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Abstract—The use of portable oxygen concentrators for preparing an air-based breathing gas can be a good
alternative to that of pure oxygen from cylinders in emergency relief. Membrane modules can be used as a gas
separation device. In this study, the compressor—vacuum scheme of a portable membrane oxygen concentra-
tor has been analyzed and examined and its choice has been substantiated. An experimental sample with the
characteristics of the target stream that meets the requirements of medicine—a flow rate of 6 L/min and an
oxygen concentration of 50 vol %—has been developed and tested.
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INTRODUCTION

In medical practice, therapies using a breathing gas
(BG) are widely used. Medical oxygen (MO) is the
most significant, being especially important in emer-
gency and urgent forms of assistance in emergency sit-
uations or field hospitals [1].

The regulations, in accordance with which medical
personnel operate to provide emergency assistance to
patients, prescribe the use of BG with different MO
contents, depending on the condition of the patient [2, 3].
Moreover, a relative oxygen concentration of no more
than 50 vol % in the breathing gas is sufficient in many
cases [14].

Recent experience in the use of artificial lung ven-
tilation (ALV) in world medical practice has shown
that the invasive method of BG delivery to the lungs
has many disadvantages [5], especially in extreme
conditions. In this regard, anesthesiologists/resuscita-
tors are developing alternative methods, for example,
high-flow nasal oxygenation [6].

Its main differences from mechanical ventilation
methods are the delivery of BG through nasal cannu-
las in a volume exceeding the peak inspiratory flow
rate. At the same time, the use of nasal cannulas pro-
vides comfortable conditions for the respiratory sup-
port of patients [7].

In devices for breathing gas preparation, medical
gas cylinders with compressed oxygen (at least 99.5 vol %)
are mainly used as an MO source [1]. From a safety
point of view, their storage and use is not an optimal
option, since MO is generally inapplicable in such a
concentration [2].

An alternative option is the on-site preparation of
breathing gas from air using oxygen concentrators,
which, as a rule, are based on adsorption or membrane
technology.

Adsorption oxygen generators are widely repre-
sented in the patent and scientific literature [8, 9].
They are also undisputed leaders in the medical equip-
ment market. The main advantage of such devices is
the ability to obtain a breathing gas with an oxygen
concentration of up to 95 vol %.

Despite all the advantages of adsorption technol-
ogy as applied to portable oxygen generators, devices
based on it have a number of disadvantages: the tech-
nological cycle developed by Skarstrom [10] for
obtaining oxygen-enriched air implies cyclic flow
switching, which can be performed only with the use
of automatic valves and an electronic control system.
Thus, the need for service and careful handling of the
device in home use are not significant disadvantages,
but when they become critical and play a decisive role
in the choice of technology in the case of using in
extreme conditions.

Another disadvantage associated with the operat-
ing cycle of adsorption generators is the batch with-
drawal of the oxygen-enriched stream, so that a BG
accumulating receiver is installed to mitigate this
problem.

In view of both the focus on high-flow nasal oxy-
genation and the disadvantages of adsorption genera-
tors, membrane technology for producing an oxygen-
enriched gas stream and devices based on it have great
potential.
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Table 1. Characteristics of the Ube module

Model NM-BO1A
Dimensions, LXD, m 0.23 x 0.05
Weight, kg 0.8
Membrane area in the module, m? 1.8
Membrane material Polyimide

First, membrane devices are characterized by high
reliability and simplicity of the hardware design. The
breathing gas parameters are regulated with one or two
control valves, which can be adjusted both in manual
and automatic modes.

Second, the design of the membrane device allows
for a continuous flow of oxygen-enriched air. There-
fore, there is no need to install a receiver. This means
that the flow parameters (concentration) are adjust-
able in real-time mode.

Third, the specific energy consumption of the pro-
duction of air enriched with oxygen up to 50—55 vol %
for membrane units with relatively low productivity is
lower in comparison with adsorption devices [11].

