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KEYWORDS Abstract The ceramic membrane oxygen generation technology has advantages of high concentra-
Ceramic membrane; tion of produced oxygen and potential nuclear and biochemical protection capability. The present
Electricity driven; paper studies the ceramic membrane technology for onboard oxygen generation. Comparisons are
Experiment; made to have knowledge of the effects of two kinds of ceramic membrane separation technologies
Onboard oxygen generation; on oxygen generation, namely electricity driven ceramic membrane separation oxygen generation
Pressure driven technology (EDCMSOGT) and pressure driven ceramic membrane separation oxygen generation

technology (PDCMSOGT). Experiments were conducted under different temperatures, pressures
of feed air and produced oxygen flow rates. On the basis of these experiments, the flow rate of feed
air, electric power provided, oxygen recovery rate and concentration of produced oxygen are
compared under each working condition. It is concluded that the EDCMSOGT is the oxygen
generation means more suitable for onboard conditions.
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1. Introduction the molecular sieve-based OBOGS is being installed on
the aircraft, and the maximum oxygen concentration of the
produced oxygen is 95% which is high enough to meet the
aircraft onboard oxygen demands under normal conditions.
However, when emergencies such as explosive depressurization
mpon ding author. pop up, pure oxygen is needed and. the molecular sieve-based
E-mail addresses: jiangds922(@ 163.com (D. Jiang), buxueqin(@buaa. OBOGS does not meet the requirements. Thus the spare
edu.cn (X. Bu). sources of oxygen are required along with the molecular
Peer review under responsibility of Editorial Committee of CJA. sieve-based OBOGS, which leads to more logistics support.
Therefore, new onboard oxygen generation system is
imperative for pure oxygen generation.
Compared with traditional molecular sieve-based onboard
oxygen generation, the ceramic membrane oxygen generation

Onboard oxygen generation system (OBOGS) produces
oxygen by separating aircraft engine bleeding air. Currently,
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has four advantages: (A) it has high concentration of oxygen
generation (because the ceramic membrane is permeable only
for oxygen ions to pass through), being able to meet oxygen
consumption demand of full airplane envelope; (B) the ceramic
membrane has inherent nuclear, biological and chemical
(NBC) capabilities (because the ceramic membrane is very
selective and the operating temperature of ceramic membrane
can reach up to 600-900 °C)'; (C) ceramic membrane has a
simple structure and has no moving parts; (D) ceramic
membrane material is not sensitive to water vapor and ground
support is not required, so it is suitable for OBOGS.>?

Nernst* reported the ionic conductivity in a ZrO, (Y,05)
solid solution in 1989, but it is only in the last 30 years that
the novel application of electricity driven ceramic membrane
separation oxygen generation technology (EDCMSOGT)
based on pure oxygen ion conduction ceramic membrane has
been studied. Sundstrand verified the method of separating
oxygen from ambient air and compressing it to a highly pres-
sured state which was mentioned by Roettger.” The oxygen
pressure can reach up to 17 MPa with EDCMSOGT. Other
studies have focused on the application of EDCMSOGT in
fuel cells.” The oxygen ion-electron conduction ceramic
membrane pressure driven ceramic membrane separation oxy-
gen generation technology (PDCMSOGT) system is usually in
the form of capillary membrane, and it is widely used in indus-
try. Three main aspects of usage of partial oxidation of
methane (POM)'*'? such as coke oven gas (COG)'*'° and
combustion CO, capture'®'” are good examples. Currently,
the oxygen produced by both EDCMSOGT and PDCMSOGT
is pure for the oxygen concentration is higher than 99.5%.>'

The application of these two technologies in the industry is
mainly for the purpose of consumption of oxygen. Thus the
oxygen generated does not need to be increased to a certain
high pressure when it is used on the ground. Meanwhile the
inlet gas with high temperature and high pressure conditions
is more easily obtained on the ground than on board.
Researchers put forward meaningful ideas in the application
of ceramic oxygen generation technology on board, such as
designing a hybrid system using waste heat of the chemical
oxygen generator to heat the ceramic oxygen generator'’ and
designing a hybrid system for simultaneous oxygen and nitro-
gen generation using the ceramic oxygen generator.”’ How-
ever, the application researches on the ceramic membrane
oxygen generation technology on board which considered the
engine bleeding conditions and the output performance
requirements are not reported.

Based on the results of present experiments, this paper
makes a comparative analysis and study of the effects of
EDCMSOGT and PDCMSOGT on the oxygen generation
under onboard conditions for a purpose of showing which
kind of ceramic membrane separation technology is more
suitable for OBOGS.

2. Principles of two kinds of ceramic membrane oxygen
generation technology

2.1. EDCMSOGT

Solid electrolyte ceramic membrane is a kind of pure oxygen
ion conduction ceramic membrane. It is composed of the dense

electrolyte membrane, cathode material and anode material.
Its basic principle is shown in Fig. 1.

