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AN EVALUATION OF THE FLUIDIC OXYGEN
PARTIAL PRESSURE SENSOR

INTRODUCTION AND SUMMARY

Fluidics offers a potential for improved sensing, computation,
and control requirements in military applications because of its
inherent simplicity and reliability afforded by no moving parts.

One major application area is in the airborne life support systems
since fluidics is so compatible with the sensing requirements (e.g.,
suction pressure, flow rate, gas concentration, time, and temperature)
as well as the control or actuation requirements (e.g., respiratory
gas flow rate, gas mixture ratio, and cooling rate). In most
applications, a fluid-related property is sensed and a fluid flow or
pressure is controlled; thus, it appears natural to accomplish the
computation, as well as the sensing and control, with the fluid
itself and avoid interfaces with electrical or mechanical hardware.

Purpose and Scope

The purpose of this study is to investigate a recently developed
fluidic partial pressure sensor [17] and to evaluate its potential
for sensing oxygen partial pressure for application in future on-
board oxygen breathing regulator systems. The scope of this report
includes a theoretical description of operation, optimum design guides,
environmental sensitivities, and experimental testing over the complete
range of altitude pressures and oxygen concentrations expected in air-
craft operations. Also included is a complete description of related
fluidic gas concentration and partial pressure sensors.

Applications of Sensor

In high-altitude Air Force aircraft, it is necessary to supply
the pilot with supplementary oxygen as an increasing function of
altitude. This oxygen supplement is necessary to provide a sea-level
equivalent of oxygen or, in other words, a constant partial pressure
of oxygen. Present systems are open-loop prescheduled oxygen flow
control systems based upon altitude pressure. In most cases, these
regulators are not precise, and, due to their open-loop nature, are
wasteful of oxygen. It would be more efficient to actually measure
the oxygen partial pressure delivered to the pilot and to control the

.oxygen flow in a closed-loop system.

This closed-1oop control necessitates the use of an oxygen partial
pressure sensor that is simple, reliable, and consistent with control

hardware and working medium. More importantly, a closed-loop control
requires active computation meaning either electronic or fluidic cir-
cuitry. Because of these requirements and the explosion hazard
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associated with electronic sensors, fluidic sensing appears to be
the principal candidate for closed-loop oxygen control systems.

The sensor discussed in this report has potential applications
in various forms of oxygen control systems and regulators ranging
from a simple continuous control system to measure and control oxygen
partial pressure in a mask, to a sophisticated phased-dilution physio-
logical-demand oxygen regulator. In either case, a partial pressure
regulator system could provide an economy of oxygen because of the
closed-loop nature of the system.

Brief Description of Partial Pressure Sensor

The fluidic partial pressure sensor discussed in this report is
a resistive bridge gas concentration sensor coupled with a compressible-
flow ejector as shown in Figure 1. The bridge concentration sensor is
composed of orifice resistors (density dependent) and laminar capillary
resistors (viscosity dependent). As gas concentration varies, the
density and viscosity of the mixture vary and hence, a differential
pressure signal, APy, is produced that is characterized by the
following equation [15, 18.].1

APy = Gb Sb st X (1)
The term Gp is the linearized sensor gain function that expresses the
basic sensor gain as a function of the geometric sizes of the resis-
tors. While Gp varies with operating conditions, the sensor can be
designed to maintain Gp nearly constant over a wide range of operation.
The Sp term is the gas sensitivity constant relating the sensor's
sensitivity to the gases measured. Thus, the product Gp Sp can be
considered to be a constant over a range of operation. 6&Pp is the
pressure drop across the bridge, and X is the gas concentration of

a sample gas in the mixture.

A compressible flow ejector (or jet pump) produces a vacuum that
is used to entrain the mixture and reference gases into the sensor.
When the ejector with a pressure-scheduled pressure regulator is used
to power the bridge, the bridge pressure drop, &Py, becomes proportional
to the ambient pressure, Pz, which varies with altitude. (Again, this
expression is linearized and idealized.)

§Py = €y P, (2)

]The mathematical analysis involves nonlinear equations that can be
linearized as discussed in the references and in detail in the remainder
of this report (Appendix A). The description of operation presented in
this section is linearized and idealized for the sole purpose of explain-
ing the concepts of operation. The nonideal effects are considered and
specified for design purposes later in the report.
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Figure 1. Fluidic partial pressure sensor.




This variation in bridge pressure drop has a multiplicative
effect with the gas concentration so that the output signal is
proportional to the gas partial pressure, Pig (since Pyg = Py X ).
Regrouping all of the constants into one term, Gy, the sensor output
becaomes:

) B S =
A‘O (Gb Sy C]) Pa X GT P}S (3)

It can be seen that the sensor output is ideally proportional to
gas partial pressure including the effects of both concentration and
pressure variations.

Summary of Reported Results

The intent of this study is to evaluate a theoretical concept of
a method to sense oxygen partial pressure using an existing fluidic
gas concentration sensor. This study is a prerequisite step to build-
ing an advanced closed-loop oxygen breathing regulator using such a
partial pressure sensor.

In the process of evaluatina this partial pressure sensing
concept, the following results are presented in this report.

Technology Review--A survey of the known principles of gas
concentration sensing is presented. These include the oscillator,
vortex, and bridge sensors as discussed in the section on "Theory of
Fluidic Partial Pressure Sensing." It is shown how these concentration
sensors can be used in conjunction with a compressible-flow ejector

to obtain a partial pressure reading.

Theory of Operation--The theory of operation of the bridge-type
fluidic gas concentration sensor is derived in detail (Appendix A)
and the mathematics for the computation of gas mixture properties is
presented (Appendix B). A description of the operation of the
ejector is discussed and is related to its use in converting the
concentration sensor into a partial pressure sensor (sections on
"Partial Pressure Sensing" and "Ejector Characteristics)". Thus
a complete theory of operation and corresponding mathematical model
are presented in a form useful for parameter selection and desiagn of
a working partial pressure sensor.

Prototype Fabrication and Testing--A discussion of sizing,
rrototype raprication and 1€sLin d A

parameter selection, and other trade-offs required in the system
design is presented in the section on "Performance of Prototype
Sensor.” Prototype sensors were fabricated using parts from existing
Air Force sensors (6] and discrete components. These modified sensors
were tested over a complete map of concentrations (varying from Q to
1009, 0‘)\ and pressures (ranging from 0.3 to 1.0 atmosphere)




Environmental Sensitivity--The sensitivity of the partial pressure
sensor to various environmental or uncontrollable effects 1s studied.
This includes the sensitivity to other gases which might be present
including humidity, ambient temperature, and supply pressure (section
on "Environmental Sensitivities").

Utilization Requirements--Contamination filtering, gas chemical
processing, and signal amplification are considered in the section on
“Utilization Requirements."

It is shown fraom the theory and experimental results presented
in this report that the fluidic oxygen partial pressure sensor can be
utilized in advanced oxygen breathing regulators to improve their
performance by closed~loop operation.

THEORY OF FLUIDIC PARTIAL PRESSURE SENSING

In this section three types of concentration sensors are identified
and mathematically described. It is shown how each concentration sensor
can be made to sense partial pressure. This review is presented for
reference information and only one of the sensors is evaluated in this
report.

Fluidic Gas Concentration Sensors

Currently three known types of fluidic sensors have been discussed
in the literature: oscillator, vortex, and resistive bridge. There
are naturally variations upon these basic principles that will not be
discussed here. Each sensor discussed is provided with a mixture and
a reference channel so that relative concentration rather than absolute
properties will be measured. The sensors discussed are powered by a
vacuum source so that the gases to be measured can be entrained from |
ambient pressure and would not have to be pumped to positive pressure.*

Oscillator-Type Sensor--The oscillator-type sensor was identified

at tne Harry Diamond Laboratories (HDL) in the early days of fluidics as

A

“In the discussion that follows, the following nomenclature will be

used to identify the various gases: The term "mixture gas" refers to a
combination of a "sample gas" whose concentration in a “reference gas"

is to be measured. This study uses oxygen as the sample gas and air as

the reference gas. The mixture concentration of the sample gas in the
reference gas, Xg, can vary from 0 to 100%. It is assumed that the unknown
concentration of the sample gas is the only difference in the gases in

the mixture and reference channels of the sensor.

T ———




being a device of great utility. The primary use of the oscillating
sensor was for temperature sensing. Later this type of sensor was used
to sense concentrations of CO2 and 02 in air for respiratory gas
analysis [14], and for related concentration .ensing [3, 8, 12].