Thus, the use of membrane technology in oxygen
generators has the greatest promise in the creation of
portable devices for providing emergency care with an
oxygen concentration of up to 50 vol %.

The aim of this work is to determine the feasibility
of using membrane technology to obtain an oxygen-
enriched stream to care in extreme conditions.

THEORETICAL

The membrane technology of air enrichment in
oxygen is based on the difference in the rate of trans-
port of air components (nitrogen and oxygen) through
the membrane. The classical model of gas transfer
through a nonporous membrane is the phenomeno-
logical solution—diffusion model [12—16], according
to which the coefficient of gas permeability (A)
through the membrane is determined by the product
of the diffusion (D) and sorption () coefficients:

A = D*o. Q8

The main characteristic of membranes from the
point of view of their gas separation properties is the
separation factor (o), which shows how many times
permeation of one component through the membrane
is better than that of the other and is equal to the ratio
of the permeability coefficients of the corresponding
components of the gas mixture.

The volumetric gas flow rate through the mem-
brane is directly proportional to the mass transfer driv-
ing force, which is equal to the differential partial pres-
sure (Ap) of the gas on both sides of the membrane:

A

=2 Ap, 2
J 61) (2)
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where 8 is the thickness of the selective membrane
layer.

The ideal membrane separation factor reported in
the literature usually differs from the actual separation
factor in the module. The corrections are related to the
design features of the membrane module, surface
defects of the selective layer, and other factors. A more
informative value of the separation factor (o) for the
module is calculated through the ratio of the flow rates
of the components of the feed gas mixture:

o= 20 3)
J(N3)

In the practice of gas separation, the hollow-fiber
design of membrane modules is optimal because of a
number of their advantages over other types (plate-
and-frame, spiral-wound): high specific membrane
area (membrane working area per unit volume of the
apparatus, m?/m?®), which makes it possible to ensure
minimal device dimensions, and low unit costs for
their manufacture.

The calculations of separation processes in mem-
brane modules were carried out on the basis of the
equations set forth in [17], in a mode close to the
cross-flow mode, which is due to the type of both the
membranes used (asymmetric hollow fibers) and the
design of the module based on them.

EQUIPMENT AND METHODS

In this study, a commercial hollow-fiber mem-
brane module from Ube was investigated and used as a
gas separation module, which has relatively small mass
and size (Table 1).

The gas separation characteristics of the membrane
module were measured on a laboratory bench by
determining the flow rate of the gas fed to the pressure
channel in a dead-end mode and passed through the
membrane. The permeabilities of oxygen and nitrogen
were determined. The oxygen flow rate was measured
using an LZM-6T gas flow meter. The nitrogen flow
rate was measured with an SMC PFM7 flow sensor.

RESULTS AND DISCUSSION

The first step in the design of a portable membrane
concentrator is to determine the gas separation char-
acteristics of the membrane module. We have deter-
mined the characteristics at various driving forces. The
results are shown in Table 2.

Separation factor of the selected membrane
module is 5. This value is taken as the separation fac-
tor in the system calculations.

Next, it is necessary to choose a process flow dia-
gram.

The driving force of separation in the device can be
provided by a compressor, a vacuum pump, or both of
them simultaneously. The limiting parameters in
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Table 2. Gas separation characteristics of the Ube membrane module

Pressure, atmg Oxygen productivity, L/min | Nitrogen productivity, L/min Separation factor
2+0.2 25+0.3 0.5+0.3 5£3
3+0.2 3.5+0.3 0.7+0.3 5+£2
4+0.2 4.0x0.3 0.8+0.3 5.0+ 1.9
5+0.2 45+03 0.9+0.3 50 1.7
6+0.2 5.0%+0.3 1.0+ 0.3 5.0x1.5

designing the concentrator are the power consump-
tion of the device and its dimensions. Since the rate of
gas flow through unit membrane area depends on the
difference in the partial pressures of the mixture com-
ponents upstream and downstream of the membrane,
it is obvious that the compressor scheme provides a
large driving force, and, hence, the flux through the
membrane.