Solid electrolyte ceramic membrane generally works at a
temperature of 600-900 °C. When there is potential difference
between two sides of the membrane, the oxygen molecules will
be adsorbed on the membrane surface at the cathode side and
dissociated into oxygen ions. The oxygen ions migrate to the
anode side through the membrane and recombine into oxygen
molecules. The compensation of electric charges in the whole
process is achieved through reverse-direction migration of
the electrons in external electric circuit. In oxygen permeation
process, the oxygen is not transferred in the form of oxygen
molecules but through oxygen ions; since except for oxygen
ions, other gases and their ions cannot pass through the mem-
brane, the oxygen concentration can reach as high as 99.5% or
even higher.

The membrane separation module of OBOGS is made by
superposition of several pieces of 10 cm x 10 cm flat plate
ceramic membrane modules (Fig. 2).”' Each flat plate mem-
brane module has the same physical characteristics and works
under the same conditions. So the oxygen permeability of each
flat plate membrane module is basically the same and the
oxygen permeabilities for the membrane separation module
of OBOGS have the superposition property.

The relationship between voltage and current applied on
both sides of the membrane module is**

AU = IR+ VNernst (1)

where 7 is the current, R the total resistance including the
membrane’s and electrodes’, and Vnems: the Nernst voltage
which is defined as follows:

R,T . P,

=——In— (2)

VNernst 4 F I),/
1

where R is the gas constant, 7' the absolute temperature, F
the faraday constant, P, the oxygen partial pressure on the
anode side of the membrane, and P| the gas oxygen partial
pressure on the cathode side of the membrane.

Current density per unit area of the membrane i is defined
as

T
=4 (3)

where A is the membrane permeation area.
Area specific resistance of membrane module r is defined as

r=RA (4)

The relationship between the current density flowing
through the membrane module and the permeation flux J is

i=4FJ (5)
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Fig. 1  Schematic diagram of oxygen separation and generation
using EDCMSOGT.
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Fig. 2 Structural diagram of 10 cm x 10 cm flat plate ceramic
membrane module.”’

With above five functions, the permeation flux and the area
specific resistance of membrane under specific conditions can
be calculated.

There are many kinds of electrolyte membrane materials,
such as ZrO, and Bi»O3 based membranes. But they are not
suitable for oxygen producing systems.” In this paper, the cer-
ium oxide-based electrolyte Ceg9Gdy 0,95 with acceptor is
adopted due to its high oxygen ion conductivity, mechanical
strength and stability. It is relatively easy to be synthesized
and the price of this material is low. Therefore it is a compar-
atively ideal electrolyte membrane material.”’

The dense oxygen permeable ceramic membranes also con-
tain the cathode and anode materials which are composed of
fluorite, perovskite oxide and Co (Fe or Mn)-based perovskite
oxide with oxygen ion conducting ability. The difference
between anode and cathode only lies in difference of the per-
ovskite phase that they use. The cathode commonly uses
cobalt-based perovskite (e.g., LaggSrg,Co0s),”* whereas the
anode wusually uses manganese-based perovskite (e.g.,

Lag §Sro»MnO3).”

2.2. PDCMSOGT

The structural difference between the operating systems of
PDCMSOGT and EDCMSOGT lies in that the PDCMSOGT
operating system does not include the conductive cathode and
anode, as well as the external electric circuit (as shown in
Fig. 3). The PDCMSOGT system utilizes the oxygen partial
pressure gradient as the driving force to transmit oxygen. Such
membrane has very strong oxygen ion and electron conductiv-
ity at high temperature. When there is oxygen partial pressure
difference between both sides of the membrane, oxygen

Fig. 3  Schematic diagram of oxygen separation and generation
using PDCMSOGT.

molecules will be adsorbed on membrane surface at the side
with high oxygen partial pressure and dissociated into oxygen
ions. Oxygen ions migrate inside the membrane to the side with
low oxygen partial pressure and recombine into oxygen mole-
cules. The electrons and oxygen ions conduct reverse in the
membrane to achieve the transmission of oxygen from the high
oxygen partial pressure side to the low oxygen partial pressure
side®® so as to directly separate oxygen from air.

Oxygen permeable membrane material of perovskite
structure has high electron conductivity and oxygen ion
conductivity. It is an ideal oxygen permeable membrane
material and good for oxygen partial pressure driving.
Bayg sSto.sCog sFey .05 (BSCF)?” material is adopted and made
into capillary membrane with the effective dimensions of
@2.5mm x 500 mm with 0.5mm wall thickness. The
membrane separation assembly of OBOGS consists of multiple
tubular membranes (Fig. 4).

The relationship between the oxygen partial pressure at
both sides of membrane and the membrane permeation flux
J are”®

R T In P} . P
J=— 02 / O¢lTion d 1I1—2, (6)
16F°L lnP‘2 ¢l + Tion Plz

where L is the membrane thickness, o, the electron conductiv-
ity of membrane material, o;,, the oxygen ion conductivity of
membrane material, P, the oxygen partial pressure on high
pressure side of the membrane, and P, the oxygen partial
pressure on low pressure side of the membrane.

This equation demonstrates the relationship between the
permeation flux of oxygen partial pressure driven ceramic
membrane and membrane working temperature, thickness of
membrane, oxygen ion and electron conductivity of membrane
material and gas oxygen partial pressure on both sides of the
membrane.

