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1) Summary of Work

I. This project was designed to evaluate the feasibility of using High Frequency
Ventilation (HFV) or High Frequency Oscillations (HFO) in deep sea diving. This
novel method of ventilation has raised great expectations among clinicians since its
introduction in the early 1970s. The technique has found well-defined applications in
intensive care and in operative anesthesia. It was justified to ask if the technique
could be used in deep sea diving.

II. Several series of dog experiments were performed to test in the laboratory the
feasibility and the efficiency of using HFV with a gas mixture that simulates the
conditions in deep sea diving. The main result is that HFV may be used with the
same efficiency as at sea level. The technique was used for up to 4 hours.

There is a notable disadvantage in the use of HFV as compared to conventional
techniques. HFV results in high pressures in the airways which could potentially cause
injury to the inner lining of the airways.

The decision if and when HFV should be used in deep sea diving is only partially
answered by our results. The contract was to conduct a feasibility study and our study
shows that HFV can indeed be used. No application study was conducted. For details,
see report A.

III. Experiments were completed to test whether helium (which is used extensively in deep
sea diving) has a specific, favorable or unfavorable, effect on respiration if HFV is
used. No such effect was found. For details, see report A.

IV. Model experiments were performed using a number of models simulating the different
bronchi found in the airways. These experiments had the purpose of documenting
theoretically the results obtained in dogs. It was found that the increase of density
that results from deep sea diving has opposite effects in large tubes such as the trachea
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as compared to small tubes such as the small airways. The fact that the effects are
opposite explains why the efficiency of ventilation is not affected in deep sea diving;
the effects, while notable within subsections of the airways, cancel in the overall result.
For details, see report B.

V. We studied in model experiments whether the uptake of 02 and the elimination of CO2
are affected differently by HFV. We found no difference.

VI. We were quite interested in the finding mentioned in paragraph V. Our theory would
have led us to believe that there should be a small difference. This difference would
be of little clinical importance, but we were interested in it anyway.

The result of this interest was the invention of a new, promising technique to separate
gases. This technique has been patented (#4,770,675). For details, see report C. It
is a technique that might be of use to the Navy for the recovering of helium used in
deep sea diving.

2) List of Technical Reports

Report A: High frequency ventilation in dogs with three gases of different densities.

Report B: Dispersion of gases by high frequency oscillation of tube systems of different
sizes and with different gas media: model experiments.

Report C: Diffusional separation of gases and solutes in oscillatory flow.

Report D: Patent #4,770,675.

Copies of the technical reports are included.

3) Two of the above technical reports (A and B) have been submitted for publication.
C is being prepared for publication.

Sincerely,

Accesion KorI
NTIS CRAI&I em] 011f

DUno TAB Marc Jaeger, M.D.
Jj 5t!t ICto Professor

MJ:krf By . .
Dist, b,,-tio I

Avdfidu'i y CleS

A.!I d idOr
Dist



HIGH-FREQUENCY VENTILATION IN DOGS WITH THREE

GASES OF DIFFERENT DENSITIES

Marc J. Jaeger

Dept. of Physiology

College of Medicine

University of Florida

Address:

Dept. of Physiology

College of Medicine

Box J-274, JHMHC

University of Florida

Gainesville, FL 32610

Supported by U.S. Navy grant N00014-85-K-0123



ABSTRACT

Dogs were ventilated with a high frequency oscillation, HFO, device varying the

frequency (2 - 20 Hz), the tidal volume (25 - 100 ml), and the resident gas (He, N2, SF6).

Tidal volume was measured with a body plethysmograph. Blood gases were measured after

a quasi steady state was established. The kinematic viscosity of the breathing gas mixture,

which changed by 1700%, was found to have little effect on arterial P0 2 and Po2- The

results are consistent with findings in a model which consisted of tubes of different diameters

and with the theory of Taylor-type diffusion. In addition, experiments were performed

reducing and increasing the equipment dead space. This resulted in changes of Po2 and Po 2

that were appreciably less than those resulting from variations of tidal volume of the same

magnitude. These results suggest that, high frequency ventilation, HFV, at increased and

decreased ambient pressure is technically possible.

Key Words:

Gas exchange, high frequency ventilation; high frequency oscillations.- augmented diffusion;

deep sea diving, gas separation.-



INTRODUCTION

High frequency oscillation ventilation (HFOV) has been found to be of use in some

well-defined clinical conditions (4). It has also been a great scientific stimulus since it

contradicts an old physiological dogma which states that tidal volume must exceed dead space

for gas exchange to occur. This paper investigates the effect of resident gas density on the

gas exchange in dogs. We replaced NZ in air either with He or with SF 6. Our hypothesis

is that a change of the resident gas would bring with it a change of gas exchange. We wish

to evaluate possible advantages and disadvantages of the use of resident gases with different

densities. We also evaluate possible use of HFOV at increased or decreased ambient pressure.

Finally, we also undertook these experiments to get additional insight into the mechanism of

HFOV.

Several mechanisms are thought to contribute to the gas transport in HFOV (1).

Presumably the most important is Taylor-type dispersion. It is also the best understood. But

other mechanisms such as direct ventilation of hilus-nigh alveoli (1), convective dispersion due

to disturbances of the flow at branchings (6), and endelluft also play a role (8). Taylor-

type dispersion is a form of diffusion and is directly dependent on the molecular diffusion

coefficient D. Since D. of the diffusing gas (CO. or 02) is strongly dependent on the

molecular weight of the resident gas (in our case He, N2, or SF.), we hypothesized that a

change of the resident gas would have a noticeable effect on gas transport.
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Fourteen mongrel dogs were ventilated at several breathing rates and tidal volumes with

a high-frequency oscillation device using three different gas mixtures: He/0 2 , air and SF 6/0 2.

Each condition was maintained for 12 minutes. Afterwards, arterial blood was withdrawn

and an alveolar gas sample was obtained and analyzed for CO2 and 02. Experiments were also

performed with an extended and shortened airway. The procedures and methods used in this

study were approved by the institutional review board.

The dogs (average weight 16.2 1 1.6 kg) were anesthetized with pentobarbital

(30 mg/kg) and intubated with a multiple-lumen, 0.8 cm ID, cuffed endotracheal tube.

Femoral artery and vein were cannulated and the dog was placed in a plethysmograph. After

stabilizing the dog with CMV with a frequency (f) of 8 bpm and a tidal volume (VT) of

about 300 ml, blood gases were obtained. The first HFO experiment was usually done on air

with a f - 10 Hz and VT - 50 ml. Afterwards, conditions (f, VT, gas composition) were

varied at random. After completing a measurement at a particular condition, the dog was

inflated to near TLC with a large syringe and ventilated with air for five minutes using CMV

and a Harvard pump. Each dog was exposeed to each condition of a particular series so that

graphs shown below always imply repeated measurements in the same animals.

Blood gases were measured with a Radiometer (BMS 3 Mk 2) blood gas machine which

was repeatedly calibrated and held at 37oC. The dogs were maintained at the same

temperature. The plethysmograph was opened for each blood sampling and the sample was

taken directly from the cannula.

The complete setup shown schematically in Fig. I included: a variable frequency and

variable stroke volume pump (01; linear motor; amplifier designed by Dr. John Lehr, Harvard

School of Public Health, Boston, MA) and the constant volume body plethysmograph (02).

The pressure in the plethysmograph was sensed by a Datametrics Barocel pressure transducer



3

(#3; Gould), the output of which was monitored on an oscilloscope. The box was calibrated

daily with the dog inside and tested for leaks. The frequency response was tested by

connecting the pump directly to the plethysmograph and found to be within ± 5% up to 50

Hz with VT - 80 ml. The volume displacement measured by the plethysmograph was used

to determine V , We made measurements at VT - 25, 50, 75, and 100 ml with a frequency

of either 5, 10, or 15 Hz. The body plethysmograph senses any volume displacement within

the chest. Most of this displacement is due to a change of alveolar volume. Changes of

volumes of the conducting airways, however, are also sensed (5). The amount of volume

change of the dead space is difficult to evaluate and may be appreciable when the pressure

amplitude in the airways is high (see below). We assumed for clarity that the measured

volume displacement in the plethysmograph was due to alveolar volume changes and did not

apply any correction.

Blood pressure was continuously monitored with transducer #4. Humidified fresh gas

was supplied (#5) at a rate of 20 L/min either from an air source or from a Linde mass Las

controller that provided either 79% He with 21% 02 or 79% SF6 with 21% 02. Port #6 was

used to measure the pressure at the airway opening (P.); it was located 15 cm from the X-

piece #7. This port was also used to monitor at intervals F0 2 and Fco2 of the inspired gas.

An end-tidal sample was obtained at the end of each experiment by inflating the dog with

a large syringe with a VT of 200 ml and removing the same volume again; it was used to

assess alveolar Fo2 and Fco2 using gas sampled at the tip of the ET-tube (#8). No correction

was made for dilution. The X-piece #7 had an ID of 1/2" and was symmetrical.

The bias tube (#9) was 8 meters long and 1.59 cm in ID. It was found that the gas

in the X-piece (#7) was diluted by air if the tube was shorter than 8 m. This dilution was

undesirable when the dog was ventilated with He/0 2 or SF W/0 2.
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The pressure drop in the intubation system from port #6 to the tip of the ET-tube

was measured in a separate experiment in which the dog was replaced by a 2-liter rubber bag.

At 10 Hz and with a VT of 50 ml, e.g., it was 13.5, 24, and 92 cm H20, for He/0 2, air, and

SFdO 2, respectively. The average pressure in the bag, representing, presumably, average

intratracheal pressure determining lung volume, was 0.7, 1.2, and 1.6 cm H20 at the same

conditions. This nominal average pressure prevented changes of functional residual volume due

to airway pressure (12). The pressure amplitude in the trachea, determined by subtracting the

pressure drop in the ET-tube from measurements made at the mouth opening, was determined

at f - 10 Hz and VT - 50 ml. The average in 8 dogs was 35.0 ± 9.7, 104.3 ± 51.5 and 153.4

: 113.9 cm H20 for He/0 2 . air, and SF&/O2 , respectively.

Two further series of measurements were made on six of the same dogs. The

equipment dead space (i.e., the space between the ET-tube and the X-piece #7) was either

increased by 40 ml or decreased by injecting the bias flow into the trachea via one of the

lumens of the ET-tube. The injecting, presumably, reduced the VD of the animal by the

volume of the ET-tube up to the X-piece. We estimate this reduction to be about 40 ml.