This sensor utilizes a sonic or feedback oscillating amplifier in
which the frequency of oscillation is dependent upon the speed of sound
and the feedback length. As a fraction of a sample gas is introduced
into the reference gas, the gas properties, and hence the acoustic
speed, change in proportion to the concentration. Thus, the frequency
of oscillation changes with gas concentration. A reference oscillator
is usually provided so that a beat frequency can be monitored. This
system is depicted in Figure 2.

The frequency, f, of a fluidic oscillator is given by the following

i 2

i r :; (4)

-
i
r':{

specific heat ratio,

gas constant,

absolute temperature,
cavity or feedback length

where K

Rr
Td
L

H n nn

Using two osciliators, one for the mixture gas (m) and another for
the reference gas (r), the difference or beat frequency is given by:

af = f - f, (5)
S S (6)
- i
¥ m
where: k
oS 2m (7)
| SO

The gas properties of the mixture vary with the concentration
ratio, X, of the sample gas in the reference gas. Equation 6 can be

expanded in a first-order Taylor series about X=0 to yield the following:

Af (X f(X= anf/f

—f-(_l=_A—(T_Ol+*_5—/U——E _g.li'. R (8)
" 5 u=1 |X=0

of(x Lr 1 Lr

7-(-13(-L——-1)+(2-L——)SOXS (9)
r m m
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Figure 2. Oscillator-type gas concentration sensor.




X=0 (10)

Assuming that the specific heat ratio and gas constant for a mixture
(m) can be linearly interpolated between the reference and sample values,
and by noting that the gas constant ratio, Rs/Ryp, is equivalent to the
density ratio, pp/pg, it can be shown that the gas sensitivity constant,
Sg» 1s given by the following:

k
e L
S = (kr Ty * (5;7;: 1) (11)

Oscillator sensing systems are usually set up so that a small beat
frequency is provided at zero concentration (thus, Ly # L,); however,
this term is neglected in the expression below. The Ly/2Ly term
represents a geometric gain function, Gy, and Sy represents a gas
sensitivity constant that is related to the sensor's ability to sense
a given sample gas in a reference gas. The gas sensitivity constants
for this and other sensors are compared in a following section.

%{ = G, S, X, (12)
Vortex-Type Sensor--The vortex gas concentration sensor [11] is a
variation of the vortex rate sensor. As illustrated in Figure 3, this
device has a reference gas and a mixture gas flowing into a vortex
chamber that has been partitioned into two parts. As the gases of
different densities flow radially to the central drain in the presence
of the gravitational field, a swirling motion is established. The
swirl angle is proportional to the gas concentration.

A theoretical analysis of the vortex sensor has not yet appeared
in the open literature (to the author's knowledge); however, an
indication as to the form of the theoretical equation can be obtained
from the analysis presented in reference 11 and by assuming a quadratic
supply characteristic and linear swirl angle sensor. The linearized
result is given as follows:

(13)

AP0
EF; = GV SV XS

where Gy is a geometric gain function, and Sy is the gas sensitivity
constant. From the analysis, the vortex sensor gas sensitivity constant

is related to the density ratio.

10
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Figure 3. Vortex-type gas concentration sensor.
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AL o =1 (14)

Resistive Bridge-Type Sensor--The resistive bridge sensor was
developed at HDL in an effort to improve the respiratory gas analysis
system [13, 15, 18). The oscillator sensor operated at frequencies of
30 kHz which required electronic signal processing. The bridge sensor
produces an “analog" signal directly without signal processing. In this
sensor, an orifice resistor (sensitive to density) and a capillary
resistor (sensftive to viscosity) are used in series. As gas concentra-
tion increases, the density and viscosity of the mixture vary and hence
a pressure signal is developed. Figure 4 illustrates that a reference
pressure is provided by an identical set of resistors thereby providing
a full bridge. This sensor shows great potential for a variety of
applications {2, 4, 5, 6] including the principal concern of this
report--respiratory gases,

The analysis presented in Appendix A of this report reveals that
the bridge~type sensor can be modeled by the following Vinearized equation.

APO
“bb a Gb Sb Xq (15)
Where G, is a geometric gain function and the gas sensitivity constant,
S, 18 Q function of the density and viscosity ratios (**r and $ypg are
CRnStdn[S close to unity; see Appendix B). :

’\
bt (G512
:

hq/Hr
“\

S - 9. (10)
<r rs

The above analysis indicates that the theoretical sensor operation
for all three sensors can be expressed in the normalized difference torm
and be separated into geometric gain effects and gas sensitivity. The
geometric gain can be sized to its maximum value and then the total
system gains can be compared merely by comparing the gas sensitivily
constants.

Comparison of Gas Sensitivities

To compare the sensors for their ability to properly measure the
concentration of any given gas, tt is desirable that the gas sensitivity
constant for the given gas be large and the sensitivity to other gases
be small. This will insure that even if other gases are present, the
sensor will not significantly measure their effect. 1t this is not the
case, care should be taken that the concentration level of spurious gases
present be tow. This may require chemical processing of the sample qos
to remove other gases (e.q., dryers, absorbers, etc.). A gas mixture s
the reference gas plus an unknown concentration ratio, X, ot the sample
gas. It is assumed that there arve no other differences in the two gqases,

12
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Figure 4. Bridge-type gas concentration sensor.
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The single-sample gas sensitivities of the three basic sensors
for a variety of gases in different reference gases are summarized

in Table 1.

Partial Pressure Sensing

Quite often, it is the gas partial pressure, not merely concentration,
that is required to be measured. Each of the fluidic gas concentration
sensors mentioned can be used for partial pressure sensing. The three
sensors have several common features. First, all can be characterized
by a linearized output equation that expresses the normalized differential
output as a function of a geometric gain term and a gas sensitivity con-
stant multiplied by the gas concentration. Second, they each have a
mixture channel and a reference gas channel that can be powered with a

vacuum source.

If the pressure drop across the sensor, when driven by the vacuum
source, can be made to vary with the ambient pressure, the output signal
becomes a function of the product of concentration, Xs, and ambient
pressure, Py. This product is the partial pressure, P,s, of the sample

gas.
Pag = Xg Pa (17)
The output equation for the oscillator-type sensor is in terms of
frequencies. The carrier frequencies of a pressure-sensitive oscillator

{1] are proportional to the pressure drop (f = C2 st) so that
Af = G Sy Xg(Cy 8Pp) (18)

Now, if the pressure drop varies linearly with ambient pressure,
the difference frequency becomes proportional to partial pressure (Gy
is the combined constants and almost constant functions).

af = Gy Pyg

Similarly, the vortex and bridge sensors obviously can be made to
sense partial pressure if 5Pb varies with Pa.

(19)

oo = %1 " (20)

It should be noted that these sensors measure the product of
absolute pressure and relative gas concentration (or what might be
termed a relative partial pressure) rather than absolute partial pressure;
however, they are sensitive to both concentration and pressure. For a

14
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TABLE 1. GAS SENSITIVITY CONSTANTS