The permeation area A4 of tubular membrane is defined as>’

- 7'Cl(D0 — Dl)
" In(Dy/D;) ()

where / is the length of tubular membrane, D; the inner
diameter of tubular membrane, and D, the outer diameter of
tubular membrane.

The relationship between the membrane permeation vol-
ume (oxygen generation rate) and the membrane permeation
flux is

7=2 (®)
where Q is the membrane permeation volume. The Eq. (8) is
also applicable to the electrically driven oxygen generation
system.

Another important parameter for evaluating both of the
above ceramic membrane oxygen generation schemes is

Tubular membrane

==

A bundle of membrane modules

Fig. 4 Schematic diagram of a bundle of membrane modules.
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oxygen recovery rate which is a concept raised with respect to
the separation process of existing OBOGS and measuring the
energy efficiency ratio. It is defined as’’

0011
n= O—t x 100% 9)

m
where 7 is the oxygen recovery rate, O;, the oxygen content in
the air, and O, the oxygen content in the product gas.

The working temperatures required by both ceramic mem-
brane oxygen generation technologies are higher than the tem-
perature of compressed air provided on board. It is assumed
that the temperature of onboard compressed air is 7} and
the working temperature of ceramic membrane is 7> and the
working pressure is constant, and then the formula for calcu-
lating the ideal power W required for heating is

m(k1 + kz)RO

W= L TR0
Mk, +ky —2)

(I —T) (10)
where m is mass of air, M the Molar mass of air, k; and k, the
specific heat capacity of air at the temperature of 77 and 7,
respectively, 7 the temperature at starting point of time,
and T, the temperature after the air being heated.

3. Adaptability requirements for application of ceramic
membrane separation technology under onboard condition

Considering the air inlet condition which an airplane can pro-
vide to the onboard ceramic membrane oxygen generating sys-
tem, the gas consumption and the electric power consumption,
as well as the adaptability for output performance of the cera-
mic membrane oxygen generating systems, we put forward the
following requirements.

3.1. Inlet air conditions

(1) Temperature: 180—400 °C.
(2) Pressure: 0.5-1.1 MPa.

3.2. Output performance requirements

(1) Itis requested to generate pure oxygen. The oxygen con-
centration of product gas is not less than 99.5%.

(2) The product gas pressure is not less than 0.18 MPa. The
product gas is provided by OBOGS to pilots for breath-
ing through oxygen supply equipment such as regulator.

The requirements of electronic regulators for the pres-
sure of product gas output by onboard oxygen generat-
ing device are all not less than 0.18 MPa.

(3) Under standard state, the output flow of product gas is
not less than 30 L/min. The average ventilation rate of
pilot specified by American MIL-D-8683-D military
standard is 13.35 L/min. To meet the demand of oxygen
consumption for 1-2 persons, the output flow rate of
product gas should be 30 L/min.

3.3. Gas consumption and electric power requirements

In order to measure the gas consumption of OBOGS, the oxy-
gen recovery rate is introduced to be the evaluation parameter
of OBOGS. A higher oxygen recovery rate means a smaller gas
consumption of the device at constant flow rate of product gas.

Although the power consumption of the two kinds of cera-
mic membrane air separation technologies is larger than
molecular sieve-based OBOGS, the modern aircrafts are cap-
able of providing more electric power. However, lower electric
power consumption is better.

4. Experimental methodology
4.1. Membrane module experiment of EDCMSOGT

4.1.1. Experiment apparatus

A piece of 10cm x 10 cm flat plate ceramic membrane is
selected as the experiment sample, which was jointly developed
by Hefei Jianghang Aircraft Equipment Co. Ltd. in China and
Dalian Institute of Chemical Physics in China. It is composed
of the dense electrolyte membrane, cathode material and
anode material. Fig. 5 shows the scanning electron microscope
(SEM) images of the membrane adopted in the EDCMSOGT
system. The dense electrolyte layer is the cerium oxide-based
electrolyte CeyoGdg 10,95 with acceptor doping and it is of
35 um thickness. The both sides of the dense electrolyte layer
are porous support layer with 1 mm thickness as the cathode
(Lag gSrp,Co05) and the anode (Lag gSrg,MnOs3). The porous
support layers have a porosity of 0.45 and the diameter of
holes is about 5-20 um.

The membrane module experiment device of EDCMSOGT
(Fig. 6) consists of air chamber, permeation chamber, heating
chamber and measurement equipment. The air chamber con-
sists of a 9 cm-inner diameter alumina pipe used for outflow

(a) Cross-section

Fig. 5

(b) Surface

SEM images of membrane adopted in EDCMSOGT system.
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Fig. 6 Membrane module experiment device of EDCMSOGT.

of the lean-oxygen air and a smaller diameter alumina pipe
used for inlet air (Fig. 6). The smaller-diameter pipe is inserted
into the 9 cm-inner diameter pipe. The permeation chamber is
also a 9 cm-inner diameter pipe used for discharging permeable
gas. The heating chamber is a heating gas circulation chamber
used for preheating the experiment sample and the inlet air.
The powdery sodium silicate was adopted to connect the
cross-section of the 9 cm-inner diameter pipe with the mem-
brane,®' which is vitrified at a temperature of 515 °C in order
to accomplish seal between the pipe and membrane. About
63.6 cm”> membrane permeation area was formed inside the
two 9 cm-inner diameter pipes and it was located in the high
temperature zone of tube furnace. The DC power was used
for the adjustable low voltage and large current to the
permeable membrane. The gas temperatures upstream and