A separate series of experiments were done on 8 additional mongrel dogs. In these

experiments, ventilation with the three gas mixtures was maintained for 4 hours. The

frequency was either 10 or 15 Hz and the tidal volume adjusted for normocarbia. These tests

were done to evaluate the effect of the different gas mixtures on longer term ventilatory and

circulatory function. The tracheas of these dogs were examined histologically after completion

of each experiment.

The physical characteristics of the three gas mixtures used are listed in Table 1. It

may be seen that the molecular diffusion coefficients of 02 and CO2 are about 4 to 5 times

higher in He/0 2 than in SF6/O 2. From this, one would expect a jij large effects of

changes of the resident gas on gas exchange.
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The statistical analysis was performed with a 2-way analysis of variance which analyzed

the blood gas data as a function of f and gas composition or VT and gas composition.
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RESULTS

The effects of changing the resident gas on P, 0 2 and Psp 2 are shown in Figs. 2 to 5.

The comparison is made in two series of experiments; in one (Figs. 2 and 3), VT is kept

constant at 50 ml while f is varied from 5 to 15 Hz; in the other, f is kept constant at 10 Hz

while VT is varied from 25 to 100 ml (Figs. 4 and 5). It may be seen that in all four panels

there is no appreciable difference in the blood gases as a function of resident gas density

(P>0.05). An exception to that statement has to be made for Fig. 2, where average Pme with

SF6 as resident gas is slightly higher than with the other two gases (P<0.05). But the

observation is isolated and we find it justifiable to say that we find no appreciable effect of

resident gas density on blood gases. The four panels show other effects as well. PCO2

decreases with increasing f and VT (Figs. 2 and 4; P<0.05) and Pm increases as a function

of the same variables (Figs. 3 and 5; P0.05). These changes are expected.

The data shown allow one to compute the alveolo-arterial Po2 gradient. Since the

analysis does not show differences between gas mixtures, we compute the (A-a) gradient

averaged for all three gas mixtures: the (A-a) gradiat decreases with increasing frequency

from 25.0 mm Hg at 5 Hz to 3.6 at 15 Hz (P>0.05). The effect is much more pronounced

when VT is varied: the (A-a) gradient decreases from 54 mm Hg when VT - 25 ml to

4 mm Hg when VT equals 100 ml (P<O.05).

End-tidal Peru values closely followed changes of Pacea, but were always slightly

higher; they are not shown for brevity's sake.

The effect of injecting the fresh gas at the tip of the ET-tube and the effect of

extending the equipment dead space by 40 ml are shown for 6 dogs in Fig. 6. Arterial Pco2

increases on the average by 5.8 mm Hg when equipment dead space is raised by 40 ml; it

decreases by 4.2 mm Hg when fresh gas is injected at the tip of the ET-tube (P<O.05). The

changes of arterial P02 with variations of dead space are inverse to those of Pco 2 (P<O.05).

The decrease of arterial Po2 is larger in SF6 (55 mm Hg) than in He (31 mm Hg).
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This study was undertaken to investigate the possibility of using HFOV at increased

and at decreased barometric pressure. In a preliminary attempt to answer the question, we

studied the effect of changes of gas density by altering the molecular weight of the resident

gas using either He, N2, or SF,. The question whether changes of gas density of the resident

gas adequately simulate changes of barometric pressure will be discussed. But if the

assumption is valid, an initial result of our study is that, indeed, HFOV can be used at

increased or at decreased ambient pressure. We found no notable changes in blood gases when

resident gas density was varied over a 17-fold range. This caused a large variation of

kinematic viscosity and a fairly large variation of the molecular diffusion coefficient (Table

1).

Robertson et al. published in 1982 a similar study. They fixed the stroke volume at

105 ml and f at 10 Hz. They found Pc02 to be 2 mm Hg lower in He than in N2. We find

a similar small difference.

There is no accepted theory on gas transport in HFOV. The main reason for this lack

of understanding is the complexity of the bronchial geometry with frequent branchings, short

bronchial length, large variations in bronchial diameter from trachea to respiratory bronchi, and

pronounced asymmetry. One possible mechanism is based on this asymmetry: some alveoli

are located hilus-nigh and therefore close to the airway opening (1). They may receive bulk

ventilation when tidal volume is small, while other alveoli that are more distant receive less

ventilation and certainly not by bulk flow. The number of alveoli being ventilated thus

increases with V.r Our data support this model. The (A-a)0 2 gradient estimated with the

alveolar gas equation decreases from 54 mm Hg to 4 mm Hg when VT is raised from 25 to

100 ml, while f - 10 Hz (Figs. 4 and 5). The (A-a)0 2 gradient varies in the same way with

the three gases, supporting the assumption of a bulk flow mechanism. Other mechanisms,
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such as Pndelluft, may also explain changes of an (A-a)0 2 gradient. But one would expect

Rendelluft to vary with gas density and with inertance (2,3,8).

Another important mechanism in gas transport consists in eddies and differences in the

shape of the velocity profile between inspiration and expiration (6). Eddies contribute to

radial mixing in the airways. They increase in number and energy with flow rate (i.e. with

f and VT) and with gas density. They diminish when the radius of the bronchus becomes

smaller. If these eddies were the sole mechanism of transport, one would expect to see a

definite effect of gas density on gas exchange. One would also expect to see a quantitatively

similar effect of frequency and tidal volume on gas transport. We find a much larger effect

of VT (Fig. 2) than of f (Fig. 3) on Pco2. We therefore believe that this mechanism does not

explain our observations if taken alone.

Taylor dispersion is the only mechanism that can be analyzed mathematically. The

theory was developed by Watson for laminar flow in straight, unbranched tubes (11). It does

not apply to branched tubes, but Paloski et al. have shown experimentally that Taylor-type

dispersion piays a major role in gas transport in short, branching tubes, too (9). They find

a quantitative rather than qualitative difference between branched and unbranched tubes.

Taylor dispersion is based on diffusion between the fast-moving core of the gas in the center

of a tube and the slow-moving boundary layers. Since it is a diffusion process, the molecular

diffusion coefficient plays a m'ajor role and one would expect notable changes of gas exchange

when this coefficient varies. In our experiments, the coefficient varied over a 4- to 5-fold

range (Table I). The change is due to the variation of the density of the resident gas; CO2

diffusivity in He is higher than in SF.. Thus, one would intuitively expect to see large

changes of gas exchpnge in dogs as a function of resident gas density if Taylor dispersion

were the main mode of transport. A closer analysis of the theory, however, proves this

expectation wrong.
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Watson's theory predicts that the density of the resident gas has opposite effects in

small and large tubes: in small tubes the dispersion rises with rising density; in large ones

the dispersion falls with density. The effect is sharply dependent on tube diameter and

gradually changes when tube diameter increases: when tube diameter is small (ID - 0.1 cm),

dispersion is approximately proportional to the squar root of density; this relationship weakens

with increasing ID until, when the ID is between 0.2 and 0.5 cm, the theory predicts no effect

of density at all. As the radius further increases, the relationship changes, and with a

diameter of about 2 cm the relationship is approximately proportional to the inverse of the

square root of density. We have confirmed experimentally these effects of resident gas density

on gas transport in tubes of different diameters; the data are presented in a separate paper

together with an analysis of the theory (__). We also found that if tubes of different

diameters are connected in series, the effects of density are attenuated. With proper choice

of tube diameter, almost complete cancelling of the effect of density was found.

The gas transport from airway opening to alveoli may be seen as the sum of the

transports in individual generations. If the effect of density is opposite in different

generations, attenuation or cancelling will occur. The large range of diameter in the airways

promotes such cancelling. By coincidence, the diameter at which the effect of density changes

from proportionality to inverse proportionality is located in the middle of the branching system

of the airways (generation 4 to 8 in humans; higher in dogs). Attenuation of density effects

may also occur when two mechanisms coexist in the same generation. Watson's theory predicts

that in large tubes such as the trachea or the ET-tube, dispersion is inversely related to

density; yet branching may result in eddies with opposite effects; eddy formation increases with

density. P.-' ;.'t gas density thus influences the various mechanisms which promote gas

transport in the .. ways in opposite ways. This may explain why, in dogs, resident gas

density ha s, litle effect.
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We believe that the experimental data in dogs support the view that several mechanisms

contribute to the gas exchange in HFOV. The data do not allow one to determine the

magnitude of contribution to gas exchange by the different mechanisms. But one observation

may serve as an indicator. We find with others (1) that variation of VT has a much larger

effect on gas exchange than variation of f (Figs. 2-5). This is more typical for Taylor

dispersion than for eddy formation. We therefore believe with Paloski that Taylor dispersion

is the major mechanism even in branched systems such as the airways. The effect of

asymmetry of velocity profiles and of asymmetry of alveolar geometry share the role of

secondary mechanisms.

In many laws of fluid mechanics, changes of barometric pressure and variations of

the molecular weight have the same effect if fluid density varies by the same amount. It is

not known if this is true for Watson's theory; the theory was developed for incompressible

fluids only. The experimental work performed to confirm the theory was performed in gases

with no notable deviations from the theory (for references see companion paper). One may

therefore assume that the data obtained with He simulate a reduction of barometric pressure,

and that data obtained with SF 6 simulate data at increased pressure. The pressure range

corresponding to the properties listed in Table I range from 0.3 to 22 ata. Other factors,

however, need to be considered. We found the pressure amplitude at the airway opening and

in the trachea to be greatly elevated when using SF6. the pressure in the trachea, e.g., varied

between + and -76 cm H20 with SF, when VT and f were chosen to produce eucapnia. Such

pressure oscillations could cause mechanical stress to the trachea. We found no signs of

histological iz-j-sry in the mucosa when HFOV was applied for 4 hours. But concern still

remains.

Gas compressibility is greatly reduced when ambient pressure rises such as in diving,

since compressibility is inversely proportional to ambient pressure. This could increase the
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mechanical stress on the trachea in deep diving. At reduced ambient pressure the stress would

be lower than at sea level. The increased compressibility at altitude would have another

effect it would reduce tidal volume because of compression and decompression of gas in the

airways and in the equipment. This would lead to reduced ventilation if not taken into

account by adjusting the stroke volume.

In a separate series of experiments we enlarged and reduced the size of the dead space

while keeping VT and f constant (Fig. 6). The purpose was to test the best practical use.