CASES GAS PROPERTIES OSCILLATOR VORTEX BRIDGE
Sample Reference | pg/pr Ug /My kg/ky S5 Sy Sy
€0y Alr 1.529 0.809 0.929 -0.417 | 0.529 | 1.056
0 Air 1.105 1.104 0.999 -0.097 | 0.105 |-0.105
50 Air 0.622 0.402 0.948 0.557 | -0.378 | 0.764
co Air 0.967 0.956 1.001 0.035 | -0.033 | 0.055
Ny Adr 0.967 0.956 1.001 0.035 | -0.033 | 0.055
N20 Adr 1.530 0.803 0.929 -0.413 | 0.523 | 1.075
NO Adr 1.037 1.025 0.998 -0.037 | 0.037 |-0.014
H) Air 0.070 0.478 1.005 13.394 | -0.934 | -0.891
H2S Air 1.190 0.683 0.941 -0.219 | 0.190 | 1.080
He Alr 0.138 1.061 1.183 6.424 | -0.862 |-1.123
S0 Air 2.264 0.683 0.920 -0.639 | 1.264 | 2.406
Ci, Air 0.554 0.594 0.034 0.738 | -0.446 | 0.283
CoHg Air 1.049 0.492 0.870 -0.177 | 0.049 | 1.677
CyHg Air 1.554 0.437 0.805 -0.551 | 0.554 | 2.983
C4H10 Air 2.086 0.399 0.741 -0.779 | 1.086 | 4.281
CsHy2 Air 2.615 0.363 0.677 -0.940 | 1.615 | 5.631
CgHyg Air 4.151 0.289 0.442 -1.317 | 3.150 | 9.658
A Air 1,357 1.235 1.190 -0.072 | 0.357 | -0.162
Ne Air 0.685 1.722 1.169 0.629 | -0.315 | -1.146
Halothane | Air 7.313 0.765 0.500 -1.363 | 6.315 | 6.499
o, 0, 1.383 0.733 0.931 -0.346 | 0.383 | 1.153
H,0 0, 0.562 0.446 0.949 0.728 | -0.438 | 0.797
N50 03 1.384 0.728 0.930 -0.348 | 0.384 | 1.172
He 0, 0.125 0.961 1.185 7.191 | -0.875 |-1.089
A 05 1.327 1.119 1.192 0.007 | 0.277 |-0.033
Ne 0; 0.620 1.564 1.171 -0.785 | -0.381 | ~1.042
CHy, 0, 0.502 0.538 0.935 0.929 | -0.498 | 0.321
Cylg 05 0.949 0.446 0.871 -0.076 | -0.051 | 1.726
C3Hg 0, 1.406 0.496 0.807 -0.482 | 0.406 | 3.041
C4Hy0 0; 1.887 0.361 0.785 -0.685 | 0.887 | 4.343
CsH o 0, 2.366 0.329 0.717 -0.860 | 1.366 | 5.694
Cghyg L0 3.755 0.262 0.715 -1.018 | 2.755 | 9.0
Air 03 0.905 0.906 1.001 0.107 | -0.095 | 0.091
N 0, 0.875 0.866 1.002 0.145 | -0.125 | 0.141 :
Halothane | 0, 6.618 0.693 0.360 -1.489 | 5.618 | 6.573 '
0, He 8.007 1.041 0.844 -1.031 | 7.007 | 4.839
0 He 11.076 0.763 0.786 -1.124 | 10.076 | 9.683
H,0 He 4.505 0.464 0.801 -0.977 | 3.505 | 6.952
- 05 N, 1.143 2.254 0.998 -0.127 | 0.143 |-0.168
€Oy N, 1.581 0.846 0.929 -0.439 0.581 0.987 '
1,0 N 0.643 0.514 0.947 0.504 | -0.357 | 0.729 |
Ho N, 0.072 0.501 1.004 12,932 (-0.928 |-0.903 5

Page = 1.2046 kg/m3 , u_ = 183.10™° gu/cm sec, v ;. = 1.403 at STP

ai
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true partial pressure reading, the reference channel must be free of
any of the sample gas, or an initial output offset must be provided
to account for the sampie gas in the reference (e.g.,21% 0, in air).

The above review is presented for reference only. The bridge
sensor is the only sensor evaluated in this study and is considered
exclusively in the remainder of this report.

Ejector Characteristics

An ejector, or jet pump, is used to develop the vacuum used to
power the concentration sensor; however, it is the characteristic of
a compressible flow ejector that permits the multiplicative effect
required to measure partial pressure.

Compressible flow ejectors have two distinct regimes of operation:
the incompressible and the choked. The incompressible regime can be
analyzed using incompressible equations. In this operation, the
pressure gain (amount of vacuum produced divided by supply pressure
drop) is constant and is a function of the area ratio between vacuum
port and supply nozzle flow areas [9]. Thus vacuum increases linearly
with supply pressure drop as shown by the left part of the curve in

Figure 5.

Once the ejector becomes fully choked, the absolute pressure
created at the vacuum port, Py, becomes a linear function of the
absolute supply pressure, Pg. In this regime, further decreases in
downstream pressure, P,, have no effect upon the pressure at the
vacuum port as shown in Figure 6. Notice further from Figure 6, that
once the flow becomes choked, Py is a linear function of Pg.

The preliminary tests of this study were conducted using the
venturi-type ejector described in reference 6. Several modifications
in geometry were tried including supersonic designs in an effort to
obtain lower pressures. It was concluded that there is a fixed limit
on the amount of vacuum the single-nozzle venturi-type ejector can
achieve.

Figures 5 and 6 show data with infinite external load impedance at
the vacuum port, and hence reflect the maximum vacuum that can be
created. When an actual load, such as the sensor bridge, is placed at
the vacuum port, the pressure is reduced by the product of the output
resistance of the ejector, R,, and the vacuum flow, Q. Thus in the
actual application, loading effects must be considered in determining
the vacuum produced to drive the sensor.

Figure 7 is a plot of the output characteristic of an ejector
jllustrating its output resistance effect. When the ejector is loaded

16
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Figure 5. Pressure transfer characteristic of venturi-type ejector
(experimental).
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18

T —




i - 1-

5 10 15 20

Q, &

Figure 7. Output characteristic of a venturi-type ejector
(experimental).
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with the bridge, the absolute pressure characteristics no longer remain
flat, but rather become an intermediate curve between the infinite

load characteristic (dotted line) and the ambient pressure (dashed
line) shown in Figure 8.

A radial flow diffuser ejector, commercially available under the
name of "Mini-vac," produces a high vacuum level and has performance
similar to the venturi-type ejector. Figure 9 illustrates the
absolute pressure characteristics of this radial-type ejector with
infinite load impedance. Although the supply pressures are somewhat
higher, the vacuum produced has greatly improved characteristics.
The approximate dimensions for this radial-type ejector are given in
Figure 9. Both ejectors are used with sensors in the following discussion.

The pressure drop across the bridge, §P,, is the difference
between Py and the vacuum produced by the ejector as loaded with the
sensor.

Figure 10 presents the bridge pressure drop versus Py at constant
Ps. This curve can be characterized by a straight line of slope Cy and
offset of Py,.

6Pb = C1(Pa -P_) {21}
The most desirable operation of the ejector would be to lower

Pap to zero. Py, is numerically equal to the maximum vacuum obtainable

with a given supply pressure (Fig. 6) and is a linear function of P,.

It would appear that by reducing Ps, Py, could be reduced. A]thougﬁ

this is true, the problem is that the ﬂnee of the curves shown in

Figure 6 occurs just before choking and is thus also proportional to Ps.

Hence, a trade-off must be made to obtain the lowest possible vacuum for

the offset Pao and to maintain the knee of the curve as high as possible

so that the bridge pressure drop is still a straight line function of P4

closer to sea level pressures.

The optimum solution to this problem is to schedule Pg linearly
with Py so that the maximum bridge pressure drop is always obtained. A
flow source to the ejector supply (achieved by using a high resistance with
a pressure source) would partially accomplish this task; however, a
scheduled pressure regulator (requiring moving parts) using aneroids appears
to be the best solution.

A pressure scheduled pressure regulator has been built and
evaluated for the purpose discussed above. Although a scheduled
regulator can be constructed in a variety of ways, a method using two
diaphragms was selected. A sketch of the regulator is shown in Figure
11. In operation, an unregulated pressure, Pu, (Pu > 200 kPa abs.)
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Figure 9. Absolute pressure characteristics of radial diffuser
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Figure 11.
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1n controlled by a flapper-valve type arrangement. The downstream
side of the valve is the requlated pressure, Po. Two diaphragms of
difterent areas are provided. [f the pressure intermediate to the
diaphragms, Py, were zero absolute, then the controlled pressure ratio
trom P to Py would be equal to the area ratio Ay/Ag; however, this
aneroid effect would require bellows and fabrication problems

undes irable to our facilities. Thus, the intermediate pressure was
elected to be driven by an ejector whose absolute pressure output
would be a linear function of P, if the ejector supply pressure is

a linear function of Py.

Pm = C2 Pa (1f Pg ~ Py) (22)

Thus 1t can be shown that at a steady-state regqulation point
the requiated pressure, Pg, is linearly proportional to the ambient

pressure, P‘.

A1 Aa .
S S
The prototype regulator is built with an area ratio of 2.7 and
the Cp coefficient is observed to be 0.45. Thus the regulated
pressure is 2.0 times Py.  The characteristics of the requlator and
the ejector being driven by the regulator are given in a later figure.
Notice that sPp will now pass linearly through the origin (Pao = 0.0).

Summary of Bridge-Type Sensor Equations

The bridge-type concentration sensor is analyzed in great detail
in Appendixes A and B, The following equations summarize the results
of the model (refer to Appendix A for nomenclature and functions).