Table 1 Working conditions of flat plate membrane module.

downstream of the sample were measured by the Thermocou-
ples 1 and 2 individually. The permeable gas temperature
downstream the Heat exchanger 2 was measured by the Ther-
mocouple 3. The flow rate of inlet air and the flow rate of per-
meable gas were measured by the Mass flow meter 1 and Mass
flow meter 2 individually. The oxygen concentration of perme-
able gas was measured by the oxygen analyzer. Meanwhile,
Heat exchanger 1 cools down the lean-oxygen air in order to
improve experiment safety.

4.1.2. Experiment scheme

The main purpose of the experiment is to obtain the oxygen
generation rate and the oxygen concentration of the flat plate
ceramic membrane under different working conditions, and
then to calculate the permeation flux, area specific resistance,
electric power consumption and oxygen recovery rate of the
flat plate ceramic membrane. Working conditions are provided
in Table 1. The experiment was conducted in the atmospheric
environment, so the pressure of product gas and retained gas
was the atmosphere pressure.

4.2. Membrane module experiment of PDCMSOGT

4.2.1. Experiment apparatus

Three pieces of BSCF tubular membrane composed of
Bag 5Srg sCog gFep O3 material with 0.5 mm wall thickness
(inner diameter is 1.5 mm and outer diameter is 2.5 mm) and
500 mm length are selected for the experiment. They were
jointly developed by Hefei Jianghang Aircraft Equipment
Co. Ltd. in China and Dalian Institute of Chemical Physics
in China. Fig. 7 shows the SEM images of the membrane
adopted in the PDCMSOGT system. It is indicated that there
are discrete pores in the membrane. The relative density of the
membrane is about 92% and the grain size is between 20 and
40 um. The BSCF tubular membranes are placed vertically
with one end open and the other end sealed with epoxy resin
sealant. Before the experiment, the helium gastight test was
conducted to verify the gastightness of tubular membranes.

Working condition Working temperature

of membrane (°C)

Flow rate of input
air (L/min)

Working voltage (V) Experiment number

1 500,600, 650, 700 6
2 650

2,3,4,5,6

4x1x4
1 x5x%x4

0.15,0.2, 0.25, 0.3
0.15,0.2, 0.25, 0.3

1 mm

(a) Cross-section

(b) Surface

Fig. 7 SEM images of membrane adopted in PDCMSOGT system.
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Inside the membrane module experiment device of
PDCMSOGT (Fig. 8), three BSCF tubular membranes were
installed vertically on the membrane brackets at the bottom
in the metal pressure vessel made of nickel-chromium stainless
steel (the outer diameter of the vessel was 50 mm, and the
length was 620 mm), arranged in triangular form. The distance
between the adjacent two membranes was 16.5 mm. The dis-
tance between the tubular membrane and vessel wall was
8 mm. Cooling water was supplied at the bottom of the metal
pressure vessel to cool the sealing area and flowing gas. The
high temperature vertical furnace was used to heat the perme-
able membrane module and the temperature of the membrane
modules was measured by three S-type thermocouples. The
compressed air was introduced to the metal pressure vessel
and the air pressure in the vessel was regulated through the
pressure regulator. The air pressure in the vessel was moni-
tored by the pressure gauge monitor. The open ends of the
three tubular membranes were connected through pipes and
then connected to an oil-free vacuum pump. A vacuum pres-
sure gauge was applied to monitor the vacuum pressure of
the product gas. The mass flow rate of the product gas
extracted by the vacuum pump was measured by the Mass flow
meter 2. The oxygen concentration of product gas was mea-
sured by the oxygen analyzer. The temperatures of product
gas and retained gas (lean-oxygen air) were measured by the
Thermocouple 5 and Thermocouple 4 respectively. A needle
valve was applied to adjust the mass flow rate of retained

Compressed air

Metal pressure
vessel

Pressure regulator

Relief valve 1
7
Furnace <') *k'
Air

Thermocouples @

Tubular membrane

AU LAY

z
Cooling water outw——k 4l i¥d— o
[ ] In

LT

Retentate flow

gas and the mass flow rate of it was monitored by the Mass
flow meter 1. Pressure relief Valves 1 and 2 were used for vent-
ing of pressure vessel and vacuum pipeline in order to restore
atmospheric pressure.

4.2.2. Experiment scheme

The main purpose of the experiment is to obtain the oxygen
generation rate and oxygen concentration under different
working conditions of the tube membrane, and then to calcu-
late the permeation flux and oxygen recovery rate of the tube
membrane. Working conditions are provided in Table 2.