The estimated variation of VD was 80 ml; it caused a fall of P.2 by 43 mm Hg (average of

3 gas mixtures) and a rise of Pco2 of 12 mm Hg. The difference between 02 and CO2 is,

presumably, related to hilus-nigh alveoli receiving less ventilation when VD is enlarged. It is

also notable that a change of VD by 80 ml causes a smaller variation of Pw and Pc02 than

a variation of VT by 75 ml (Figs. 4 and 5). This is suggestive of Taylor dispersion for which

the theory predicts that ventilation is proportional to V2/VD (7). Moreover, the 02 partial

pressure difference in the ET-tube system (obtained by subtracting the Po2 with enlarged dead

space from the value with reduced VD) is smaller in He than in SF 6. This, as mentioned

earlier, is suggestive of Taylor-dispersion. Thus, the experiment of varying the size of VD

yields a number of indications all pointing to the important role of Taylor dispersion, even

in large airways.
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Ink1e I

Physical Gas Properties

He/0 2  Air SF/O 2  Heliox at
22 ata

Denity*, g/L, dry, at 37"C .303 1.29 4.80 3.05

Kinematic viscosity*, cm2/sec .96 .162 .054 .055

Diffusion coefficient", cm 2/sec
for CO2 in .56 .16 .09 .030

Diffusion coefficient", cm 2/sec
for 02 in .65 .19 .11 .035

* from Techniaues in Life Sciences, ed. A. B. Otis, Elsevier, 1984, p. 413/4.

* Bird, Stewart, and Lightfoot, Transport Phenomena, New York, Wiley, 1960, p. 505.
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LEGENDS TO THE FIGURES

FIGURE I: Schematic of the experimental setup. 1. Reciprocating pump. 2. Constant

volume plethysmograph. 3. Pressure transducer sensing the pressure in the

plethysmograph and calibrated for tidal volume. 4. Measurement of arterial

vascular pressure. 5. Inflow of bias gas, either He/0 2, air, or SF6/0 2 . 6.

Pressure transducer measuring the pressure at the tip of the ET-tube. 7. X-

piece. 8. Analyzer sampling gas at the tip of the ET-tube and sensing Fco2

and Fo2 during end-tidal maneuver. 9. Bias tube.

FIGURE 2: Decline of Pace2 with increasing f is not significant (P>0.05). The average

Pc02 in SF6 is higher than in either N2 or He (P<0.05).

FIGURE 3: Increase of P,0 2 with increasing f is statistically significant (P<0.05). There

is no difference between gases (P>0.05).

FIGURE 4: Decline of Pace2 with increasing VT is statistically significant (P<0.05). The

difference between the three gases is not significant (P>0.05).

FIGURE 5: Increase of Pm with increasing VT is statistically significant (P<0.05). There

is .;3 difference between the three gases (P>0.05).

FIGURE 6: Effect of changes of VD on P.0 2 and Paco2. The increase of VD causes a

drop of P0 2 and a rise of Pc, 2 . The drop of P0 2 is 30 mm Hg in He and

55 mm Hg in SF6 (P<00.5).
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ABSTRACT

This study investigates the effect of variations in the kinematic viscosity of the resident

gas on the dispersion of a diffusing gas (C0 2 ) during high frequency oscillations (HFO). The

experiments were conducted in cylindrical tubes with various diameters, in branched tubes, at

varic .s frequencies, and at various oscillation amplitudes. Three resident gases were used:

He, N2, and SF 6. Tube radius was found to be a major factor determining the dispersion of

a gas along its concentration gradient in HFO. In large tubes, with a Wormersley number C

exceeding 20, the dispersion of a gas increases when the density of the resident gas is reduced.

In contrast, in small tubes with oc less than two, the diffusion of a gas increases when the

density of the resident gas is raised. In systems which combine tubes of different sizes, the

effects cancel. We also discuss, more briefly, the effects of variations of the properties of

the diffusing gas on HFO. The effects are opposite in small and large tubes and may also

cancel when tubes of different size are connected in series. We propose that these results may

apply to a network such as the bronchial tree.
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INTRODUCTION

The study was planned as a companion to experiments conducted in dogs. We find

in dogs that changing the resident gas from N2 to He or to SF6 has little effect on the steady-

state gas exchange (P.o2' Paco2) in high frequency oscillation ventilation (HFOV). Almost any

fluid mechanical mechanism attempting to explain the gas exchange in HFOV is expected to

be influenced by the density of the resident gas, especially if the change of density is

large (1). One would expect, e.g., augmented diffusion of 0 2 and CO2 to change greatly if

resident gas properties are changed. Yet we do not find such changes in controlled dog

experiments. To help elucidate this puzzling contradiction, we study in this paper the effect

of Taylor dispersion in straight tubes and compare our data with Watson's theory (15) and with

data obtained in branched tubes by Paloski et al. (13). We also discuss the effect of changing

the diffusing gas while the resident gas is kept the same. We conclude that the results in

dogs are in agreement with theoretical predictions.
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METHODS

The experimental setup was very similar to that used with dogs (Fig. 1). A 20-liter

reservoir (1) containing 10% CO in the resident gas was connected by the tube system to be

studied (2) to an X-piece (3). This X-piece was the same used in dog experiments. It was

connected on one side to a reciprocating pump (5), the frequency and amplitude of which

could be varied. The second arm was connected to the tube system (2) leading to the

reservoir. The third arm (4) was linked to the carrier gas source, e.g. a tank with either He,

02, or SF 6. The fourth arm led to 02, CO 2 and/or N2 meters (6) and through a needle

valve (8) to a vacuum source. The CO2 concentration in the X-piece was maintained at

approximately 1% by flushing the X-piece with carrier gas (4). Thus, CO2 was transported

from the reservoir to the X-piece along a concentration gradient of approximately 10:1.

Frequency (f) was varied between 2 and 20 Hz. The average amplitude AX of the

oscillatory motion (tidal volume VT divided by total cross-sectional area A) was varied between

15 and 50% of the length of the tube system used. Table 1 summarizes the geometry of the

various systems used.

Amplitude and zero-line of the pressure in the reservoir was sensed with a Datametrics

(7) pressure transducer and continuously monitored on an oscilloscope. The pressure readings

served two purposes: (1) the amplitude was used to plethysmographically determine the tidal

volume; it was calibrated with each gas mixture and at each frequency. (2) The average

pressure in the reservoir was monitored and maintained throughout experiments at ambient

pressure (± 0.01 mm Hg) by adjusting the needle valve (8) controlling the outflow of gas.

By maintaining ambient pressure in the reservoir at all times, bulk flow in the tube system

was nvoided.

Table 2 lists the gas properties of the gases used. Dm is the molecular diffusion

coefficient or diffusivity of the gas being transported (02 or C0 2) through a resident gas
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(either He, N2, or SF 6) with a kinematic viscosity iv. The Schmidt number S is the ratio of

v, divided by D,. Note that in this definition of S, the numerator and the denominator of

S are not from the same gas. All measurements were made after 20 to 30 minutes of

continuous running to allow for establishment of a quasi-steady state. In the quasi-steady state

the concentration in the reservoir fell by about 0.02% C0 2/min.

A compliant 2-liter bag (9) within a one-liter plexiglass cylinder was inserted between

the X-piece and the reciprocating pump (Fig. 1) in order to seal the system from leaks

through the pump. Before each experiment two leak tests were conducted, one based on a

static pressure load, the second on running the system with pure 02 and testing for the

appearance of N2 in the system. All measuring devices were calibrated before each

experiment.
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RESULIS

We first report the data describing the transport of CO2 through either He, 02, or SF6

in tubes of different radii. Fig. 2 shows data from tests done using capillaries with a radius

of 0.047 cm, an oscillation amplitude of AX - 5.47 cm, and a frequency ranging from 2 to

20 Hz. Other details of the experimental conditions are given in Table 1. The conductance

G in ml/min is plotted on the ordinate; it is defined as the amount of CO2 transported per

unit of time and for a given concentration gradient (Vco 2/(FIc 0 2 - F2co2)). FIcoz is the

fraction in the reservoir, F2CO2 the fraction in the X-piece. G is analogous to alveolar

ventilation and has the same units. It indicates how much bulk gas flow in ml/min would

be needed to achieve the same CO2 elimination as obtained, presumably, by dispersion, in our

system. Data obtained with He, N2, or SF 6 as resident gas show a curvilinear relationship

between Gco 2 and f. Conductance of CO2 in SF, is about 6 times higher than in He.

Fig. 3 shows data from tests done using a tube with a radius of 0.79 cm. The

curvature of the three lines is less pronounced than in Fig. 2. Note that Gco 2 in He is now

much higher than in N2 or SF6. This observation is the reverse from the one in the

capillaries. Note also that the conductance of CO 2 in SF6 starts to decline when f exceeds

10 Hz.

For the next experiment (Fig. 4), the two pipe systems used in Figs. 2 and 3 are

combined into a single system with the pipe with a radius of 0.79 cm being connected in

series with the bundle of capillaries. The tidal volume is 30 ml, giving an oscillation

amplitude of 11 cm in the capillaries and of 15.3 cm in the tube. The conductances of CO2

in He and N2 overlap; there is no clear separation of the two conductances, as seen in Figs.

2 and 3. The conductance in SF6 falls off the general pattern when f exceeds 10 Hz, as seen

in Fig. 3.
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A further experiment was conducted with beads. The external diameter of the beads

was 0.244 cm, the calculated hydraulic radius 0.09 cm. The open channels between the beads

therefore had an average radius slightly larger than the capillaries, but the geometry of these

channels was irregular, including areas of narrowing, widening and branching. The beads

were included in a 2-liter flask with a perforated bottom. The system was inserted between

the X-piece and the reservoir shown in Fig. I. The cross-section was 67.3 cm2 , and the

estimated oscillation amplitude 0.45 cm. The results shown in Fig. 5 show a pattern quite

similar to that found in the capillaries; the conductance in SF6 is about 2.9 times higher than

in N2 and 6.4 times higher than in He.
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DISCUSSION

In 1983, Watson published a theoretical analysis of "diffusion in oscillatory pipe flow"

(15), applying the concept of Taylor diffusion (14) to HFO in straight tubes. The theory is

based on a number of assumptions such as laminar flow, incompressibility of the fluid,

"infinite" tube length (i.e. no entrance effects), and very small concentration of the diffusing

substance. Several papers have since experimentally confirmed various aspects of this study

(4,5,6,9,10). The present amplifies these studies; this is the first study to use steady-state

concentration gradients such as those that exist in the airways during steady-state gas exchange

with gases at about the same concentrations as in biological systems. This is also the first

study to analyze, in detail the effect of gas properties in straight tubes of various sizes. The

objective of this study was to obtain data that could be compared with similar tests done with

animals. Some of the assumptions of Watson's theory are not met in the present experiments.