AP

0
st

: Gh Sb(xs i xSc) (24)

Where G, is the gain function, o is the sensor constant, Sp is
the gas sensitivity coefficient, and Xgp is an equivalent concentration
to account for the sensor bridge asymmetry.
Gy a(liﬁif@iﬂ (25)
20 VT + 8
DLA . &P, (26)
)
Wl




When the compressible flow ejector is used to power the bridge,
the bridge pressure drop becomes a function of ambient pressure as
discussed in the preceding section (where C] and Pao are constants).

5Pb = c](Pa - Pao) (27)
Substituting this into equation (24) yields the following:
aPo = Gy Sy €y (Xg = Xgq) (Py - Pyy) (28)

Since density is a linear function of P,, it can be seen that v
varies with the square of Pa (psL is sea 1level density, Pg is sea
level pressure).

(29)

With proper selection of o, and P, , the sensor can be useful for
measuring oxygen partial pressure over S Timited range. The design
approach is discussed in the following section. Ideally, Py, = 0,
and if X., = 0, the equation reduces to the following (Gy is the
combinatidn of constants and functions).

AP0 = Gb Sp C] XS Py ® GT Pas (30)

PERFORMANCE OF PROTOTYPE SENSOR

Some of the hardware used for this project was that used in a
previous study concerning concentration and temperature sensing for life
support systems. This work was performed by HDL for Brooks AFB in 1973
[6]. Refer to reference 6 for further details concerning the circuit
layout and dimensions of sensors used in this study.

Bridge Design Guides

The theory and mathematical models for the bridge-type partial
pressure sensor are derived in Appendix A and summarized in the preceding
section. Some of the terms in the equation are fixed constants; some are
adjustable parameters; and some are variables. The summarizing output
equation is restated below.

) (31)
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In the terms, Sy is the gas sensitivity constant and is determined
exclusively by ?he sample and reference gases used (Sp = 0.1045 for
oxygen in air). Cy is the slope of the &Pb versus P, curve and is
essentially constant depending upon the specific characteristics of
the ejector design and the total resistance of the bridge relative

to the ejector output resistance. Cy is typically about 0.5. Xg

is an equivalent concentration to account for bridge asymmetry.

Pag 15 the Py axis intercept in which no positive pressure drop is
developed across the bridge. Pyo is typically 35 kPa for the venturi-
type and is 20 kPa for the radial ejectors at constant supply pressure.
Pag 15 O kPa with the scheduled pressure regulator. G, is the sensor
gain function which is a unimodal function of Py. Over most of the
operating range of principal concern, Gy varies but is greater than
half of its peak value.

Selection of Sensor Operational Constants--The variation of Gp,
and hence the selection of 0, is one of the major design variables of
the sensor. As can be seen from Figure A-2 in Appendix A, G peaks
at © = 1.207. Thus the resistor's geometries should be designed so
that Gp reaches its peak somewhere in the midrange between the two
extremes of ambient pressures (altitudes) of major concern.

In Air Force applications, the crew can be exposed to cabin

pressures ranging from 100 kPa (760 mm Hg) at sea level to 39 kPa

(290 mm Hq) at 7,600 m (25,000 ft ). Oxygen enrichment is not necessary
to prevent hypoxia at altitudes below 1800 m (6,000 ft ), and it is
assumed that the probability of operation at such low altitudes is
relatively low. Thus, pressures below 80 kPa (600 mm Hg) are considered
more important and the sensor will be designed to give improved accuracy
in the 40 to 80 kPa range. Hence o* = 1.207 (point at which Gy is
maximum) should occur around Pa* = 60 kPa (Appendix C).

& R
o* = 1,207 = *'2—‘“"‘" p’a“— C](Pa* = Pao) (32)
H /PSL SL

The ratio uz/pSL for air at STP is 2.817 x 10']3kN; knowing C
and Pyo from ejector characteristics, allows computation of the ralio of
geometric terms b/a¢ at the selected ambient pressure, P *. Another
useful relationship is the value of 0 required at sea level for Gy
to maximize at some Py*. The ratio of pressure drops can thus be stated.

Pe, (Pey = P )
2 st \'sL ~ Pao (33)
0ep = 1.207 wob pptiemiy.
st p;} (F;* 7 Paé)
T
b, i s (34)
b,




The placing of P,* in the midrange distributes the error due to
variations between low and high altitudes. [f improved accuracy at
elther the high or low altitudes is required, Py* and hence the Gb
peak can be shifted in that direction.

The second major nonlinearity arises from the ejector character-
istic. As shown in Figures 6 and 8, Py, increases as a linear function
of ejector supply pressure. [t is most desirable to have Py, as low
as possible so that partial pressure sensing will be more accurate at
lower absolute pressures (higher altitudes); however, lowering P. also
lowers the knee of the ejector characteristic (point at which flow
becomes choked and produces constant pressure). The lowered slope
at the knee has a multiplicative effect upon the output: First,
decreased ! will decrease the output directly, and secondly, it
reduces Gp though 0.

The venturi-type ejector requires a supply pressure of about 150
kPa absolute for maximum &Py at 80 kPa; however, Pyo is then about
35 kPa. A good trade-off with the radial flow ejector is with
Pg = 400 kPa absolute in which Pyy = 20 kPa absolute is produced with
only a slight knee effect around 80 kPa. When the venturi-type ejector
is used with the scheduled regulator, the pressure ratio (of the ejector
supply to ambient) should be large enough to just saturate the ejector.
This requires a pressure ratio of about 2.0, and will produce a Py,
of 0 kPa absolute.

A third nonlinearity exists in the Xgo term. 1f 0, partial
pressure is to be measured with a roference gas of air that is free ot
oxygen, no correction is rvqul)ed and Xg 0 (or the bridge should be
symmetrical). [f 0p is to be measured wwth ordinary air as a reference,
then a bridge asymmetry equivalent to an xsn 0.21 must be provided
to account for the 02 already present in air.

Flow and Contamination Considerations--Another trade-off exists
concerning the physical sizing of the resistances. The smaller the
geometry dimensions, the lower the required flow of analysis gases to
the sensor. This is usually desirable; however, as the dimensions get
smaller, the sensor becomes more vulnerable to contamination. Contaminant
filtration is possible but is undesirable for two reasons: a contaminant
filter adds resistance which could upset the resistance bridge balance,
and it requires a dead space volume which will slow the sensor's
response capability.

There are two considerations on the sensor's response time: the
"purge time" which is equal to the volume (in the interconnecting
tubing, etc. between the analysis gas source and the sensor) divided by
the volumetric flow rate, and the time constant formed by the sensor's
output resistance and the actuator's or pressure transducer's tluid

b i i




capacitance. The latter will have to be evaluated in the actual
application but is no real consideration with the prototype system
with the pressure transducer used.

The sensor's resistive coefficients can be written in normalized
form so that the sensor constant, 0, and the flow rate can be selected
independently.

K b ) 0
— = e ol Tl e (35)
RZ d2 “2 SPb

where
bow Ly Ly oty (42 (36)
a  128+° é;? !

(see Appendix A for nomenclature definitions).
The flow can be calculated using equations in Appendix A.

Expected Performance

The partial pressure of a gas is the product of its volumetric
concentration (mole fraction) and the ambient pressure. An ideal partial
pressure sensor would produce a family of linear curves passing the
origin as shown in Figure 12.

The fluidic bridge gas partial pressure sensor evg]uated in this
report, using the model derived with typical constants®, should
produce the characteristics presented in Figure 13. These
curves suffer from the offset P35 and the nonlinearity due to Gb at
both ends of the characteristics (P4 = 20 kPa and Py = 100 kPa)3
however, the sensor does respond to both concentration and pressure,
and should give very useful results in the range of 40 kPa (25,000 ft
cabin altitude) to 100 kPa (sea level).

Experimental Results

The final sensor design was fabricated using discrete components
rather than the laminates described in reference 6. It consists of
metal etched laminates (from General Electric) for the laminar resistors,
and plastic molded orifices (from Johnson Service) as shown in Figure 14.
Different combinations of resistances were tried until sets of well-
matched resistances were found that had the correct Pa*. The radial
flow ejector was used to power the sensor. The results are shown

3o= 2.05 at sea level (o* = 1.207 at Pa*
Pao = 24 kPa, Xso = 0, gases = COp in air (S

80 kPa), Cy = 0.58,
1.056).
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Figure 12. Ideal partial pressure sensor performance (hypothetical).
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Figure 14.