4.3. Error analysis

The measuring instruments and their measurement errors are
shown in Table 3. The instruments applied in the experiments
were validated by the China’s National Institute of Metrology.
The accuracy of the oxygen analyzers of the experiment sets of
the EDCMSOGT and PDCMSOGT systems is adequate.
Since the accuracy of the mass flow meters influences the
results of the experiments significantly, the mass flow meters
used in the experiments were customized by Brooks, which
were accurate enough. Based on the data in Table 3, the uncer-
tainty of the EDCMSOGT system and PDCMSOGT system is
1.499% and 1.537% respectively. The error level is within
acceptable margin.

Thermocouple

O, pr&iuction flow

@ Mass flow meter 2
Ia'a)
190}

Oil-free vacuum pump

EI—' Outlet

Oxygen
analyzer

_@ Vacuum gauge

Relief valve 2

Mass flow meter 1
> 68)
@ Thermocouple

@ Pressure gauge

Needle valve

Outlet

Fig. 8 Membrane module experiment device of PDCMSOGT.

Table 2 Working conditions of tube membrane.

Working Inlet air pressure Working temperature Pressure of production gas  Flow rate of retained gas Experiment
condition (MPa) (°C) (MPa) (L/min) number

1 0.5 600, 750, 850 0.054, 0.026, 0.012 2,3,4,5,6 I x3x3x5
2 0.5 850 Atmospheric pressure 6 1

3 1.1 850 0.012 2,3,4,5,6 5

4 1.1 850 Atmospheric pressure 2,3,4,5,6 5
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Table 3 Instruments used in experiment.

Instrument Range Error (%) Type Apparatus

DC power supply 0-1 V/0-200 A 0.1 DSLO01-200 EDCMSOGT
Oxygen analyzer 0-100% 0.1 LC-450A E/PDCMSOGT
Pressure gauge 0-1 MPa 0.2 CWY-50 E/PDCMSOGT
Mass flow meter 1 (0.2-10) NL/min 1.0 (20%—-100%FS), 0.2 (<20%FS) S850E E/PDCMSOGT
Mass flow meter 2 (20-1000)NmL/min 1.0 (20%—-100%FS), 0.2 (<20%FS) SLAS5850S E/PDCMSOGT
S-thermocouples 0-1300 °C 0.25 WRSO1-ER-1 E/PDCMSOGT
Vacuum gauge —100 to 0 kPa 0.1 CWY-122 PDCMSOGT

Notes: NL/min and NmL/min mean the L/min and mL/min in the standard state.

5. Analysis of experimental results

5.1. EDCMSOGT

In the experiment, under the working conditions that the input
air flow rate is v;; = 6 L/min and the working temperatures of
the membrane are Ty, = 500, 600, 650, 700 °C, DC power sup-
plies power to the membrane at Vpc = 0.15, 0.20, 0.25,
0.30 V, making the test number be 4 x 4. The influence of
the temperature and voltage on the oxygen generation rate
of the EDCMSOGT membrane is shown in Fig. 9 from which
the following can be seen:

(1) When working temperature is between 500 °C and
600 °C, the oxygen generation rates are all relatively
small and the amplification with temperature rise is
small. When working temperature is between 600 °C
and 650 °C, the oxygen generation rates have a signifi-
cant increase and the amplification with temperature rise
is large. Between the working temperatures of 650 °C
and 700 °C, the oxygen generation rates are all very
large, but the amplification with temperature rise slows
down.

(2) When working temperature is between 500 °C and
700 °C, the oxygen generation rates increase with the
increase of voltage and have the same trend with temper-
ature rise.

By analyzing the experiment data of oxygen generation
rates and by calculating the area specific resistance of plate
membrane at different temperatures (Table 4), it can be con-
cluded that ceramic conductivity of ceramic membrane mate-

rial increases with temperature rise’> and its surface

05

o) —— 7, =015V

E —— 7 =020V

a 04f pei

2 —a— Y, =025V

Q

= ol V,.=030V

=

g

2 02

[
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© o1t

500 550 600 650 700
Temperature (C)

Fig. 9 Influence of temperature on oxygen generation rate with
EDCMSOGT (v, = 6 L/min).

resistance decreases with temperature rise. Meanwhile, it can
be seen that the oxygen generation rate increases more rapidly
when the temperature is between 500 °C and 650 °C and the
increase rate of oxygen generation rate declines when the tem-
perature is higher than 650 °C. Also, the surface resistance
reduces by 0.6 Q-cm? when the temperature increases from
500 °C to 650 °C, whereas it only reduces by 0.03 Q-cm” when
temperature increases from 650 °C to 700 °C. Thus, it can be
concluded that the working condition of a temperature higher
than 650 °C is favorable for the EDCMSOGT. Taking into
account the temperature of input air provided by OBOGS
comprehensively, we can conclude that the optimal working
temperature of EDCMSOGT is 650 °C.

By investigating the effect of input air flow rate on oxygen
generation rate under the working temperature of 650 °C, the
following conclusion is drawn from Fig. 10(a) that with the
increase of air flow rate, the oxygen generation rate increases
slightly. Fig. 10(b) shows the effect of inlet air flow rate on
membrane oxygen recovery rate. It is concluded that: (A)
under a certain voltage, as the air flow rate decreases, the oxy-
gen recovery rate increases significantly; (B) at a certain air
flow rate, with the increase of voltage, oxygen recovery rate
increases significantly as well. The experimental results show
that the oxygen recovery rate can reach 85%.