The concentrations of the diffusing gases were much higher than in the theory. The flow was

not always laminar; the conditions satisfied Epstein's criteria for laminarity in oscillatory flow

(2), but the ratio of Reynold's number to ac, which is also suggested as a criterion for

laminarity (13), was in some experiments above the critical value of 200. There were also,

presumably, some undesired effects of compressibility since at high frequencies and high

amplitudes the aerodynamic pressure drop across the studied tubes reached 1/10 atm. No

correction was applied for any of the conditions that diverged from Watson's assumptions.

Watson (15) analyzes the gas transport in oscillatory flows in terms of two non-

dimensional numbers, the Wormersley number (oc - aV2vf/v) and the Schmidt number

(S - v/D). Both numbers interact in determining the gas transpc-t and since each is made

up of several factors, this implies that all these factors (a, f, v, Din) interict. Thus, there is

no simple rule that states the effect of resident gas viscosity on oscillatory flow. However,
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there are two extreme conditions for which the effect of v is mathematically simple. These

extreme conditions will be discussed first; the more general case will be presented later.

The theory predicts that the conductance is inversely proportional to the diffusivity of

the diffusing gas if cc < 2 (11). It also predicts that the conductance is proportional to the

square root of the kinematic viscosity of the resident gas if oc > 20. Since the radius is the

main factor determining cc, the above prediction applies in practice either to fairly small tubes

or fairly large ones. The above theory may also be expressed in terms of the molecular

weight of the resident gas; it implies that in small tubes the conductance increases with the

square root of molecular weight of the resident gas, while in large tubes the conductance is

inversely related to the square root of molecular weight. The inverse relationship for small

and large tubes is surprising. It is due, in part, to large modifications of the velocity profile.

In very small tubes and with cc < 2, the profile is rather similar to that in steady laminar

flow. When cc is high, however, the profile is much more blunt and a boundary layer which

is smaller than the radius becomes established. The value of c, actually, is equal to the ratio

of the radius divided by the boundary layer thickness.

For our experiments we chose conditions which are in accord with the above limits.

In capillaries with a - 0.047 cm, the value of cc is close to 2 (Table 1). The expected ratio

of the conductance of CO2 in He and in N2 is equal to the inverse of the ratio of the

respective molecular diffusion coefficients; according to Table 2, this ratio equals 0.25. The

measured average ratio of the conductances in He and in N2 in Fig. 2 is 0.26 ± 0.02.

Similarly, the expected ratio for the conductance of CO2 in He and in SF6 is 0.12; the

measured average is 0.17 ± 0.02. Both sets of experiments are in agreement with the theory.

The predicted ratio of conductances in He and N2 using the tube with a - 0.79 cm

is 2.7 and our experimentally measured ratio is 2.75 ± .16 (Fig. 3). The agreement with data

obtained using SF6 is also good up to f - 10 Hz. The conductance of CO2 in SF6, however,
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drops off above that frequency, an observation which is contrary to the theory. We believe

the discrepancy to be due to turbulence. At f = 10 Hz, the Reynolds number is 11,000 and

the ratio Re/oc is 280. This is reason to suspect turbulence. Effects of compressibility may

also have influenced our results.

The theory predicts a complicated and gradual change of the conductance in tubes in

which cc is within the limits of 2 and 20 (10). This is illustrated in Fig. 6, which represents

the normalized conductance \ plotted against cc. The conductance is normalized to permit

comparisons between experiments done in tube systems of different lengths L, different total

cross-sectional areas A, different frequencies f and different oscillation amplitudes AX

(, - GL/A2xrfAX 2 ). Two curves are shown, one for S - 1.86 (diffusion of CO2 in He) and

one for S - 1.0 (diffusion of CO2 in N2). The value of A is seen to rise with increasing cc,

to reach a peak and then to fall again. This bell-shaped curve demonstrates how important

cc is in determining A. It implies a tuning effect that indicates that conductance is maximal

at a given value of c (10). The Schmidt number determines the location of the bell-shaped

curve with respect to the abscissa. Since the two curves have a crossover, the ratio of \ for

two gases is below unity on the left of the crossing over and above unity on the right of the

crossing over.

Fig. 6 may be used to determine the effect of resident gas viscosity on transport for

any tube size. Points A and B illustrate the condition at the lower end of the range of cc;

they depict the conditions in capillaries with a - 0.047 cm, f - 20 Hz, using He or N2. The

ratio of the conductances of CO2 in He and in N2 is 0.25, as mentioned earlier. This ratio,

however, increases if the radius is increased. If the radius is increased, point A moves up

along the S - 1.86 curve, while point B moves up simultaneously on the S - 1.0 curve. At

some value of the radius, the ordinates become equal, i.e., there is no effect of resident gas

densitq on dispersion (points C and D in Fig. 6). When the radius is further raised, the ratio
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of conductances becomes larger than 1.0. It is noteworthy that the region for which the

resident gas density is predicted to have no or only a minimal effect coincides with the region

of the peak of the bell-shaped curve, i.e., the region of greatest dispersion.

Fig. 6 may be redrawn in terms of radius, which is the variable we are most interested

in in the airways. Fig. 7 pictures the ratio of conductances Gin H/GIm N2 at f = 10 Hz as

a function of radius. The gradual change of the ratio from 0.25 to 2.7 is shown. For

a - 0.25 cm, the ratio is unity (this corresponds to points C and D in Fig. 6). The curve

shown shifts to the left if frequency is raised or kinematic viscosity is lowered. Thus, the

curve describing the ratio of Gb, N2/Gi, sFG is situated to the left of the curve shown with

equality of conductances at a - 0.1 cm. Experiments were conducted to confirm this in

capillaries with a - 0.1 cm. Identity of conductances in N2 and in SF6 was found at

f - 14 Hz rather than the predicted 10 Hz. These data are not shown for brevity.

How do these mostly theoretical considerations apply to the airways? We found in dog

experiments that the change of resident gas from N2 to He and to SF6 has almost no effect

on the gas exchange in HFOV when tidal volume and frequency are the same. These dog

data are presented in a companion paper. In this paper we examine whether Taylor dispersion

can explain these observations.

According to the theory, the effect of gas density varies strikingly with tube radius

(Fig. 7). One may therefore wonder whether this effect is attenuated or whether it is even

cancelled, if tubes of different sizes are connected in series. The theory would predict that

the dispersion in tubes in series equals the sum of the dispersions in each tube (I/Go, -

1/G + I/G 2). Thus, attenuation is expected, if the conductances are matched and if transition

effects at the connection site of the two tubes are negligible. We confirmed this in the

experiment shown in Fig. 4. One may conjecture whether similar cancelling occurs in the
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airways. Such a hypothesis assumes that the transport in short branching tubes such as the

airways is similar to that in the long tubes used by the theory.

Paloski et al. have compared the transport in short branching tubes having an L/D ratio

of 3.5 with that in long tubes (13). They find that Taylor dispersion plays an important role

in gas transport, and that the transport in branched tubes is higher than predicted for straight

tubes. They also find that the main features of the effect of resident gas density are the

same in branching tubes and in straight ones: at small values of oc, the effect of resident gas

is the reverse of the one at high values of c with a gradual transition. If plotted in terms

of Fig. 7, Paloski's data show a minimum ratio of 0.53 and a maximum ratio of 1.44. Thus,

the pattern is the same though the magnitude of the effect of gas density is less. To that

finding one may add our findings in beads that show that the dispersion in the multiple

branching channels created between beads is quite similar to that of capillaries (Fig. 5). This

supports the view that branching itself does not change the pattern of transport predicted by

Taylor dispersion. The magnitude of cc is more important in determining the type of transport

than the geometry of the channels. It is also noteworthy that cancellation of the effect of

density occurs near a value of oc for which normalized conductance is maximal. In those

airways in which density plays a role for the dispersion, the normalized dispersion is relatively

low.

In conclusion, we believe that Taylor dispersion offers an explanation for our findings

in dogs that replacing N2 by He or by SF 6 has no significant effect on gas exchange. The

dog data cannot be used to conclude that Taylor dispersion is not an important factor in gas

transport.

We have emphasized in this paper the effect on dispersion of changing the resident gas.

A closely related question has to do with the effect on dispersion of changing the diffusing

gas. This question has been studied repeatedly in airways, perhaps most carefully by Knopp
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et al. and Kaethner et al. (7,8). They found no difference in the washuut ot He, air, or

SF6 out of lungs during HFO and used these findings to conclude that the gas transport in

HFO is not limited by a diffusion process.

Fig. 6 may be used to suggest another explanation for these experiments. The two

curves shown define the normalized conductances of two different gases, if studied under the

same conditions, i.e., in tubes of the same size, at the same frequency and with the same

resident gas (i.e. with the same cc). The curve labeled S - 1.86 shows the conductance for

a heavy gas such as SF6 in air (S - V/Dn - 0.16/0.09); the curve labeled S - 1.0 is for a

lighter gas such as CO2 being dispersed in air (S - 0.16/0.16). The two curves cross over.

For values of cc below 3.5, the conductance of SF6 exceeds that of CO2 for o greater than

3.5, the conductance of CO2 exceeds that of the heavier gas. It is somewhat surprising that

a heavier gas can diffuse faster than a lighter one. The observation was already made by

Taylor in his original paper for steady flow (14). We confirmed the finding in oscillatory

flows (11,12).

One may now ask how two gases of different molecular weights are dispersed in a

system of tubes of different sizes, such as the airways, for which the value of (X may vary

below 3.5 in some parts of the system (tubes with a small diameter) to above 3.5 in some

other part of the system. Since the conductances in the different parts of the system are

additive, one may expect partial attenuation or even cancellation of the effect of the

diffusivity of the diffusing gas. We believe therefore that the failure to detect differences

in the washout of He, air, and SF6 is in itself not a sufficient reason to conclude that

diffusivity is not a limiting factor in the transport of gas in the airways. It may be a

limiting factor in the transport in some part of the system and yet not be limiting for the

airways as a whole.
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TABLE I

a A L AX f x for f=20
cm cm 2  cm cm Hz in N.

1) capillaries 0.047 2.74 37 5.47 2-20 1.29

2) capillaries 0.1 1.57 35 9.55 2-20 2.75

3) tube 0.79 1.96 143 15.3 2-20 21.7

4) beads, 0.09 67.3 7 0.49 2-20 2.6
O.D. 0.244 cm
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TABLE 2: GAS PROPERTIES

He N2 SF6

Experiments in which resident gas is varied.