Prototype sensor hardware.
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in Figure 15. This figure also shows the actual data taken with the

x-y plotter which indicates the low noise exhibited by the signal.

Since normal aircraft applications are in the range of 40 kPa to 80 kPa,
the sensor is observed to be useful in that range.

The output signal shown in Figure 15 is lower than predicted. This
signal degradation is a constant and is accurately explained by the
nonideal analysis presented in reference 6. A detailed analysis has
not been conducted in the present study, although the degradation factor

appears to be about 0.4, and is indicated by the data shown in Figure 16.

At the conclusion of the project, a substantially improved sensor
was constructed using the hardware from reference 6. This bridge has
a sea level 0 of 2.85 and a P,* of 65 kPa with the scheduled regulator.
This sensor was powered with %he scheduled pressure regulator discussed
previously. The combination provided significantly improved results
with larger outputs and improved linearity. The following data gives
an indication of what can be expected from a second generation sensor.
It is unfortunate that time did not permit a full evaluation of this
sensor/regulator combination.

Figure 17 is the output of the improved Air Force sensor with
the scheduled regulator. Notice that §Pp now goes through zero
(Pag = 0) and the sensor has improved characteristics in the 40 kPa
to 80 kPa ambient pressure range.

The pressure-flow characteristics of this improved sensor are
shown in Figure 18. The bridge is composed of the original orifices
(after being hand matched) and two of the capillary resistors in
parallel.

By comparison, the original sensor design described in reference 6
was tested for its ability to sense partial pressure. The results are
shown in Figure 19. Notice from this plot that three design improve-
ments could be made. First, the venturi-type ejector limits the §Py
characteristic both by Cy and by Py,. Secondly, G is designed to be
maximum at sea level; thus the curves at lower pressure have decreased
gain due to Gp. Thirdly, the null concentration curve is not zero but
more importantly is not a straight line.

The undulations in the output curve with null concentration are
very significant since this curve is added to the curves with fixed
concentrations. The variations in the null curve are traceable to
pressure-flow characteristics of the resistors in the bridge. The
P-Q curve for the two resistors in the mixture and reference channels
should be very closely matched for both the orifice and the capillary
resistors; however, even if they are unmatched, one should look like
a constant multiple of the other. If one curve has a variation where
the other does not, a shift should occur in the output signal. The
pressure-flow characteristics of the original design bridge are shown
in Figure 20.
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Figure 15. COp sensing characteristics of discrete component prototype
sensor with radial diffuser ejector (experimental).
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Figure 17. (0p sensing characteristics of the improved Air Force
design with scheduled pressure regulator and venturi-

type ejector (experimental).
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C0> Partial Pressure Sensing--Most of the experimental testing was
conducted using C02 in air rather than 02 in the air. This was done for
two reasons: First, the sensor has a much larger signal output with
€02 as compared to that with 0, and secondly, there was less fire
hazard with our oil sump vacuum pump. During most testing, the
characteristic with zero concentration was of prime interest so that
the test gas, although used, was of secondary concern.

One of the most critical problems with the sensor is the bridge
synmetry. The differential output with zero concentration depends upon
the bridge balance. Since the maximum signal output with 02 in air is
less than 2% of the bridge pressure drop, the bridge must be symmetrical
within much less of a percentage than 2%. Not only does the bridge have
to be nulled at zero concentration, but it must remain nulled while
Pa varies. This requires that the resistor's pressure-flow characteristics
remain essentially the same throughout the entire range. This is often
difficult if the flow coefficients and discharge coefficients don't vary
in exactly the same manner. The pressure-flow characteristics of the
bridge reported in Figure 15 are shown in Figure 16. The mixture and
reference channel resistors in both cases are almost indistinquishable
on this plot. A small length of tubing was used with the capillary to trim
the sensor's output to zero for the data in Figure 15.

0o Partial Pressure Sensinge-The sensitivity to 02 in air is
One-téﬁfﬁ ‘that of CO2 in air so that all variations in the null curve
due to the asymmetry are effectively multiplied by ten. Thus, it is
of prime importance in 0p partial pressure sensing to have a well-
balanced bridge.

Another consideration in sensing gas partial pressures is that of
absolute partial pressure. The fluidic gas concentration sensor measures
relative concentration of the mixture and reference gases. Hence, the
fluidic partial pressure sensor senses the product of relative concen-
tration and ambient pressure in what might be termed a relative partial
pressure. In order to measure absolute oxygen partial pressure, the
bridge must be slightly unbalanced null concentration so that the output
reading is 21% of the maximum output signal obtained with 100% 0p (thus
Xso = 0.21). This initial offset should then scale linearly to P,,.

An offset to compensate for absolute partial pressure should be
obtained by having the pressure-flow characteristics of the orifice
and the capillary resistors differ by a constant multiple between the
mixture and reference channels. Having only the orifice or capillary
resistors unmatched should give undesirable results.

The discrete component bridge was trimmed by using various lengths
of tubing on the capillary resistor until the null concentration signal
was 21% of the 100% 0, concentration signal at sea level. The sensor
characteristics of 02 in air with the 21% correction are shown in
Figure 21.
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ENVIRONMENTAL SENSITIVITIES

As seen from the preceding section, the fluidic bridge gas concentration
sensor does sense partial pressures and is in close agreement with the theory.
The lab data look very acceptable; however, the expected performance in the
actual application is considered in this section. By "environmental sensitivity"
we refer to any effect that can vary and have a possible effect on the sensor
output.

Spurious Gases

The gas concentration sensor is sensitive to p/u2 and has sgngi;iyities
to any gas that has o/u2 different from the reference. The sensitivities
to a variety of gases were given in Table 1. To serve as a selective gas
partial pressure sensor when gases other than the primary sample gas are
present, the sensitivity, Sp, to the other gases must be Tow relative to
Sp for the selected sample gas, or the concentrations present must be
small so that the output readings do not significantly vary. Table 2
lists the sensitivity to various gases normalized to Sp of 0p. This gives
a relative comparison of how the bridge will perform as an oxygen sensor.
By contrast, the relative comparison is also made to show how the sensor
performs as a COp sensor.

As an approximation, a mixture composed of the reference gas concentra-
tion, X, the sample gas concentration, Xs, and a third gas concentration,
X3, can be expressed in linear form as follows. It can be seen that
Sp3/Sps Or X3/Xs should be small.

aP
= = G [SbsXs + Sb3Xa)
. (37)
I
- b3 "3
= Gy Sps Xs [] b sbs Rs ]

The form of the equation depends upon whether the third gas originates or
is removed from the mixture. If a third gas is generated into an existing
mixture of two gases, the ratio of the concentrations of the first gases
remains fixed although their sum is reduced by the third gas.

The concentration sensor equation for a generated third gas into a con-
stant mixture ratio can be stated as follows (primes designate the concen-
trations after the generation process; without primes designate original
mixture before process).

2P
o = & ) L}
P, " O [ Sps X(17X3") + Sp3 X5 ] oy
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TABLE 2. NORMALIZED SENSITIVITIES OF SELECTIVE GAS SENSOR

Sample Reference Sp/Sb0, Sb/Sbco,
0, Air 1.00 -0.10
Co, Air -10,10 1.00
Hy0 Ar - 7.3 0.72
A Air 1.55 -0.15
Ne Air 10.97 -1.09
N Air - 0.53 0.05
CHy Air - 2.7 0.27
CoHg Air -16.05 1.59
C4Hg Air -28.54 2.83
Catho Air -40.26 4.06
CsHy 2 Air -53.89 5.34
Cghg Air -92.42 9.15
43




4P b3 K3'
0 S + &
P b “bs s [ Sps 3 XS ] (39)

Thus the normalized sensitivity as well as the sample gas concentration
determine how X3 affects the output.

A third gas can be absorbed through chemical processing to remove its
effect upon the sensor output. The model for an absorbed concentration, X3,
is stated as follows (same prime notation applies).

AP
8

=
1
[ep]

b Sbs Xs‘ (40)

O,
o

=G S s
b >bs TT - X3) (41)

Notice that the third gas properties (or Sp3) have no effect upon the sensor's
output; the third gas only affects the output by the volume it occupied.

Humidity

Respiratory gases are usually confronted with variations in humidity. It
is assumed that water vapor can be treated as an ideal gas over the ranges
of operation of interest to this project. If so, the gas sensitivity constant
is 0.7639. This coefficient has been verified to be very close experimentally
to this theoretical value. The concentration can be expressed as a function
of the relative humidity ratio, ¢, the saturation pressure at a given
temperature, P , and the ambient pressure, P_.