Under the conditions of 650 °C working temperature,
2 L/min air flow rate and 0.30 V voltage, when the permeation
area of the membrane is 63.6 cm?, the measured oxygen gener-
ation rate is 0.358 L/min and the current is 102.8 A. By Eq. (9),
the oxygen recovery rate 5 obtained is 85% (Fig. 10(b)). By
Egs. (3) and (5), the permeation flux obtained is 5.63 mL/
(min-cm?). Thus, under the same conditions, when the oxygen
recovery rate 1 is 85% and the effective permeation area is
100 cm?, the calculated oxygen generation rate of
10cm x 10cm flat plate ceramic membrane module is
0.563 L/min by Eq. (8). As the oxygen generation rate of
30 L/min is required for 2 persons under normal temperature
and pressure (NTP) condition, according to the experiment
data of one piece of membrane module, the EDCMSOGT

Table 4 Area specific resistance of plate membrane at
different temperatures.

Working temperature of plate
membrane (°C)

Area specific resistance of plate
membrane (Q-cm?)

500 0.75
600 0.37
650 0.15
700 0.12
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system should be made of 54 pieces of membrane module to
produce 30 L/min oxygen.

In Eq. (2), P, is always 0.1 MPa (absolute), and
PS5, =0.021(1 —»)/(1 —0.217) MPa (absolute) in the test;
when the oxygen recovery rate is 85%, we get that Vyerng 1S
0.065 V. According to Eq. (1), we can know that the IR is
0.235V. By Eq. (4), we get that R = 0.0015Q, and thus,
1 = 156.7 A. Therefore, the total voltage required on the 54
pieces of membrane is 16.2 V and the total power required
by the 54 pieces of membrane modules is 2.54 kW. According
to Eq. (10), the electric power required for air heating is
1.92 kW. Thus, if the heating efficiency is considered as 50%,
the actual power consumption for air heating is 3.84 kW. In
addition, since the voltage circuit applied on the membranes
is pure resistance circuit, during the electron migration, the
power is also converted to heat and has the function of air
heating. It is assumed that 50% (i.e., 1.27 kW) of the power

required on the membranes (i.e., 2.54 kW) is utilized for the
air heating simultaneously. Thus the electric power required
by the EDCMSOGT system is 5.11 kW.

The electric power consumed under different oxygen recov-
ery rates by the EDCMSOGT system for 2 persons is evalu-
ated by the same method and summarized in Table 5.

The membrane module experiment of EDCMSOGT is con-
ducted under the condition that the inlet air pressure is atmo-
spheric pressure, i.e., 0.1 MPa. Thus the oxygen partial
pressure of the inlet air is 0.021 MPa. The pressure of the oxy-
gen generated is 0.1 MPa, equal to the atmospheric pressure.
So the process is a pressurization process for oxygen, which
has been verified by Sundstrand’ in Rockford, State of Illinois.
It is deduced that the pressure of the oxygen generated can
reach 0.5 MPa when the inlet air pressure is 0.5 MPa which
is the bleeding condition on board.

In summary, while the EDCMSOGT oxygen generation
system achieves oxygen recovery rate of 85%, the electric
power consumption is about 5.11 kW (Table 5). The gas flow
rate under standard state can reach 30 L/min using 54 pieces
of membrane module and the oxygen pressure can reach
0.5 MPa when inlet air pressure is 0.5 MPa. Therefore, it is
suitable for onboard application.

5.2. PDCMSOGT

Under the working condition 1 in Table 2, the effect of the
lean-oxygen air flow rate, the operating temperature and the
vacuum pressure of product gas extracted by vacuum pump
on the oxygen production rate of the three BSCF tubular
membranes is shown in Fig. 11(a). It reveals that:

(1) When the working temperature, inlet air pressure and
product gas outlet vacuum pressure are constant, the
oxygen production rate tends to increase with the rise
of lean-oxygen air flow rate, but the overall increase rate
is slow. This result is consistent with the experiments
conducted by Wang et al.*

(2) When the inlet air pressure, outlet vacuum pressure and
lean-oxygen air flow rate are constant, the oxygen
production rate tends to increase with the rise of
temperature. The oxygen production rate under the
condition of 850 °C-0.012 MPa is in the range of
0.275-0.400 L/min, whereas the oxygen production rate
under the condition of 600 °C-0.012 MPa is in the range
0f 0.075-0.125 L/min. It is shown that the increase of the
oxygen production rate with temperature is very
significant.

(3) When the working temperature, inlet air pressure and
lean-oxygen air flow rate are constant, the oxygen

Table 5 Electric power consumed under different oxygen recovery rates by EDCMSOGT system.