Kinematic viscosity v (cm 2/sec) 1.17 .167 .024

Diffusion coefficient D. (cm 2/sec) of CO2 in* .63 .16 .074

Schmidt number v/D n for CO2 in 1.86 1.00 .32

From Bird, Stewart, and Lightfoot, Transport Phenomena, New York, Wiley, 1960, p. 505.
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LEGENDS TO FIGURES

Figure I: Schematic of experimental setup. I) Container with 10% CO2 in either He.,

N2 or SFf. 2) Tube system. 3) X-piece where a concentration of CO2 of about

1% is maintained. CO 2 is transported by augmented diffusion from the container

to the X-piece. 4) Inflow of resident gas. 5) Reciprocating pump. 6) Outflow

of gas with vacuum source, throttle (#8) and gas-measuring devices. 7) Pressure

transducer measuring pressure in container is used to determine tidal volume.

Figure 2: Conductance of CO2 in capillary tubes with a - 0.047 cm in three resident gases

(He, NZ, and SFd. Oscillation amplitude 5.47 cm; tube length 37 cm. The

conductance G is defined by G - VIco 2/(Fj - F2).

Figure 3: Conductance of CO2 in a single tube of 143 cm in length and .79 cm ID with

three different resident gases. Oscillation amplitude: 15.3 cm.

Figure 4: Conductance of CO2 in a system made up of the single tube and the capillaries

connected in series.

Figure 5: Conductance of CO2 in a system made up of beads with O.D. - 0.244 cm.

Length of the bed of beads: 7 cm; oscillation amplitude: 0.49 cm.

Figure 6: Relationship between the normalized conductance A and c derived (8) from

Watson's theory (13). The relationships for S - 1.86 (diffusion for CO2 in He)

and for S - 1.0 (diffusion of CO2 in N2) are shown.
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Figure 7: Relationship between the ratio of the conductances of CO 2 in He and in N2

(GI, Hh/Gi. N2) and tube radius.



.7

4



700
in SFG

A

600

50

c

'm in N2

2O2E300 $

200
&
A *

0oo A , in He

0 4 - 12 16 20 24

f (Hz)

in He
1000

IU

U *

E

in N2

* *
* 1*

A £ A & £ A a £ in SF 6

048 12 16 20 24
f (Hz)



300,

- in He

--- 200 + in N2
C

%E

a
100 +

+
in SF6

0 =
0 - i i 'r I I i' • i

0 4 812 Is 20 24
f (Hz)

in SFs
1500

A

C" &

Ei 1000

N.

500 -+in H

•in He

A +A

+.A+

0 4 8 12 16 20 24
f (Hz)

A



S 1.86 (CO2 in He)

0.015 -S 1.0 (CO in N2.)

C D

A "

0.01 ,

0.005 B.

0 F.. I 2

0 2 4 6 8 10 20

a

4-

3-

2 =

0

0 0.2 0.4 0.6 0.8

a (c m)

'Rj )



DIFFUSIONAL SEPARATION OF GASES AND SOLUTES

IN OSCILLATORY FLOW

by Marc J. Jaeger, Thomas Soepardi, and Ali Maddahian

Department of Physiology

University of Florida

Supported in part by the U.S. Navy (N00014-86-K-0123) and by two grants from the Division

of Sponsored Research, University of Florida (Dr. Donald Price).



INTRODUCTION

Taylor (14) has shown that the spreading of a substance introduced in small quantity

into a fluid flowing in a pipe is greatly enhanced by the fluid velocity. This enhancement is

the result of the combined action of radial molecular diffusion and the variation of velocity

over the cross section. It is especially high in oscillating, laminar flow because of the

particular time-dependent velocity profile in this type of flow. Oscillatory flow has the further

advantage that there is no net, continuous flow in the pipe and that the spreading occurs, if

averaged over time, from a stationary site. The increased spreading can be expressed as

effective diffusion or dispersion (3-7,16). The effective diffusion coefficient is 4 to 5 orders

of magnitude greater than the molecular diffusion coefficient of the same substance (6). The

process can be used to separate substances with different molecular diffusion coefficients (8).

In this study we present data obtained for gases and liquids. Some early work by Dreyer et

al. (1) will be discussed below.

THEORY

Watson (16) showed that the effective diffusion coefficient, D.., in oscillatory pipe

flow is a function of (a) the molecular diffusion coefficient Dm of the tracer in the fluid,

(b) the kinematic viscosity, v, of the carrier fluid, (c) the radius, a, of the cylindrical pipe,

and (d) the angular velocity, w, of the oscillations. For convenience the above parameters are

combined into nondimensional numbers: the Schmidt number a - V/Dni, and the Wormersley

number o = avr . The transport equation for a straight, cylindrical pipe with length L

and cross-sectional area A may be written, in analogy to the conventional diffusion equation,

as (3-5):

G = q /(cl - c2) = Deff AlL Eq. 1

where q is the rate of diffusional transport, c1 and c2 are the concentrations of the diffusing

substance at each end of the diffusing path, and Deft is the effective diffusion coefficient.

Watson found that Dff is proportional to the square of the oscillation amplitude AX (AX -
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stroke volume/cross-sectional area). For convenience, Dff is normalized by the product of the

oscillation amplitude squared and angular frequency, A = Deff/WAX 2 .

The normalized diffusion coefficient A is, under certain limiting conditions, a simple

function of o and a. These limiting conditions are different for gases and liquids and are

tabulated for clarity in Table 1:

TABLE 1.

Gas c < 2 c > 20

0.1 < a < 2.0 A = am2/384 A 12v2-

Liquid 0c < 0.1 c > 1

500 < a < 5000 A = UoC2/384 A 1

If the limiting conditions do not apply, the more general formulation must be u -d (6,11):

A(cc,a) - Dewr/wAX 2 = AB/C Eq. 2

with A - a/4o(o '2 - 1)

B=1710C) - - F( c) ]2 Fi(ocvr-); F(o:) -- FR(oc) + iFi(oc)

C - I1 + 2F(oc)/ocj 2

FR(oc) - [beioc ber'cc - beroc bei'oc]/[ber2 oc + bei2oc]

F(oc) = [beroc ber'oc + beioc bei'oc]/[ber 2oc + bei 2 c]

Note that the theory predicts that A (and therefore D,tt) may be either proportional to Dm (in

liquids if oc > 1) or inversely proportional to Dn, (in liquids and in gas if oc is small; 8).
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Dispersion is quasi-independent of D., in gases if oc > 20; thus gas separation is not feasible

for cx > 20.

Separation of gases in a gaseous carrier or of solutes in a liquid carrier can be achieved

whenever the ratio of the normalized diffusion coefficients for the two substances is not unity.

Optimal separation, however, exists only under narrowly defined conditions. To illustrate these

optimal conditions, we solve Eq. 2 for gases (Figs. I and 2) and for liquids (Figs. 3 and 4).

In Fig. I we assume two gases labeled H and L, for heavy and light, which are to be

separated by augmented diffusion in a third gas, the resident gas (02), with a kinematic

viscosity of v = 0.16 cm 2/sec. The light gas is helium, aL = 0.2, and the heavy gas is CO2,

all = 1.0. The normalized dispersion coefficients, A and \ L, are plotted for various values of

oc in Fig. 1. The maximal values for A, and AL are at cc = 4.0 and 6.0, respectively. The

relative magnitudes of All and AL are illustrated in Fig. 2, in which AL/AH and (,H - ,\L) are

plotted against o:. It is noted that \JA,\, approaches a minimum for c < 1; this minimum is

equal to DlI/D.lL = 0.20 (Table 1). The difference, \ll - AL, has a maximum at ac 3.1 and

declines rapidly at values of c above and below 3.1. At c - 3.1 the ratio A1/]AH is only

slightly higher (0.27) than its lowest value for oc < 1. Selection of the best operating point

involves two considerations: optimal separation (AJA 11 ) and optimal differential diffusion

(AI - AL). According to Fig. 2, this value is approximately cc = 3 1. The peak for (All - AL)

defines the value of oc for which the diffPrential flux ql - qL is likely to be highest. Note

that this value of x can be obtained with various combinations of a, w, and V; this permits

optimization and free choice of the carrier fluid.

The separation of solutes in water is illustrated in a similar manner by Figs. 3 and 4.

We chose two solutes (aH = 2000 and aL = 500) diffusing in water (v = 0.01 cm 2/sec).

Comparison of the normalized diffusion coefficient of gases and solutes during HFO reveals

the following:
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I. The maximal values reached by A for gaseous and for liquid dispersion are nearly the

same: for o - 0.3, An,,, 23 0.00790; for a - 2000, Amax - 0.019.

2. Maximal dispersion is reached in liquids at much lower values of oc than in gases.

Maximal dispersion in water as compared to gas is reached if aH2 O/gas

20~

3. AL/All varies in liquids between a minimum equal to Dfii/DlL and a maximum equal

to DflL/DntH. In gases, the maximal value is approximately unity.

4. The difference (A1 - AL) has identical positive and negative maxima in liquids; in gases,

the negative maximum is negligibly small.

From Fig. 4 one would predict best separation of the chosen solutes H and L at

c= 0.07 for which (A11 - AL) has a maximum while AdAH equals 0.35, close to its minimum

of 0.2. At c 0.22, (All - AL) has its negative maximum. Note that maximal and minimal

values of (A11 = AL) occur within a narrow range of values of oc (0.07 < c 5 0.22).
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METHODS

The experimental setups for gaseous and liquid separation are similar (Fig. 5). They

consist of a reciprocating pump that generates oscillatory flows in capillary tubes. A reservoir

at one end of the capillaries holds the fluid (gaseous or liquid) which contains the two

substances that are to be separated. The area at the other end of the capillaries is flushed with

pure carrier fluid at a rate Q. This generates a concentration gradient for the diffusing

substances H and L, which are transported at rates q H and q L from the container toward the

area being flushed. The partially separated substances are collected and analyzed at the outflow

of the system. The continuity equation requires the carrier fluid to diffuse in the opposite

direction at a rate q c = q H + q L"

The specific conditios for gaseous separation were as follows: We chose a bundle of

76 capillaries with radius a = 0.19 cm and length L = 120 cm. The value of 0C was varied

between 2.66 and 4.61. The oscillation amplitude was less than 20% of L. We used a gas

mixture of 10% He, 10% CO2 and 80% 02, 02 being the carrier gas. The reservoir had a

volume of 20 L. The pressure in the reservoir was continuously monitored and kept at an

average value of Panb t 0.01 mm Hg by adjusting the outflow to match Q exactly.

The system for liquid separation consisted of a bundle of 91 capillaries with a - 0.087

cm and L = 120 cm. Alpha was varied between 0.52 and 0.89. The oscillation amplitude was

kept below 40% of L. The reservoir had a volume of 0.2 L and had a distensible top. We

used the following solutes: KCI, CuSO 4, glucose, Methylene Blue.