On the other hand, the vacuum scheme is more
energy efficient, since the main work is done only on
the permeate stream, the volume of which is less.
However, the required membrane area in a vacuum
system is significantly higher compared to the com-
pressor one. In addition, in vacuum schemes, there is
a need for additional equipment (air blower, compres-
sor) to create a flow in the space upstream of the mem-
brane. This disadvantage, together with higher capital
costs, determines the choice in favor of compressor or
compressor—vacuum schemes.

The operating parameters (with unchanged gas
separation characteristics of the membrane module),
which determine the attainable oxygen concentration
in the permeate stream, are the pressure ratio in the
feed (p,) and purge channels (p,) (Y = p,/p,) and the
separation factor. Assuming that the separation factor
of the selected membrane is constant, let us compare
various compressor and compressor—vacuum
schemes.

A block diagram of a single-stage membrane unit is
shown in Fig. 1.

By recycling a part of flow Qp back to the mem-
brane module inlet, it is possible to increase the oxy-
gen concentration in the stream fed to the module for
separation (Qp) and, thereby, to increase the driving

force of the process and the oxygen concentration in
the Qp stream.

The values of Cp, Cr, and the flow split ratio 6 =
0p/ Oy are related to each other by the parameters of
the membrane itself (o) and the conditions of the sep-
aration process (Y = p,/p,). Using the procedure for
calculating membrane modules from [18], we show
the relationship between the oxygen concentration in
the permeate stream (Cp) and the split ratio (0) at a
fixed value of the oxygen concentration at the inlet to
the membrane module (Cp). To do this, we plot the
dependences (Fig. 2) of the oxygen concentration in
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the permeate stream on the split ratio in the mem-
brane module at various oxygen concentrations at the
membrane module inlet.

We define the relationship between Cpand 0 as fol-
lows:

Cp = f(6,Cr = const). 4)

This expression was further used in the calculations
of the selected separation schemes.

The calculation (Fig. 2) proves once again that the
Ube membrane module we have chosen can be used in
the design of a concentrator with a target value of the
oxygen concentration of 50 vol % in the permeate
stream, but only in the case of an increase in the oxy-
gen concentration in the feed stream by recycling.

At low values of the split ratio (at which it is possi-
ble to reach 50 vol % oxygen in the permeate), the sin-
gle-stage scheme is not optimal because of the high
required recycle ratio.

It is possible to reduce the recycle flow rate by
using a two-stage scheme (Fig. 3).

As applied to the problem in question, such a
scheme has the same drawback as the single-stage one:
it is necessary to use two compressors (or a compressor
and a vacuum pump) in one device. In addition to this,
the use of a vacuum scheme at one of the stages (two
stages) will require a significant area in comparison
with the compressor scheme; therefore, a two-stage
scheme is inappropriate for solving this problem.

QO: CO QF’ CF

P1 QW» CW

O, C
fo =k v Op, Cp

Fig. 1. Diagram of a single-stage membrane unit with per-
meate recycle, where P; is the pressure in the feed channel,
P, is the pressure in the permeate channel, C is the oxygen
concentration, and Q is the volumetric flow rate; sub-
scripts: 0—feed air, F—stream at the module inlet, P—per-
meate stream, W—retentate stream, R—recycle stream.
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Fig. 2. Dependence of the oxygen concentration (Cp) in the permeate on the split ratio (y = 0.17) at Cr = (1) 0.27, (2) 0.25,

(3)0.23, or (4) 0.21.

An optimal scheme for solving this problem is a
two-stage membrane process with a recycling the sec-
ond-stage permeate to the compressor inlet (Fig. 4) [19].

Airb_t@7 1 .

QO QW] > CW]

QPI’ CPl 2

QWZJ CWZ

Op, CPQé

Fig. 3. Two-stage membrane separation scheme, where C
is the oxygen concentration and Q is the volumetric flow
rate; subscripts: 0—feed air, P—permeate stream, W—
retentate stream, 1—first stage, 2—second stage.