Oxygen recovery rate (%) 45 55 65 75 85
Volume flow rate of air under standard conditions (L/min) 333.3 272.7 230.8 200 176.5
Voltage drop of each membrane (V) 0.275 0.280 0.285 0.293 0.300
Current of each membrane (A) 156.7 156.7 156.7 156.7 156.7
Total power required by 54 pieces of membrane (kW) 2.33 2.37 2.41 2.48 2.54
Electric power required to heat air (kW) 3.62 2.97 2.51 2.17 1.92
Actual electric power required to heat air (kW) 7.24 5.94 5.02 4.34 3.84
Electric power required by EDCMSOGT system (kW) 8.41 7.13 6.23 5.58 5.11
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Fig. 11 Influence of flow rate of retained gas on oxygen
generation rate and recovery rate with PDCMSOGT.

production rate tends to increase with the fall of outlet
vacuum pressure and the increase is very significant.

It can be inferred that the oxygen production rate tends to
increase with the rise of lean-oxygen air flow, the rise of work-
ing temperature and the fall of vacuum pressure of the product
gas, and especially the increasing tendency becomes remark-
able with the rise of temperature and the fall of vacuum
pressure.

Fig. 11(b) shows the effects of the flow rate of retained gas,
the working temperature and the vacuum pressure of product
gas extracted by vacuum pump on the oxygen recovery rate.
The following conclusions can be drawn:

(1) The oxygen recovery rate decreases with the rise of flow
rate of retained gas.

(2) The oxygen recovery rate increases with the rise of oper-
ating temperature.

(3) The oxygen recovery rate increases with the fall of vac-
uum pressure of product gas.

Under the working condition 2 in Table 2, it is observed that
the flow meter 2 which measures the mass flow rate of product
gas shows that there is a slight outflow at the beginning, but the
flow decreases to zero very quickly and then there is no more
outflow. This is a result of the reduction of oxygen partial pres-
sure difference between both sides of membranes. At the begin-
ning, the oxygen partial pressure of the inlet air in metal
pressure vessel is 0.105 MPa and the product gas oxygen partial
pressure is 0.021 MPa, leading to a very big oxygen partial

pressure difference. Thus, the oxygen permeates into the pro-
duct gas. Then the oxygen concentration of the product gas
rises gradually and its oxygen partial pressure increases gradu-
ally as product gas flows out through flow meter 2. With the
increase of oxygen partial pressure of product gas, the oxygen
partial pressure difference between both sides of membrane
decreases, leading to the decrease of the oxygen generation rate.
When the oxygen partial pressure difference is not sufficient to
drive oxygen ion-electron conduction, the oxygen production
stops. It can be deduced from the experiment that when the
inlet air pressure provided on board is 0.5 MPa, the oxygen
generation system cannot produce the oxygen with pressure lar-
ger than 0.105 MPa. Thus it does not meet the requirement that
the pressure of product gas for onboard oxygen production
should be greater than 0.18 MPa.

Under working conditions 3 and 4 in Table 2, the oxygen
production rates of three pieces of BSCF tubular membranes
are measured. The effect of vacuum pump on oxygen produc-
tion rate is shown in Fig. 12. It can be seen from the figure that
comparing the conditions with vacuum pump (the vacuum
pressure is 0.012 MPa) and those without, the oxygen genera-
tion rate reduces by 55% and 67% respectively when the flow
rates of retained gas are 2 L/min and 6 L/min. In addition, with
the vacuum pump, the oxygen generation rate increases by
110% with the rise of flow rate of the retained gas from
2 L/min to 6 L/min, whereas without the vacuum pump, the
oxygen generation rate only increases by 55% with the rise of
flow rate of the retained gas. The experiment indicates that
when the outlet vacuum condition is restored, the oxygen gen-
eration rate and oxygen recovery rate can be increased, which is
consistent with the study of Zhu et al.** So, under the onboard
inlet air pressure of 0.5-1.1 MPa, the onboard ceramic oxygen
generation system adopting oxygen partial pressure driven
oxygen ion-electron conduction can produce oxygen only by
applying oxygen extraction mode of vacuum pump.

The maximum oxygen recovery rate appears under the con-
ditions that the inlet pressure is 0.5 MPa, the temperature is
850 °C, the vacuum pressure of product gas is 0.012 MPa
(absolute) and flow rate of retained gas is 2 L/min. By
Eq. (7), the permeation area of the three pieces of tubular
membranes is calculated to be 92.25 cm?. The oxygen genera-
tion rate measured by test is 0.2717 L/min, and by Eq. (9),
we get that the oxygen recovery rate is 65%, as shown under
the condition of 850 °C-0.012 MPa in Fig. 11(b). In order to
produce 30 L/min oxygen, the PDCMSOGT system should

0.7
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T | ?
£ |
2 o5t ;
2 :
= :
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Fig. 12 Influence of outlet vacuum on oxygen generation rate
with PDCMSOGT.
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Table 6 Actual electric power consumed by PDCMSOGT system.