Experimental separation depends on Q, the rate of flushing with carrier fluid. If Q

is high, the available concentration gradient is high and the dispersion is maximal. This

provides for best separation, but the concentration of the diffusing substances in the outflow

is low. On the contrary, if Q is reduced, the dispersion and separation are reduced as well.

It may be shown (8) that the separation factor PL equals:
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PL = CL2C[1/CLIC112 = (GL/Q + Alu/AI)/(GL / Q + I) Eq. 3

We chose to vary G1/Q between 0.05 and 0.5.

RESULTS AND DISCUSSION

1) Separation of Rases:

Table 2 shows gas separation data obtained with He and CO2 diffusing through the

carrier, 02. The Wormersley number c was chosen close to the optimal value of 3.5 (Fig. 2).

A good agreement between experimental and predicted data is found. A high value of Q was

used to get the best possible separation (Eq. 3). Fig. 6 shows the effect of Q on G, as

predicted by Eq. 3. In Fig. 7, (GI, - GL) is found to be proportional to VT 87, a value slightly

lower than the expected square relationship (Eq. 2). Maximal dispersion DeffH = GHL/A was

1032 cm 2/sec or 6470 times the molecular diffusion coefficient of CO2 in O. The tidal

volume VT was determined from the pressure variation in the container.

The experimental conditions used for these experiments differ appreciably from the

theory used to analyze them. Watson assumes incompressible flow. Compressibility effects are

notable in the system used, in which the pressure drop in the capillaries is up to 0.1 atm.

Moreover, Watson assumes only trace amounts of the diffusing substance, thus maintaining the

kinematic viscosity constant along the diffusing path. Fairly large concentrations of He and

CO2 are used in our system, a fact that results in a continuous change of the kinematic

viscosity along the diffusing path. Moreover, the theory does not account for entrance effects,

which, presumably, determine the velocity profile for some length at each end of the

capillaries. Entrance effects may reduce separation.
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2) Separation of solutes:

Separation of solutes in oscillatory liquid flow was achieved by Dreyer et al. long before

the recent interest in this field (1). Dreyer et al. developed an equation similar to the one in

Table I for cx < 0.1, based on the simplified assumption that the velocity profile is paraboloid.

They found good separation using a single capillary with a = 0.025 cm and L - 18 cm at

oc = 0.61. Their dispersion coefficient was nearly 11,000 times higher than DI. Kurzweg

recently summarized the theory (10); his suggestions for optimal separation are different from

ours. We confirmed with a large number of experiments that Def is proportional to AX2 . Deft

for KCI was 17.4 cm 2/sec or 870,000 times D., of KCI in H2O. The predicted Deft under the

given conditions was AwAX 2 = 0.00212 x 1.04 x (61.4)2 = 8.31 cm 2/sec (Eq. 2). Results

obtained with KCI (a = 500), CuSP 4 (a = 1136), glucose (a = 1450) and Methylene Blue

(a = 1923) are shown in Fig. 7. The qCI reached a maximum of 29 mM/min when [KCI] was

0.075 N.

CONCLUSION

The evidence presented indicates that gases and solutes may be separated in oscillatory

fluid flow. The separation is close to the ratio of the molecular diffusion coefficients. The

enhancement of the flux in our experiments was 3 orders of magnitude in the gaseous phase

and close to 6 orders of magnitude in the liquid phase. The energy consumption was low; in

the gaseous experiments it was 14 Watts. The method allows free choice of carrier fluid. Best

choice of carrier fluid is, presumably, one that can be removed easily and cheaply (water

vapor, CO2).

The process may be appreciably enhanced over and above the optimization already

achieved. The stroke length AX can be increased beyond the values used until turbulence

occurs. No separation is expected in turbulent flow (15). The criteria for turbulence in
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oscillatory flow are not yet as well defined as in steady flow (12,13). From the data provided

and from newer information (11), it would seem that AX can be raised appreciably over the

values used, permitting an increase of the dispersion of perhaps 1 order of magnitude.

Moreover, the concentrations of the gases to be separated may be raised. In a preliminary

experiment we raised them to 50/50, eliminating the need for a carrier fluid in the container.

The q1 ! was raised from 44 to 588 mi/min by this modification without a decrease of the

separation factor PL"

The process shown is suitable for continuous, steady-state operation, if the fluid in

container I is continuously replenished. The experiments quoted in which no carrier gas was

added to container 1 were run in this fashion.

The study of substance separation by dispersion provides interesting insight into the

mechanism of dispersion. It may be seen from Figs. I and 3 and prior work (7) that maximal

dispersion occurs when oc2a = 7r2 . This relationship illustrates the interplay of diffusion and

fluid mechanics which is characteristic for this phenomenon and may be looked at from two

viewpoints: 1) oc2a r2 is identical to 8/a = V'a7r, where 6 is the Stokes boundary layer

thickness; thus, optimal dispersion occurs when the thickness of the boundary layer relative to

the radius has a fixed relationship to o,. The Schmidt number o is close to unity in gases,

resulting in 6/a equalling about I/7r. In liquids, however, 6/a is approximately equal to

v'=T /r. 2) The same relationship may also be written as td/te = ir where td is the time

available for radial diffusion (a2/Dnm) and te is the time of a half cycle.
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TABLE 2.

Gas Separation Data

Oc PL* PL*GL/Q
(experimental) (theory)

2.66 0.40 ± 0.03 (N-8) 0.28 0.06

3.76 0.43 ± 0.08 (N-6) 0.44 0.13

4.61 0.49 ± 0.15 (N=5) 0.56 0.13

see Equation 3.
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LEGENDS TO THE FIGURES

Fig. 1: The normalized dispersion coefficient A Def./wAX 2 is plotted against the

Wormersley coefficient cc a/'- for CO. diffusing in 02 (a = 1.0) and He

diffusing in 02 (a - 0.2).

Fig. 2: Alh/AC0 2 and Ac0 2 - AMie are plotted against cc.

Fig. 3: The normalized dispersion coefficient A is plotted against ac for two solutes in

water, one heavy with a,, = 2000 and one light, aL = 500.

Fig. 4: AL/AHr and AH - AL are plotted against cc for the same solutes used in Fig. 3.

Fig. 5: Experimental setup showing a reservoir with the gases to be separated, the

capillaries which serve as diffusing path, the inflow of carrier fluid (Q) and the

pump.

Fig. 6: Effect of dilution by the carrier fluid flow Q on the separation. Shown as a line

is the theoretical relationship. Circles are experimental values of Gil./GC0 2.

Fig. 7: Effect of tidal volume VT (measured indirectly as pressure changes in the

reservoir) on the differential separation Gco 2 - Gil e.

Fig. 8: Separation of 5 pairs of solutes. The numbers indicate the number of experiments.
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feeding the carrier gas into the other gas reservoir;
SYSTEM AND METHOD FOR SEPARATING establishing oscillatory axial movement of gas within

GASES OF DIFFERING MASSES BY ENHANCED the at least one duct;
DIFFUSION PRODUCED BY TUNED withdrawing from one of the gas reservoirs a mixture

OSCILLATIONS 5 of carrier gas and a gas mixture of differing mases
enriched in the heavier gas component thereof, and

BACKGROUND OF INVENTION withdrawing from the other of th, reservoirs a mix-

I. Field of the Invention ture of carrier gas and a mixture of gas of differing

The present invention relates to a system and method masses enriched in the lighter component thereof.

for separating gases of differing masses by diffusion 10 PRIOR ART STATEMENT
using tuned oscillations.

2. Prior Art The following prior art i noted in conformance with
Paiva in U.S. Pat. No. 4.166.727 describes a method the provisions of 37 CFR 1.97 and 1.98.

for separating gases of different masses by admitting a Paiva. U.S. Pat. No. 4,166.727 is described above.

gaos and the mixture of ases of different masses into one 15 Watson, J. Fluid Mech. Vol. 133. P. 233 (1983); Jae-

end of a duct so as to allow laminar flow of the admitted ger et al, Phys. Fluids. Vol. 26. p. 1380 (1983) examine
gases and collecting from the other end of the duct the general problem of the enhanced dispersion of a
fractions of the mixture wherein the average relative contaminant in a carrier fluid when the mixture is oscil-

co.icentration of one of the gases of different mass is 20 lated axially within a tube in the presence of an axial
higher than in the admitted mixture. concentration gradient. The publication presents an

The differential diffusion method of Paiva suffers analytical study without experiments. Joshi et a. J.
from several disadvantages. The patented method Fluid Mech., Vol. 133, p. 245 (1983) verify Watson's
which attempts to increase separation rates in diffusion predictions of enhanced gas dispersion by noting the
processes by using laminar axial convection in small 25 experimental enhanced dispersion of methane gas in air.
diameter tubes working in conjunction with radial mo- It is important to realize that neither of the papers
!ecular diffusion requires switching devices for both the recognized that oscillations can be used for gas separa-
injection of gases into the system and for the removal of tion at high differential diffusion rates. The authors
partially enriched and depleted mixtures. viewed the process as one of enhanced gas mixing.

Moreover. very long (about 10 meters) diffusion 30 Dreyer et a, Naturforsch, Vol. 23a, p. 498 (1968)
tubes are required by Paiva and the diffusion rates examines the separation of liquid mixtures using low
achieved are extremely low. frequency oscillations (leu than I Hz) of the fluid be-

It is an object of the present invention to provide a tween parallel plates and pipes in the presence of a
differential diffusional method for separating gases of superimposed steady flow of water. The water is circu-
differing masses which are not subject to the above 35 lated through the system by an evaporation-condensa-
described disadvantages. tion process. 0. Dreyer and F. Lange hold a German

patent, No. 54339 (1967) on this process. See also Lange
SUMMARY OF THE INVENTION et al. DWP No. 54339 and Lange et al, DWP No. 28316.