3SAT a
P

_ 3SAT

M "k ! (42)

Assuming constant temperature oberation at 25°c, PasAT is 3.2 kPa. The preceding

expression is plotted in Figure 22.

Typical Respiratory Mixtures

Exhaled respiratory gases can contain mixtures of oxygen, carbon dioxide,
and water vapor. The partial pressures of these gases are assumed to have
the following ranges: oxygen = 0 to 100 kPa; carbon dioxide = 0 to 8 kPa;
water vapor = 0 to 6 kPa.

The validity of the l1inearized model has been verified using three

constituent gases as well as two. Four constituent gases should also follow
a linearized model.
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Figure 22. Water vapor concentration variation with relative
humidity (theoretical).




1 The effect of the presence of variable amounts of COp and H20 generated
in an 0p/air mixture can be seen in Figure 23. Ideally, these graphs should
be f]at. however, the slopes associated with the concentration of the third
%?f.lgdicate that the 02 sensor output will be greatly affected by the

ir gas. ’

d Note that while the sensor is sensitive to a generated gas, it is
insensitive to a third gas that has been absorbed. Thus, if chemical pro-
ce;sors are used to absorb CO2 and Hp0, an accurate reading of 02 can be
made.

The preceding sensitivities suggest that the sensor should be used in
the control system for the inspiratory gases rather than expiratory gases.

Ejector Supply Pressure

It should be noted that conventional pressure regulators maintain a
constant absolute pressure (since the set pressure is determined by a spring
force) rather than gauge pressure. If the supply pressure varies from its
design set point, the principal effect will be on the bridge pressure drop
function as well as the Pp level (see section on "Ejector Characteristics").
This will vary the knee of &Pb, and Pag; significant lowering of Ps will lower
the magnitude of sPp. Variations in sPp will have a secondary effect on Gp

through 6.

Variations in supply pressure will affect the output levels of the
sensor more than the relative relationships of Xg and P3; hence variations
in Pg will look more like a variation in sensor gain. In a closed-loop control
using fluidic control circuitry, this gain variation might not be very signifi-
cant if the rest of the fluidic circuit varies in a similar manner.

Temperature

A symmetrical bridge sensor should be insensitive to common-mode
temperature variations in which the temperatures of the mixture and reference
channels both vary but are equal. This is reasoned since the temperature
dependence of the viscosity of the mixture and reference gases usually have
the same slope and both gases follow the ideal gas law; thus, ul/p should
remain constant and thereby produce no concentration variation effect.

The ejector, however, might be temperature sensitive and produce a
variation in &Py with temperature which would affect the output signal.
Further, although the resistive coefficient ratio remains constant, the
bridge flow rate will vary with temperature, and, depending upon the ejector
output resistance, the 5Pb could vary due to this effect alone.

A slight temperature sensitivity is expected due to variations in §Ph.
This sensitivity has been evaluated in preliminary data to be very small. The

original design bridge was used with the radial flow ejector (APg = -0.15 kPa,
8Py = 7 kPa, Gpb= -0.0652 @ 7 kPa, AT = 450C).
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A]though the data of this experiment are of questionable validity, this
sensitivity coefficient is an order of magnitude below that of 02 in air.

UTILIZATION REQUIREMENTS

Several considerations must be made before the sensor should be used in
the actgal application. A primary consideration is that of gas processing
by che@1gal means to remove concentrations of unwanted gases. The gas
sensitivity ratios given in Table 2 indicate that the sensor is more sensitive
to most other gases relative to 02; thus, the concentrations of unwanted
gases shquld be Tow or removed by chemical processors. A chemical processor
adds a time lag which would affect the sensor depending upon the flow rate.

The necessity of chemical processing to remove unwanted H20 or CO» should
be evaluated depending upon which gases are to be measured. For example,
measurement of oxygen partial pressure of the 0z-air mixture delivered to
the_pylot.should be free of COp and should have almost the same relative
humidity in both channels; thus, processing is not necessary. However, the
exhaled respiratory gases contain C02 and Hp0 that is generated by the pilot,
and would be measured by the sensor as a large equivalent 0, signal.

Thus, it might be desirable to remove these gases with chemical absorbers.
The resulting cas could then be evaluated tor its 02 content since the
2:1y0difference between the mixture and reference channel would then be

e Uz.

Contamination filtering is another concern. The bridge is designed to
require low flow rates and thus inherently has small dimensional geometry
which is sensitive to contamination. On the other hand, adding a filter to
the analysis gases adds a series restriction to the bridge which could upset
the balance. A filter also adds a certain amount of volume that has to be
puwai before the analysis gases enter the sensor. This purge time adds an
adc . c1onal time lag.

The output signal from the 02 sensor bridge is extremely small. Signal
amplification will be required before the sensor can be used in a closed-loop
regulator. Staging a fluid amplifier to this bridge is not a classical
problem in which an amplifier can be connected to the sensor without several
special unconventional considerations.

The primary concern is with the amplifier mean input level, MIL. Since
the sensor bridge is operated with vacuum, the pressure at the center point
in the bridge, and hence the pressure signal to an amplifier, is substantially
below ambient pressure. Since most amplifiers do not operate well with large
negative mean input levels, the vents of the amplifier must be collected
and evacuated to a pressure, Pya, at or below the absolute pressure of the
center point of the bridge, Po. See Figure 24.

MIL = (Pom - pva) ; (Por - Pva) @4 )
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Figure 24. Circuit schematic of sensor bridge with amplifier.
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Since P,y is approximately equal to P,. for most concentrations, mean
input reduces to the following in whicﬁ it can be seen that P, should
be lower than P, for MIL to be positive.

MIL = P - Py (45)

More important than the operational stability of an amplifier with
positive MIL, is the fact that with negative MIL, flow from the amplifier
will go into the bridge and will degrade the gas concentration information.
Thus, it is imperative that a positive MIL be maintained.

The circuit for accomplishing this amplification is shown in Figure 24.
In this first stage amplifier, the vents are evacuated by a connection to
Py through a resistor. The resistor is sized to provide a P, that will
produce a positive MIL. The amplifier supply pressure can be connected
to a pressure source, flow source, or to ambient pressure. Ambient
pressure supply is used in the data of this section although other supply
sources can be used to produce more desirable effects.

The next problem is that of amplifier Reynold's number effects.
The physical size dand the supply pressure drops used in this application
make the amplifier only slightly turbulent at sea level and laminar for
operation below Py = 80 kPa. Turbulent operation is accompanied with a
certain amount of output signal noise which can be seen on the signal
trace. This noise is of high frequency and has negligible content below
the few hertz bandwidth of interest to this application. Laminar
operation does not introduce any roticeable noise in the output signal
but does have variable gain operation. The gain of a fluid amplifier
varies almost linearly with Reynolds number for fully laminar operation
[10]. This effect wi{1 cause a decreased output at low supply pressure
drops experienced close to P, (high altitudes).

Another consideration is the impedance match between the sensor's

output resistance, R,s, and the amplifier's input resistance, Rjq: The
staged pressure gain of the amplifier is given as a function of %he
infinite load impedance pressure gain, Gpm. and the impedance ratio.

Gp = Spao (a6)

! 1+ Ras

;f? Ria

If Ros/Rja = 0, the maximum pressure gain is achieved, if Ryg/Rig = 1.0,
the maximum power gain is obtained, and if Ryg/Rjy = =, the maximum flow
gain is realized.

Generally the purpose of a first stage amplifier is to provide a
buffer and signal conditioning preferably with a gain between maximum
pressure and maximum power loading. Thus, for a given bridge and hence
a given Ryg, the amplifier input impedance should be sized to be equal to
or greater than Rys.
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The output characteristics of the sensor bridge are given in Figure 25
from which the output resistance can be calculated as 1.7 M lohm.* “The
amplifier used in this study is a single G.E. laminate whose characteristics
are given in Figure 26. The input resistance of the amplifier is about 1.3 M
lohm and the infinite load impedance pressure gain of the amplifier is 10. Thus,
the expected pressure gain as staged is 4.1. Figure 27 is the amplifier transfer
characteristics at infinite load impedance from which good linearity and Gpe = 10
can be observed.

Figure 28 illustrates the sytem output (COZ in air) with one stage of
amplification on the bridge (P, = 50 kPa abs, Pya = 82 kPa abs, MIL = 82 kPa
abs, and Pgy = P,). Notice in comparison with Figure 15, that a gain of 4.5
has been achieveg and the output impedance has been changed from the 1.7 M lohm
of the bridge to the 1.5 M lohm of the amplifier and good isolation has been
achieved.