Owns Cyn 5 Om, Cp
0p, Cpy | Op  Opi> Cpy
1
Oy, C
0, wis Cwi
Q Air Op1, Cp

!

Fig. 4. Two-stage membrane separation scheme, where C
is the oxygen concentration and Q is the volumetric flow
rate; subscripts: 0—feed air, F—stream at the module inlet,
P—permeate stream, W-—retentate stream, R—recycle
stream, 1—first stage, 2—second stage.

MEMBRANES AND MEMBRANE TECHNOLOGIES

Vol. 3

The feed air passes sequentially along the surface of
the membranes in the feed channel of the first and
second membrane modules, being depleted in oxygen
as the easily permeable component, thereby making it
possible to achieve an oxygen-enriched stream in Q

and Qj flows. The oxygen concentration (Cy,) in the

Qp, stream is determined by mixing the air stream with
the oxygen-enriched Qy stream. Since the oxygen

concentration (Cy, ) in the retentate stream of the sec-

ond membrane module (Qy, ) can be arbitrarily small,
the separation mode of the first membrane module is
chosen such that the oxygen concentration in its per-

meate stream (C P]) reaches the level required by the
conditions of the problem (50 vol %). Due to the right
choice of the split ratio and the area of the second
membrane module, it is possible to achieve a high
recovery and the required oxygen concentration in the
Opstream at an insufficiently high separation factor of

the existing membrane.

Let us prove mathematically the optimality of using
two separation stages. Note that in the case of Op; =0,
the scheme transforms into a one-stage scheme with
recycle; therefore, all the equations will be written for
the two-stage scheme.

Material balance equation for the first module:

OriCri = OwiCyi + OpiChpy (%)
Cri =Cyy +Cpy. (6)
If Qp,/Op = 0,, then
Cr=(1-6,)Cyy +6,Cp,, ™)
wherein
Cp = f(6,,Cr = const). (8)
No.3 2021
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Fig. 5. Dependence of the feed flow rate of the first membrane module on the split ratio of the first (8;) and second (6,) membrane
modules; oxygen concentration in the product stream is 50 vol %, and the flow rate of the oxygen-enriched stream is 6 L/min.

Material balance equation for the second mem-
brane module:

Cry =(1-6,)Cy, +0,Cpy, )

CP2 = f(eZ,sz = COl’lSt), (10)
where Qp,/Qp, = 0,
Note that
Cry = Gy (11)
Balance equation for flow at the compressor inlet:
(Qp2 = Q)*Cpy + Q) *0.21 = Qp * Cpys (12)

where 90 = Q()/Qﬂ, e = Q/QFI'

Balance equation for flow at the vacuum pump
inlet:

Q*Cpy+Qp *Cpy =(0Q+0Qpy) * 0.5, (14)

0*Cp,+6,*Cp =(0+6,)*0.5. (15)
Balance equation for the entire unit:

(0+6,)*0.5+(1-6,)Cy, =6, *0.21. (16)

Concentrations, flows, and parameters of mem-
brane modules can be calculated as follows:

Choosing a value for 6, and an initial approxima-
tion for Cgy;

Calculating the value of Cp; and Cy,, through the
function Cp; =f(0,, C; = const) and material balance
Egs. (5) and (6);

Choosing a value for 6,;

Calculating the value of Cp, and Cy, through the
function Cp, = f(0,, Cr, = const) and material balance
Egs. (9) and (10);

MEMBRANES AND MEMBRANE TECHNOLOGIES

Calculating the value of Q by the formula
Q — (CP1 - 0.5) * el
05 - CP2

If Cp, is less than 0.5 (the concentration specified
by the conditions of the problem), the problem has no
solution with the given parameters.