The foregoing and other objects are realized by the Taylor, Proc. Roy. Soc.. Vol. H 219, p. 186 (1983), is
present invention, one embodiment of which is a system 40 an original paper on enhanced dispersion of contami-
for separating gases of differing masses from a mixture nants in steady viscous pipe flow. The reference, for the
thereof by enhanced diffusion comprising at least one first time, shows that a combination of axial convention
gas separating device comprising: and radial diffusion can greatly enhance axial dispo-

a pair of gas reservoirs, each having gas inlet and sition of contaminants in liquids.
outlet means; 43 Hertz, Z. Physik, Vol. 19, p. 35 (1923); Lange et al, Z.

at least one duct connecting the gas reservoirs; and Naturwiss, Vol. 39, p. 765 (1930) and Maier, J. Chem.
means for establishing oscillatory axial movement of Phys.. Vol. 7, p. 854 (1939) disclose molecular diffusion

gas within the at least one duct; methods to separate isotopes.
one of the inlet means being adapted for feeding into

one of the reservoirs a mixture of a carrier gas plus the B
mixture of gases of differing masses; FIG. I is a diagrammatical sectional view of an em-

the other of the inlet means being adapted for feeding bodiment of a diffusion cell system according to the
a carrier gas into the other of the reservoirs; invention.

one of thoe outlet means being adapted for the with. FIG. 2 is a diagrammatical sectional view of a carrier
drawai from one of the reservoirs a mixture of carrier 55 gas condenser for the system of the invention.
gas and a mixture of gases of differing masses enriched FIG. 3 is a diagrammatical sectional view of a cas-
in the heavier gas component; and cade system of the invention.

the other of the outlet means being adapted for the FIG. 4 is a graphical depiction of the results of a
withdrawal from the other of the reservoirs a mixture of method according to the invention.
carrier gas and a mixture of gases of differing masses 60 FIG. 5 is a further graphical depiction of the results
enriched in the lighter gas component. of a method according to the invention.

A further embodiment of the invention is a method
for separating gases of differing masses from a gas mix- DETAILED DESCRIPTION OF THE
sure by :nhaticed diffusion comprising conducting at INVENTION
least one cycle of: 65 The present invention is predicated on the discovery

feeding a mixture of carrier gas plus the mixture of that mixtures of gases of differing masses can be sepa.
gase of differing masses into a gas reservoir which is rated at high differential flow rates by an enhanced
connected by at least one duct to another gas reservoir; diffusion technique involving the oscillation of gase
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within one or more ducts or capillaries in the presence stood from the foregoing. Following is a detailed de-
of axial concentration gradients. cription of an embodiment of a method of the invention.

* Referring to FIG. 1. a gas separation device 10 in Referring again to F10. 1.1 the gs at the injection
accordance with the invention includes a pair of gas port 16 is essentially 100% carler gns (C) while the
reservoirs 12 and 14. equipped with gas inlets 16 and 18, 5 mixture at the injection port 1 is a gas mixture com-
respectively, and gas outlets 20 and 22, respectively, posed of the light (L) and heavy (H) molecules to be

The two reservoirs 12 and 14 are connected by at separated together with a small amount of carrier as.
least one, and preferably a pluraity, of ducts 24. The Preferably, the same amount of continous flow which
ducts 24 preferably have a diameter of from about I mm enters the injection ports is withdrawn through ports 20
to about 4 mm. to and 22 so that there is so convection flow along the

The reservoirs 12 and 14 and the ducts 24 are adapted tube bundle. The only gas exchange possible along the
to receive and hold and transfer Sa respectively. tubes is that produced by diffusion. If the piston oscilla-

Acting on gas between the reservoirs 12 and 14. in tor, 26 is actuated to produce an axial periodic motion
this ex.ample, within reservoir 12 is an oscillatory dis- of the gas within the tube bundle, the effective axial
placement device 26. As a representative example, the Is diffusion can be made orders of magnitude larger than
ocilla tory displacement device 26 comprisms a driving in the absence of oacillation. If the analyt'cal results for
piston 28 reciprocating within a cylindrical bore 30 in such an enhanced diffusion process are *"mined it
direct communication with the reservoir 12 and driven becomes cler that mass additives to a carrier fluid
via a shaft 32 by an external mechanical oscillator 34. should diffuse at differest rates down the tubes, The
Typically, the driving piston 28 oscillates sinusoidally, 20 differential rate of migration depends on many parame-
however, any suitable oscillation wave form may be ters and, the diffusional flow rate of the light ga com-
used. ponent (L) will be largest at or near the tuning point a2

Since the gs is substantially incompressible, in order f m (J)D. where a is the individual tube radius, f the
to keep the system entirely illed at all times with no oscilltor fre e a the mo tube diusion
voids or dilutions of the gas mixture, a displacement 25 coefficient of the light go component under donsidr-
accommodating device 36 is connected to reservoir 14. ation. Typically, the frequty of oeillationu will lie in
In the example shown, the displacenent accommoda the range of f Hz to f Hz. The diflusional flow
ing device comprises what may be viewed as a passive of Hane e r large o smelle Tha tha fo
resilient member, preferably a membrane. of H can be either larger at maller than that for L

With this arrangement, as the piston 28 oscillates, gas 30 depending on the choice of tube radius and oscillator

moves alternately axially in opposite directions within frequency. There is even a point for which no separa-

the ducts 24. The displacement accommodating mem- tion occurs. Very good separation will be accomplished
ber 36. due to its resilient nature, returns energy to the when running at an oscillator frequency tuned for the L
driving piston 28. The oscillation amplitude is selected component. At the tame e___ ation can also be
such that the extent of gas movement within the ducts 35 achieved at smaller a=a VI2wf/ve, where v is the kine-
24 is less than one-half of the length of the ducts. matic viscosity of the carrier a. In this latter case the

Referring to FIG. 2, a typical condenser 100 is shown H molecules will actually diffuse faster down the tubes
which is capable of partially removing the carrier gas than does the L gas component. Experimental results,
from gas mixtures entering therein through inlets 102 by obtained with an apparats similar to that shown in
having it condense along condenser plates 104, cooled 40 FIG. 1, after replacing the inlet 13 and exit 22 by a 20
by a coolant entering via inlet 106 which exits the sys- liter box, have confirmed the ability of the present oscil-
tern via outlet 108 and collecting in liquid form 110 at latory approach to separate gas components. Using
the bottom of the condenser. The condensed liquid may oxygen as the carrier gas, with about 10% each of he-
be withdrawn via outlet 112. The resultant gas mixture lium and carbon dioxide added as the components to be
depleted in carrier gas is withdrawn by outlet 114 at the 45 separated, gave separation factors of p=0.6 at a-2. See
condenser tank bottom. This condenser could also be Eq. (3) below for the definition of p.
replaced by a chemical absorption system which can EXAMPLE
remove the carrier gas as effectively as a condenser.

Referrng to FIG. 3, a standard Hertz cascade cycle Referring to PIO. 1. pure carrier gas (C). is injected
200 is shown which can be used to produce ar essen. s0 into reservoir 12 through inlet 16. At inlet Il, a mixture
tinily complete separation of the gas componeats of a of carrier gas and the mixture orlight (L) and heavy (H)
mixture. The cycle consists of three basic elements: gases are injected into reservoir 14. In reservoir 12, the
diffusion tubes 10, condensers 100 and pumps 202. The gas consists of almost pure carrier gas with a small
gas mixture to be separated enters the system via injec- amount of the L and H conmosents which have dif-
lion port 204. Carrier gas enters via ports 206. In the 55 fused from reservoir 14 side of the capillaries 24. The
system shown the light gas component diffuses faster injection flows on both sides are continuous and held at
down the diffusion cells 10 from right to left than does the same constant val e of Q& as are the withdrawal
the heavy gas component. As a result the mixture exit- rates through outlets 30 ad 22, The piston oscillator 26
ing the left of each diffusion cell is enriched with the sets the gases within the capillarks into sinusoidal xial
lighter species, while the mixture exiting the right side 60 motion at angular frequency big the tidal displaement
of the diffusion cell is enriched with the heavier mole. Ax is always kept sufficiently small so that a condition
cules. The function of the condenser is to remove car- of zero net convection between the capillary ends is
tier gS periodically, while the pumps insure that there maintained. The time averased saia diffusion flow rate
is no net convection flowing along the diffusion cells of the L and H -pecks io be separated, under these
and that enriched gas mixtures are moved to the next 65 conditions, is
Mage. -

it is believed that the principles, operation and exem- .- i )..La,4.L
pIery embodiments of the invention, will all be under.
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with cLJ(l) and CL.N(2) representing the concentra- are given in FIG. 4 which depicts effective diffusion
tions in reservoirs 14 and 12. respectively, I the capillary coefficients as a function of molecular diffusion coeffici-
length, A. the total capillary bundle cross-section and ents for several different values of the Womersley num-
D,ff the effective diffusion coefficient. The correspond- ber ainsVZX. The quantity S used in the abecissa
ing differential diffusional flow rate, directly obtainable 3 represents a modified S W&d number equal to the ratio
from Eq. (1), is of the kinematic viscosity of the carrier gas to the binary

molecular diflfuslo coefficient D of the particular ape-
CHO) .,) .(2) cies diffusing into the carrier. The value of S for pu

A4 - IN-IL - O- /(I) l wher N mixtures range from about S-0.1 for light molecules
- L--- . N - 10 diffusing hito a law v carrier w to about S- 10 for

- heavy molecules difftsing into a high v carrier. Using
l ,/!- L(2VICL(i)- CL(Z)l d r - standard formulas (Bird et a. Trmsrit'r Phenomen

(John Wiley A Sam N.Y.. 1960) pp. 17. 503-5051 for v
(D #)(Dij). and D baned on critical temperature and pressure and

IS molecular weight, one flnda at 300" K.. that S-0.2 for
Gas component separation will occur whenever r is He into 02. S="1.0 for CO- into 02 and Sm 1.6 for SFs
different from unity, while the separation flow A4 may into 02. According to FIG. 4, good separation of ga
be either positive or negative depending upon the val. components should be possible whenever the absolute
uesof N. r and cLn(l). value of JH/'S islarge and vales of s differ between

Corresponding to the above diffusion flow rates, the 20 the constituents to be separated. No separation will
separation factor for the light species is occur where aH/8S is zero or when SL"SI. As seen

from Eq. (2), a ma imum in the differential diffuslon
rL- cN) ) (3) flow rate can be expected for Nm-VT , whenever

"4,.cL(l)--Ci(l). ' .
25 The following specific example was carried out u~lng

This quantity has values greater than one when a system substantially identical to that shown in FIG. 1,
(Dcf)L > (DO)mand less than one when the inequality is except that reservoir 14 was replaced by a large 20 liter
reversed. No separation occurs when PL - 1. hermetically sealed box into which specified gas mix-

The value of the effective diffusion coefficient, De; tures could be placed. Although this geometry allows
may be determined from existing theory for contami. 0 only quasisteady separation to be carried out, it has the
nant dispersion in pipes provided one makes the restric- advantage that changes in box pressure can be used
tion that one is dealing with dilute mixtures where the directly to insure that no convection flow exists in the
flow hydrodynamics is essentially controlled by the diffusion cell during the course of an experiment. Oxy-
properties of the carrier gas while the diffusion of the L
and H additives into C is assumed to be independent of 35 gen was chosen as the carrier gS The injection flow

rate of the 0 carrier at entry port 16 was maintained ateach other. Such an assumption is reasonable for gas Qo- 8 cc/sec. Moreover, a auction pump (not shown) is
mixtures where the carrier has large concentrations located at exit port 20. The oscillation frequencies used
compared to the L and H components and leads, after in these experment nged from 2 to 27 Hz and the
neglecting direct axial diffusion and assuming laminar in thslexements from 2 To 27 Hz athconditions, to the result 40 tidal displacements from 4 to 30 cm. Two set of capil-

lary tubes having &10.03 cm, A m 2.8 cm2 . I - 34 cm and
.a Hl a .). (4) a,-0.1 cm, A -2.8 cm. l-3L$ cm were used. In addi-

tion, a single rigid tube with &=0.79 cm, A*-2.0 cm,
where a is the radius of the individual capillaries, v the 1- 140 cm was also employed. In none of the runs was
kinematic viscosity of the carrier. Ax the gas tidal dis- 4S Ax made larger than I of the tube length in question.
placement and For the gas mixture to be separated combinations of

C02-He and CM-SF6 were chosen since these combina.
lions have a large molecular weight difference and also
their concentration is readiy measurae with readily

So available equipment. Results of some 40 reading n gas
PA)- PI (P ) 1 separation with these go mixtures are recorded in FIG.