The mean output level (MOL) of the amplifier is now 89 kPa abs whereas it
was 83 kPa abs for the bridge. One more stage of amplification can achieve a
signal having sufficient gain and MOL to be used in conventional altitude
compensation circuits. :

Figure 29 shows the amplifier signal output using Oz in air with the absolute
partial pressure compensating offset in the output. Notice the signal noise level
change in going from laminar to turbulent which occurs around P_ = 70 kPa abs.
Notice also the decreased output in the vicinity of P,, due to 2he loss of amplifier
gain at low Reynolds number.

The first amplifier was staged with almost no difficulty as long as the
mentioned considerations were taken into account. It will be less trouble to stage
a second amplifier onto the circuit so that the signal can be used in conventional
fluidic circuits.

& 1he unit of measure of a linear fluid resistor is_termed a lohm (linear ohm)
and is equal to a kN sec/m5. Note that 1.0 kPa per cm3/sec is 106 lohm, or 1 M lohm.
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CONCLUSIONS AND RECOMMENDATIONS

A theoretical concept for the measurement of a selective gas partial
pressure has been evaluated and verified to follow theory almost exactly.
The sensor has an output linearly proportional to gas concentration and
proportional to ambient pressure. Hence, the device is useful for deter-
mining gas partial pressures over any concentration levels and over a range
of ambient pressures of interest to aircraft applications. It should be
noted that the ambient pressure limitation could be removed with only a slight
effort. The Py intercept can be removed with a pressure scheduled regulator
or by producing a near absolute vacuum source with a mechanical pump.

The bridge, by its nature, gives a very low level output signal that is
the resuit of an extremely well-balanced set of resistors. Thus, a major
concern in mass production of the sensor will be that of symmetry and matching.
It should be noted that this precise matching is well within the current technology.
Even plastic molded orifices (two out of the three tested) were found to match
within the required symmetry. Jewel bearings can be used for precise orifices.
Capillary resistors can easily be fabricated in matched sets.

In some applications the environmental sensitivities discussed will offer
no obstacle. Some applications will require further processing or compensation.

Amplification of the bridge signal is straightforward using the special con-
siderations discussed in this report. Amplification to levels useful in normal
fluidic circuits appears to be no problem.

Although the sensor has some associated nonlinearities, the nonlinearities
have a most fortuitous result for closed-loop oxygen regulator controi. The
decreased output near P__ and near sea level would indicate to the control
system that the oxygen Sgrtial pressure is too low. and the control system would
respond by delivering more oxygen. It is desirable to have more oxygen than
is necessary at high altitudes than to have less. Having more oxygen than is
necessary at very low altitudes is not as significant since very little time is
spent at low altitudes.

The use of fluidics for sensing and control of an oxygen flow control valve
could also provide improved dynamics for breath-by-breath control.
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APPENDIX A

DERIVATION OF BRIDGE SENSOR EQUATION

Gas Concentration Sensor Equation

The bridge-type gas concentration sensor is composed of a symmetrical
4-way bridge as shown in Fig. A-1. Each channel of the bridge is composed
of two fluid resistances: one orifice-type resistance and one capillary-type
resistance.

The pressure drop, &Py, across an orifice is a nonlinear function of
the volumetric flow, Q, given by the following:'

5Py = K Q? (A-1)

The loss coefficient of a circular orifice, K, is a function of the
orifice diameter, d, the density, p, and the discharge coefficient, Cd.

K=be (A-2) ;

Where the geometric term is defined as follows.

#
|
)

g (A-3)

The discharge coefficient, Cq, is dependent upon the operating pressure drop.
Generally, Cq is constant for turbulent operation; whereas, Cq is quite
variable for laminar operation. As a general guideline,the flow through an
orifice is turbulent if the Reynolds number, N., is in excess of 1000.

4q 5 BEN
Ne = 232 = d Foaw > 1000. (A-4)

Thus, the pressure drop across the orifice should be greater than the following:

2
8Py 2 5.0R10° Mo

b N vy (A-5)

e

The pressure drop, &P across the capillary resistor is a Tinear function
of the volumetric flow rate, Q.

SPL = R Q (A'6)

]See the nomenclature for a discussion of the pressure notation.
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Figure A-1. Bridge-type gas concentration sensor schematic.
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The resistive coefficient, R, of a c3p11]ary is a function of the length,
L, the equivalent hydraulic diameter e’ the area, A, and the dynamic
viscosity, .

R=a M (A‘7)
where
2 32 L
A de2 (A-8)

For rectangular slots of width, w, and height, h, the geometric term, a,
simplifies to the following if h < < w.

a =1L (A-9)
w h

The capillary resistance equation above is valid only for laminar
flow in which the Reynolds number, N., is less than the following:

2
d d ,
n=Q &, by 2o < s.ox0 (A-10)
(] de 32 u2 L=

Thus, the pressure drop across the capillary should be Tess than the
following (assuming h/w is small).

5P, - 5.0x10° i 1 (A-11)
L = 5.0x H

Since the sensor gases are entrained from ambient pressure, P_,
by a vacuum source, P, the pressure drop across the sensor bridge”is given
by that difference, which also is equal to the sum of the drops across
the orifice and capillary resistors.

8 2 b =P, " §P, + §P (A-12)

a v N L

The pressure intermediate to the orifice and capillary resistors, Po’
is given as follows:
P0 = Pv + GPL (A-13)
The pressure drop across the capillary resistor can be expressed as
a function of an by solving equations A-1, A-6, and A-12.

sP T
a,t = Vi -l (A-14)

2Hydrauh’c diameter equals four times the area divided by the perimeter
of the cross section. 61
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Where the sensor constant, ¢, is defined as

K bp GPN ( )
9 = — &P, = —— 8P, = —5 4P A-15
RZ b a2 £ b 6PL2 b
The bridge differential output signal is the difference in the two
intermediate pressure signals.
aP_ =P - P = §P - &P (A-16)
2 Omix 0 ref L mix L ref
By using equation A-14:
APO Jl + 4;9r -1 Ql + 49r -1}
&P, S I g %, (A-17)

Where 6 is the sensor constant evaluated with the reference gas, and the
principSI sensor variable, ¢, is the ratio of the sensor constants in the
mixture and reference channels.

% 0,/0,. O/ Py
L = ;o

r (am/ar)2 (”m/“r)z

(A-18)

As can be seen, r can be considered as a function of two independent
variables, the geometric symmetry constant, o, and the gas properties variable,
vy, defined as follows:

bm/br X18)
(am/ar)2
op/Py

S (A-20)
(/1)

it

Notice that ¢ = 1.0 for a symmetrical bridge and that y varies with the
concentration of the mixture.

Hence the output equation becomes

AP [‘h + doye,. -1] { 1+"i€;' -1] v,

0
—— = ——-T-—-———-
6Pb ayer | 29r

in which y is a function of the gas concentration.
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Cquation A-21 is quite nonlinear looking and the relation for y as a i
function of concentration also is nonlinear as given in Appendix B. Thus,
the output equation is linearized with respect to the sample gas concentration

Xs» about the point Xg = 0 and o = 1.0 (thus y = 1.0).
LR AP, 3aP /8Py ay 3aP /8Py (-1)
st(xs) " Py YT aX Bl oo (A-22)
v=1.0 y=1.0 0=1.0

At xs =0 and o = 1.0, APO/GPb is zero which makes the first term vanish.

AP

o = -
W Gy Sp Xg + G (0-1) = 6y, Sy (Xg = Xgq) (A-23)
Where X, is an equivalent concentration to produce an output without any
sample gas present.

The sensor gain function, G_, is a function of the sensor constant, 6,
evaluated with the referenc® gas.

Pl al < ‘-\"-—1 o]
iy 35.0,3Pb? : )\Po/spbl ;{: Fr o gt
b Ay do 20 [T + 4o
y=1.0 o=1

The gas sensitivity coefficient, SR. is a function only of the sample and
reference gases and is derived in Appendix B and tabulated for several gases.