Oxygen recovery rate (%)

35 45 55 65

Volume flow rate of air under standard conditions (L/min)
Electric power required to heat air (kW)

Actual electric power required by PDCMSOGT system when power consumption of vacuum pump and 13.49

supercharging device is not included (kW)

428.6 333.3 272.7 230.8
6.74 523 429 3.63
10.47 8.58 7.26

be made of 332 pieces of tubular membrane module. By
Eq. (10), the electric power consumption for air heating with
65% oxygen recovery rate is 3.63 kW. If the heating efficiency
is considered as 50%, the actual power consumption is
7.26 kW. As shown under the condition of 850 °C-0.012 MPa
in Fig. 11(b), the oxygen recovery rate varies from 35% to
65%. When the oxygen generation rate of PDCMSOGT
system is 30 L/min (NTP), the actual electric power consumed
by PDCMSOGT system, under different oxygen recovery
rates, is calculated and shown in Table 6.

In summary, while the oxygen generation rate of the
PDCMSOGT oxygen generation system is 30 L/min and the
oxygen recovery rate is 65%, the electric power consumption
is about 7.26 kW. At the same time, the inlet air pressure is
0.5 MPa and the pressure of product gas is 0.012 MPa. How-
ever, vacuum pump and supercharging device are needed to
meet onboard conditions.

5.3. Comparison of experimental results

To validate the experimental results obtained in this work, it is
necessary to make a comparison with other existing experi-
mental data. Due to the difference in the membrane material,
application field and working conditions, it is difficult to find
appropriate examples to compare with our results. The possi-
ble example for comparison with our results of EDCMSOGT
oxygen generation system is found from the work by Zhou
et al.>> who reviewed the BagsSrysCogsFeg205_s-based
cathodes for solid-oxide fuel cells. They reported the area
specific resistance of membrane of 0.058 at working
temperature 750 °C and that of 0.62 at 600 °C with
Bag sSro sCoo sFep ,0;_s-based cathodes.’® By comparing the
experimental data of those authors with our results in Table 4
in this paper, it is shown that the area specific resistance
exhibits similar trend and the same order.

The possible example for comparison with our results of
PDCMSOGT oxygen generation system is found from the
work by Wang et al.”” who investigated the structure and oxy-
gen permeability of the pure BSCF and the dual-phase mem-
brane at different temperatures by experiment method. The
oxygen permeation flux of the BSCF membrane they obtained
is 0.001 L/(min-cm?) at the working temperature of 850 °C. In
their experiment, the air flow rate on air side is 0.15 L/min, the
membrane thickness is 1.99 mm and the membrane area is
0.85 cm?. They did not say the working pressure. In this paper,
the oxygen generation rate of the BSCF-based PDCMSOGT
oxygen generation system is 0.2717 L/min under the working
conditions that the temperature is 850 °C, the air inlet pressure
is 0.5 MPa, the vacuum pressure of product gas is 0.012 MPa
(absolute), the flow rate of retained gas is 2 L/min, the mem-
brane thickness is 0.5 mm and membrane area is 92.25 cm?.
By Eq. (8), the oxygen permeation flux is 2.94 mL/(min-cm?).
Since the difference in the membrane thickness and working

conditions, deviation exists and the oxygen permeation flux
is higher compared with Ref.’’ The reason can be explained
as follows: (A) the oxygen permeation flux decreases with the
increase of the membrane thickness according to Eq. (6) and
the experimental results obtained by Ref.”’; (B) the oxygen
permeation flux increases with the increase of the air inlet pres-
sure by analyzing the results in Figs. 11(a) and 12; (C) the oxy-
gen permeation flux increases greatly under the condition with
vacuum pump according to Fig. 12 and it was not mentioned
that the vacuum pump was used in the Ref.’” Thus, the com-
parisons validates the accuracy of the experimental results in
this paper.

6. Conclusions

In combination with the demand of the OBOGS of EDCM-
SOGT and PDCMSOGT, the present paper compares their
performance under the same onboard bleeding conditions.

(1) Oxygen produced by both EDCMSOGT and
PDCMSOGT is pure (both oxygen concentration values
measured are 99.9%, above 99.5%).

(2) Oxygen recovery rate of EDCMSOGT is 85%, higher
than 65% of PDCMSOGT. The bleeding air consump-
tion is less (the air saved is 54.3 L/min). The air saved
accounts for 30.8% of the bleeding air consumption.

(3) Electric power consumed by EDCMSOGT is 5.11 kW,
less than 7.26 kW of PDCMSOGT. The saved power
is 2.15kW, and the saved power accounts for 42.1%
of the consumed power.

(4) For the pressure of the output product gas, the EDCM-
SOGT meets the requirements of output pressure. At the
same time, the pressure of the output product gas (oxy-
gen) is not limited by the input air pressure and can be
pressurized by itself according to the demand. This con-
forms to the existing onboard bleed conditions and the
requirements of output pressure of oxygen. Whereas,
the PDCMSOGT needs a vacuum pump and super-
charging device to meet the requirements for onboard
bleeding conditions. These two equipments add diffi-
culty to onboard oxygen generation application due to
their volume and weight.

The above results indicate that the EDCMSOGT can meet
the existing onboard bleed conditions and the performance
requirements of ceramic oxygen generation system. It has the
advantages of oxygen pressurization, low air consumption
and relatively low power consumption. It is therefore a better
choice for OBOGS than the PDCMSOGT. Further research
needs to be carried out on the EDCMSOGT to satisfy the
requirements of aircraft engineering application as soon as
possible.
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