A7)

We calculate Q, by the formula
0, =0+6,+(1-6,)*(1-6,). (18)

We calculate Cp, by the equation, which becomes a
new approximation

Cri=(1-0,)*Cpy +0, *0.21. (19)

The calculation continues until the required accu-
racy is achieved with the given parameters 0, and 6,
and the desired concentration.

When moving from theoretical calculations and
estimates to practical implementation, it is necessary
to focus not only on mathematical relationships, but
also on the technical characteristics of available equip-
ment. So, for example, compressor equipment is
selected not only in terms of capacity and operating
pressure, but also in terms of dimensions, weight, and
tightness of the inlet chamber (in the case of using the
recycle scheme); commercial membrane modules have a
membrane area specified by the manufacturer, which
cannot be changed during the design of the device.

The calculation according to the algorithm
described above has shown that for the selected mem-
brane module at a pressure in the feed channel of p; =
6 atm, a pressure in the purge channel of p, = 0.6 atm,
am oxygen concentration in the product stream of
50 vol %, and a flow rate of 6 L/min, the split ratio of
the first membrane module (0,) can take values of
0.1—0.2 and that of the second membrane module (6,)
will range within 0.4—0.6, depending on 0, (Fig. 5).
Vol. 3
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The prototype of the device was made on the basis
of the diagram in Fig. 4. The concentrator operates as
follows. The air flow from the atmosphere is fed by the
compressor to the first stage of membrane separation.
At the compressor inlet, an oxygen-enriched second-
stage stream is mixed with air to increase the oxygen
concentration and, hence, the driving force of the sep-
aration process. After separation in the first stage, the
oxygen-enriched stream is supplied to the consumer
by a vacuum pump. The gas stream that has not passed
through the membrane of the first stage is fed to the sec-
ond stage. One part of the oxygen-enriched stream after
separation in the second stage is sent to the compressor
inlet, and the other part is mixed into the first-stage per-
meate stream to achieve the productivity (6 L/min).

The design of the prototype makes it possible to
vary the concentration/productivity with a control
valve without changing the operating pressure in the
system.

The prototype has been tested. By adjusting the
split ratios within the calculated values, we managed to
achieve an oxygen concentration of 52 vol % in the
product stream. The flow rate of the gas compressed
by the compressor was 24 L/min. The retentate stream
of the second membrane module had the following
characteristics: the flow rate of 11 L/min and the oxy-
gen concentration of 7.5 vol %.

It can be seen from the results obtained that the
two-stage compressor—vacuum scheme with recycle
allows obtaining the required flow rate and oxygen
concentration, which exceeds 50 vol %.

The device prototype weighing 9.5 kg includes a fil-
ter; a dryer’ and concentration, pressure, and tem-
perature sensors; and shut-off valves in addition to the
membrane modules, the compressor, and the vacuum
pump. The total power consumption of the prototype
is 350 W/h at a productivity of 6 L/min.

CONCLUSIONS

The available samples of membrane modules have
insufficient gas separation characteristics for one-
stage production of a stream with an oxygen concen-
tration of 50 vol %. The required performance was
achieved by dividing the process into two stages and
organizing a recycle stream enriched in oxygen.

A mathematical model of a two-stage membrane
unit and a calculation algorithm are presented.
Numerical studies have been carried out and the
ranges of flow split ratios at two stages are shown,
which make it possible to achieve the required charac-
teristics of the product stream.

The experimental prototype assembled according
to the developed scheme and adjusted within the cal-
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culated values of the split ratios showed the required
characteristics of the product stream. The concentra-
tor itself has a relatively small weight and dimensions,
which make it portable, and its low power consump-
tion allows the use of rechargeable batteries as a power
source.

The development of a number of related areas, such
as the production of gas separation membranes and
modules based on them, the production of compressor
machinery, will make it possible to more efficiently
solve the problem of oxygen recovery from it using
membrane technology and will render this area more
competitive. However, there are already specific prob-
lems of oxygen production that can be effectively
solved using existing gas separation membranes.
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