S

% % X (A-25)

- 0

The asymmetry of the bridge gives rise to a constant term in equation
A-23 which is the same offsetting effect as having a constant added
concentration. Considering only a symmetrical bridge yields the final
linearized equation for the bridge gas concentration sensor

AP

FF& "% 5K (A-26)
The gain function, Gy, affects the apparent gain of the sensor since

Sp is a constant for given gases. Gp varies with the sensor constant and i

has an absolute maximum of -0.1716 at & = 1.207 as shown by Figure A-2. ;

The validity and accuracy of all linearizations are given in reference 6
and are not repeated here except to say that all linearizations are within i
engineering tolerances for the gases of interest. !
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Partial Pressure Sensor Equation

The volumetric concentration of one gas in a mixture, Xg, is also
equal to the ratio of the partial pressure of that gas, Pyg, to the total
pressure, P Thus, the partial pressure can be expressed as the product

of concentrdtion and total pressure.

Pas = XSPa (A-27)

The gas concentration sensor accurately senses X, and can be made to
sense partial pressure if the bridge pressure drop is made to vary in
proportion to P, as can be seen by rearrangement of the concentration sensor

equation derived in the previous section.
APO = Gb S X 8Py (A-28)

The gain function, Gy, is a relatively constant function; Sy is a constant, and
8Py, can be made to vary in proportion to P, by use of the compressible
characteristics of the ejector. Once the ejector becomes choked, further
decreases in downstream pressure have no effect upon the vacuum produced as

shown by Figure 7.

Considering the loading effects on the ejector, the ejector performance
when driving the bridge can be modeled by the following.

GPb = Pa - Pv = C}(Pa - Pao) (A-29)

In the above, C1 is the slope and Paois the intercept.
The output equation reduces to the following:
aPy = Gy Sy Cy X (P, - P,.) (A-30)

Since GpSp C; is relatively constant, and XS P, is partial pressure, the
sensor effeclively senses partial pressure of %he sample gas if By is small.

AP, = GT Pas (A-31)
Where the total gain, GT’ is given by:

In the partial pressure sensing application, special attention must be
paid to the sensor constant and corresponding gain function since both p
and 6P, are changing. From the previous section,6 is given by the following
when p and 6Py vary (pg and Pg_ are the density and pressure at sea level).

2
s béa G 52—(Pa - Pao) Wiy
o /DSL Sk
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Assuming P, to be small, it can be seen that o varies with the square of
Pa and hence G changes significantly with P,. This effect is somewhat
overcome by se?ecting o much larger than the optimum at sea Tevel. As P,
decreases (increasing altitude) o decreases and hence the gain slowly
increases to the maximum gain and then decreases rapidly as can be seen
in Figure A-2.




APPENDIX B
COMPUTATION OF GAS MIXTURE PROPERTIES

The gas concentration sensor is sensitive to the gas properties
variable, y.

oo 0 oy Ty

o - e S

/
e i
(/1)

! The density and viscosity of the mixture gas vary according to the volumetric
concentrations (or mole fractions) of the sample gases mixed with the reference

: gas.

The density of a mixture, pys is a linear function of the densities
and the mole fractions of the constituents present ( n = number of
different gases; i = 1 implies reference gas, 2 = first sample gas, etc.)

n |
fy *176  hng (8-2) |
i i=] L

For any mixture, the mole fractions always sum to unity.

(B-3)

Bt
_.|><
]
5

-
1
—_—

The density of a binary mixture (one sample gas, s, in the reference
gas, r) can be expressed from B-2 and B-3 as follows.

P P
L=qex (= -1) (B-4)
Pe S P !

The gas viscosity, however, cannot be calculated by such a simple
equation due to gas diffusion. As shown by Wilke [16] the gas viscosity of

a mixture, u , can be accurately estimated by the following:




Where the constant oig is given by the following equation and is tabulated
n

in Table B-1 for conmdn gases.
; R L -
= + e v =0
V8 (1 + == G J
"3

The viscosity of a binary mixture with a sample concentration, XS.
reduces to the following.

(8-7)

] US/P
M 1+ XS 1
]-XS ®rg

The gas properties variable, y, for a binary mixture can be calculated
from equations B-1, B-4, and B-7. This results in an equation that is

nonlinear in X_. However, for the linearized analysis presented in Appendix A,

only the parti§1 derivative is required to determine the gas sensitivity
constant, Sb. [t can be shown that Sy reduces to the following expression.

u /llr

248 P [ s
5 * 3_§— B (:_'- L 2[ $op - rs

S|y = r
XS 0

(8-8)

The gas sensitivity constant, Sq. is a function only of the sample and
reference gas properties and is tabu

ated for various gases in Table B-2.




TABLE B-1. ¢ FOR GAS VISCOSITY CALCULATIONS

j j °1/°j ui/uj 055

02 Air 1.1053 1.1038 0.99875
Air 02 0.9047 0.9060 1.00029
€02 Air 1.5291 0.8081 0.72700
Air €02 0.6540 1.2375 1.37583
H20 Air 0.6216 0.4918 0.88939
Air Ho0 1.6088 2.0333 1.12409
09 C02 0.7228 1.3659 1.38497
€02 02 1.3835 0.7321 0.73289
Hp0 COp 0.4065 0.6086 1.16521
€0, Ho0 2.4599 1.6431 0.77830
Ho0 0p 0.5624 0.4456 0.88698

0, H20 1.7782 2.2444 1.11950




TABLE B-2. GAS SENSITIVITY CONSTANT, Sy

Sample Reference 0s/Py Mg/ Hp Sy
C02 Air 1.5291 0.8081 1.0555
02 Air 1.1053 1.1038 -0.1045
HZO Air 0.6216 0.4918 0.7639
co Air 0.9671 0.9563 0.0549
NZ Air 0.9673 0.9563 0.0551
CHy Air 0.5544 0.5940 0.2828
CZHG Air 1.0493 0.4923 1.6773
C3H8 Air 1.5544 0.4372 2.9827
Citho Air 2.0856 | 0.3989 4.2807
C5H]2 Air 2.6150 0.3634 5.6311
CBH]S Air 4.1508 0.2896 9.6577
c0, N, 1.5808 | 0.8457 0.9867
02 N2 1.1427 1.1543 -0.1675
No 02 0.8751 0.8663 0.1410
Air 02 0.9047 0.9060 0.0818
HZO 02 0.5623 0.4455 0.7967
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APPENDIX C

THE STANDARD ATMOSPHERE AND CONVERSIONS*
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* The U.S. Standard.Atmosphere (45° north latityde, July), U.S.
Government Printing Office, 1966.
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LIST OF ABBREVIATIONS AND SYMBOLS

NOTE: The following notation will be strictly used in this report to
distinguish between absolute pressure, pressure drop, and differential pressure:
A capital P with no prescript is used to indicate pressure measured in an
absolute sense; a lower case & precedes a P to indicate dependent-type pressure
drops (e.g., pressure drop across a resistor that is dependent upon flow); and
an upper case A precedes a P to indicate an independent pressure differential
(e.g., differential output from the sensor bridge). Thus, in summary, P ~
absolute pressure, &P ~ pressure drop, AP ~ differential pressure.

a,b Geometric coefficients
Cd Orifice discharge coefficient

C] C2 Constants

d Orifice diameter

de Equivalent hydraulic diameter

f Frequency of a fluid oscillator

Gb Geometric gain function for a resistive bridge-type sensor
Go Geometric gain function for an oscillator-type sensor
GT Sensor total gain

Gv Geometric gain function for a vortex-type sensor

h Height

k Specific heat ratio

K Loss coefficient for a circular orifice

L Length

Nr Reynolds number

Pa Ambient pressure (absolute)

Pao Ambient pressure intercept of Pv (absolute)

Py Supply pressure (absolute)

Pv Pressure at vacuum port of ejector (absolute)

Pas Partial pressure of sample gas
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Q Gas flow rate (volumetric basis)
Rr Gas constant :
R Resistive coefficient for a capillary resistor
Ro Ejector output resistance
Sb Gas sensitivity constant for a bridge-type sensor
S0 Gas sensitivity constant for an oscillator-type sensor |
Sv Gas sensitivity constant for a vortex-type sensor
Ta Ambient temperature (absolute) ;
W Width f
X Concentration ratio (or mole fraction) §
Y Gas properties variable ' i
af Beat frequency
AP° Differential output pressure signal
st Pressure drop across a gas concentration sensor
5PL Pressure drop across a capillary resistor
GPN Pressure drop across an orifice
z Principal sensor variable
0 Sensor constant for a bridge-type sensor
u Dynamic viscosity
P Density
o Geometric symmetry constant
bps? bp Constants approximately equal to unity
SUBSCRIPTS:
m Mixture
r Reference
r s Sample
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