,I .V S-)I 9S as pL versus N. FIG. 5 depicts separation factor as i
- I) 1 function of effective diffusion coefficient. The triangles

I + 1. Ft.) represent C02-He mixtures and the circles, SFs-C02
ss mixtures. The average carrier concintraion was

C-0.8 or greater. The solid curves represent an evalu.
with the complex function ation of Eq. (3) for different values of r. .The range of

Womersley number used for both mixtures was from
(6) a-0.5 to a- 12. The results clearly show that partial

f+ j, + IF,. ib 60 separation has been achieved. with the He-CO2 resilts
+, clustering about an avenige value of rf-06 m.d the

COz-SF6 resulta around r- 1.2. A comparison with the,
related to the Kelvin functions J.(i/ 2a),,.ber ibeia analytical result given by Eq. (3) and plotted in FIG. S
whose tabulation may be found in the NBS Handbook for several different values of r clearly shows that the
of Mathematical Functions. The function H(a,S) can be 65 experimental results are in good qualitative agreement
derived and has the advantage that derivatives no with theoretical predictions but yield somewhat lower
higher than the first of the Kelvin functions are re- separation values, especially for He-C02 mixtmu,.s. Pan
quired. The results of a computer evaluation of Eq. (5) of this discrepancy is believed due to the use of carrier
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gSa concentrations a low as cc1)--.6, needed to keep is comnected by at least one duct to another gas
the values of CL2 and cu(2) above 0.0 1 but ian violation reservoir, the spae defuned by said gas reservoirs
of the assumption concerning dilute mixtures. For He- and said at lest one duct being further undivided;
C02 mixtures the best separation was observed to occur feeding said carrier ga into said other pa reservoir,
near a= I and no separation was found above a -8. 5 establishing oscillatory axial movement of gas within
This is in agreement with the values for slH/aS shown said at least one duct;
in FIG. 4. The best separations for CO 2-SF6 mixtures withdrawing from one of said gas reservoirs a mix.
occurred for a> 10 and these were characterized by lure of carrier gas and a gas mixture of differing
diffusion rates for CO, greater than those for SF. A maaes enriched in the heavier gas component
large reversal of this diffusion behaviour in COZ-SF6 10 thereof; and
mixtures was not observed as a was brought down to withdrawing from the other of said gas reservoirs a
values as low as a-0.5, although theory would have mixture of carrier pas and a mixture of gases of
predicted such a reversal. A final interesting observa- differing nmames enriched in the lighter gas compo-
tion deals with the differential diffusion flow rate pre- nent thereof.
dicted from Eq. (2) by using measured values from the IS 2. The method of cla I wherein said reservoirs are
data shown in FIG. S. Taking for example the point at corrected by a plurality of ducts.
pL-0.65 and N-0.3 for the He-CO2 mixture, where r 3. The method of claim 1 wherein said oscillatory
is 0-6 and for which the concentrations at I were axial movement is sinusoidal and tuned to maximize
cL(I)-cA(I)-0.2. one finds via Eq. (2). that 44g=0.25 diffusion of one of the components of the gas mixture.
cc/se. This compares with the value of Aq m,- -0.0026 20 4. The method of claim 1 comprising removing at
cc/sec which would be expected for the same mixture least a portion of carrie gas from at least one of said
and.conditions in the absence of oscillations in the same withdrawn gas mixtures.
length tube. It is this ability of oscillations to increase S. The method of claimi 4 wherein said carrier gas is
the differential diffusion flow rates by several orders of removed by condensation.
magnitude which makes separation technique of the 25 6. The method of claim I comprising conducting
invention highly advantageous and efficient. multiple said cycles in cascade fashion wherein at least

The above example shows that sinusoidal oscillations one cf said mixtures of carrier gas and gas mixture en-
may be used to produce component separations of gas riched in one of said heavier or lighter components
mixtures at much higher separation flow rates than in thereof withdrawn from a pa reservoir in a previous
the absence of oscillations. Separation factors as low as 30 cycle is fed into a gas reservoir in a subsequent cycle
pL=0.5 were produced for He-CO2 mixtures and as whereby each succeeding withdrawn mixture is more
high as pL- 1.5 for SF6-CO2 mixtures in a single path enriched in said lighter or heavier component than the
through one diffusion cell. To obtain essentially com- previously withdrawn mixture.
plete separation it would be necessary to conduct the 7. The method of claim 4 wherein at least a portion of
process in cascade fashion in which several diffusion 35 carrier gas is removed from at least one of said with-
cells are coupled together as shown in FIG. 3. Also, drawn gas mixture.
there would be need for the periodic removal of carrier S. The method of claim 7 wherein said carrier gas is
ps in the enriched and depleted portions of the gas removed by condensation.
mixtures leaving the exit ports of the individual diffu- 9. The method of claim 1 wherein said gas is alter-
&ion cells by, for example, the condensers shown in 40 nately moved axially in opposite directions within said
FIGS. 2 and 3. Carrier gases such as steam or C02 at least one duct, that extent of movement therewithin
would be likely candidates for practical applications of being less than the length thereof.
the separation process of the invention as these gases 10. The method of claim 1 wherein the rates of feed-
can be readily condensed or removed by chemical ing and withdrawal of said gase and gas mixtures are
means. Finally, it should be pointed out that the present 45 equal.
separation process works best for relatively large values 11. The method of claim I wherein the tidal displace.
of Ax(and hence of I ) and is not very effective as I ment in said at least one duct is maintained sufficiently
becomes small, where direct axial molecular diffusion small so as to maintain a condition of zero net convec.
will dominate. tion between the ends of said at loat one duct.

The oscillation approach of the present invention 50 12. A system for separating gases of differing masses
using tuned conditions yields diffusion flow rates much from a mixture thereof by enhanced diffusion compris-
higher than possible by the steady-flow method de- ing at least one gas separating device comprising:
scribed by Paiva. The effective diffusion coefficients. as a pair of Sa reservoirs, each having gas inlet and
described in column 5 of U.S. Pat. No. 4,166,727, are outlet means; :I
about 4 cm2/sec while those obtained herein are easily 55 at least one duct connecting said pas reservoirs, the
above 1000 cm2/sec and more. The oscillation approach space defined by said pair of pas reservoirs and aid
is a continuous flow process not involving switching at least one duct being further undivided; and
devices as necessary in the Paiva diffusion method. means for establishing oscillatory axial movement of

The oscillation approach uses short capillary tubes gas within said at least one duct;
(less than I meter long) at oscill_,ing frequencies 60 one of said inlet means being adapted for feeding into
greater than the 3 Hz. Paiva requires tubes of 10 meters one of said reservoirs a mixture of a carrier pa and
(- 33 ft.) length. said mixture of gam of differing masses;

We claim: the other of said inlet meas being adaMed for feed-
I. A method for separating gases of differing masses ing a carrier pa into the other of said ruservoir

from a sas mixture by diffusion comprising conducting 65 one of said outlet meas beig adapted hor the with.
at least one cycle of: drawal from one of said reservoirs a mixture of

feeding a mixture of carrier gas and said mixture of carrier gas and a mixture of gam o( differing
gass of diffenng masses into a gas reservoir which masses enriched In the heavier gas component; and
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the other of said outlet means being adapted for the enriched in said component than the previoualy with-
withdrawal from the other of said reservoirs a drawn mixture.
mixture of carrier gas and a mixture of gases of 11. Te gas separation system of claim 17 wherein
differing masses enriched in the lighter gas compo- said outlet meam of at least one of said multiple am

gct.as serin ssthe cla,. 12 separating devices is connected to meas for removla
nnt. sat least a portion of said carrier gas from said with-

13. The gcomprising drawn gas mixture.
a plurality of said ducts connecting said gas reservoirs. 19. The ga separation system of claim 18 wherein

14. The gas separation system of claim 12 wherein said means for removing said carrier gas is a condenser.
said means for establishing oscillatory axial movement 10 20. The gas separation system of claim 12 wherein
establishes a sinusoidal movement, said means for establishing oscillatory axial movement

15. The gas separation system of claim 12 wherein at of Sa within said at least one duct comprises an oscilla-
least one of said outlet means is connected to means for tory displacement device acting an gas within one of
removing at least a portion of said carrier gas from said said reservoirs for causing gas to alternately move aS-
withdrawn gas mixture. 15 ally in opposite directions within said at least one duct.

16. The gas separation system of claim 15 wherein the extent of gas movement therewitbin being less than
said means for removing carrier gas is a condenser. the length therof.

17. The gas separation system of claim 12 comprising 21. The gas separation system ofclaim 20 wherein the
usconnected in cas- 2other of said reservoirs contains a displacement accom-multiple- said gas sar-ating'""- devices onetdn -20modating device acted on by the gas contained therein.

cade fashion such that at least one of said mixtures of 22. The ga separaetn systemgao clai 21therein.
22.Th Ss spaatonsystem flim2 wherein

carrier gas and gas mixture enriched in one of said ligh- said displacement accommodating device comprises a
ter or heavier components thereof withdrawn from a passive resilient member.
reservoir of a previous gas separating device is fed into 23. The gas separation system of claim 22 wherein
a reservoir of a subsequent gas separating device, 25 said possive resiient member is a membrane.
whereby each succeeding withdrawn mixture is more a a * " 0
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