experiments over time scales
where diffusion alone would result in very little differential
diffusion. While many of the fluid mechanical aspects of these
experiments are different from in vivo liquid ventilation, these
two characteristics, stretching and folding of the interface, are
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bound to be present in any oscillatory flow in a bifurcation.
Thus, the existence of differences in (initially well-mixed)
species concentrations, along a striated interface, will most
likely exist in any oscillating flow containing a bifurcation,
such as a liquid filled lung.

The “intensity” of the z-fields is quantified by the average
magnitude of z {|z|», computed over all pixels in each image.
The structure in each image is quantified by computing the
variance of z, {(z—<{|z|>)*>. Plots of, {|z|> and {(z— {|z|>)*,
are presented in Figs. 5a and 5b, respectively. The largest value
of {|z|) in Fig. 5a is 0.10 and the peak value for z in the images
is 0.36, a significant value since the maximum possible value is
z=1. This occurs for f=0.44 Hz and n=3.5 cycles. This large
positive value of {|z|) indicates that, in the measurement
region, the normalized dye concentrations are, on the average,
significantly different. Because the sign is thrown away when
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Fig. 4. Mosaic of images of z. Region
where z=0 are color-coded white.
Positive values of z are color-coded
yellow and green, with z increasing
from pale yellow to dark green.
Negative values of z are color-coded
orange and red, going from pale orange
to dark red at the maximum negative
value points in the (f, n) parameter
space which were not accessible are
represented by blank, grey images
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computing {|z|), a large value of {|z|) does not reveal which
dye is in greater concentration. In fact it should be noted that,
in general, (z) =0 over a region of sufficiently large extent,
since diffusion of dye away from one region to another creates
regions where z>0 as well as regions where z <0.

Figures 5a and b show a decrease in both {|z|) and
{(z—<|z|)*) with increasing n and decreasing f, showing that
the magnitude of z, as well as its structure behave in a similar
way. The fact that both {|z|) and {(z—<|z|>)*) decrease as the
oscillation frequency decreases is counterintuitive and is due
to the fact that, for the experimental setup considered here, the
displaced volume V increases as the frequency decreases
(Table 2). Hence, the interface experiences more stretching as
f decreases.

The continuous decrease in {|z|) with n warrants a com-
ment. As noted above, at the initiation of the experiment z=0
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everywhere. Furthermore, as n— o0, cg=ckr =0, and again
z=0. Consequently, between n=0 and n— 0, z must achieve
a maximum value. In these experiments, the smallest value of
n corresponds to the largest values of {|z|). Therefore a local
maximum for <{|z|) must exist for 0 <n<3.5. It is reasonable
that this maximum should exist for such small n, since the
gradients in dye concentration at the dyed/un-dyed interface
are at their largest at the onset of the experiment. Hence
diffusive effects will also be at their largest at this point. Of
course it is possible that several local extrema may exist as
n—oo. However, since z is already small for the moderate
values of n presented here, these extrema would be of lesser
importance.

The lung model employed here is rudimentary, and extrapo-
lating the current results to actual liquid ventilation in lungs is
difficult. A conclusion concerning the large Schmidt numbers
which are present can, however, be made. The images
presented in Fig. 4 and the plots presented in Fig. 5a, b reveal
that concentration differences due to differential diffusion
last for many oscillations before they die out. The Schmidt
numbers (Sc=v/D) for species in the gas phase are on the order
of 1000 times smaller than in the liquid phase. Hence, the rate
at which concentration differences disappear in gases should
be much greater. The long-lasting nature of the differential
diffusion observed in these experiments would seem to
indicate, then, that concentration differences between species
in a liquid-filled lung may be much larger and longer-lasting
than those which have been observed during gas phase
respiration. This may result in significant differences in the
distribution pattern of such species as oxygen, carbon dioxide,
medications, etc. in the liquid-filled lung, than is typically
observed during normal gas phase respiration.

4
Conclusion

A noninvasive method for measuring differential diffusion

in a liquid-filled lung model was demonstrated. Preliminary
results show that, for a diffusion coefficient ratio of 15,
differences in species concentration as large as 36% are
observed. Images of z were presented which revealed a striated
structure, oriented along the tube axis. The average and the
variance of |z| were both observed to decrease with 7 in the
parameter range explored, indicating that the magnitude

of z and its structure both decrease with n. The method
provides quantitative measures of z and can be used in more
complicated (and realistic) lung models. A tentative conclusion
drawn from this study is that the effect of differential diffusion
on species concentration distributions in the lung may be
much larger for liquid respiration than for normal gas phase
respiration.
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