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AN EVALUATION OF THE FLIJIDIC OXYGEN
PARTIAL PRESSURE SENSOR

INTRODUCTION AND SUI44ARY

Fluidi cs offers a potential for improved sensing, computation ,
and control requi rements in military appl ications because of its

a i nherent simplicity and reliability afforded by no moving parts.
One major appl ication area is in the airborne life support systems
since fluidics is so compatibl e wi th the sensing requirements (e.g.,
suc tion 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
appl ications , 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
itsel f and avoid interfaces with electrical or mechanical hardware.

Purpose and Scope

The purpose of this study is to investigate a recently developed
flu idic partial pressure sensor [17] and to evaluate its potential
for sensing oxygen partial pressure for appl ication 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 experimenta l testing over the complete
range of altitude pressures and oxygen concentrations expected in air-
craft operations. Also included is a complete descri ption of related
fluidic gas concentration and partial pressure sensors.

Appl i cations 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 prescheduIed oxygen flow
control systems based upon altitude pressure. In most cases, these
regulators are not precise, and , due to their open-loop nature, are
wastefu l 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-loop 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—
cu i try. Because of these requ irements 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 var i ous forms of oxygen control systems and regula tors rangi ng
from a simple continuous control system to measure and control oxygen
partial pressure in a mask , to a sophisticated phased-dilution physlo-
logical-demand oxygen regulator. In either case, a part ial pressure
regulator system could provide an economy of oxygen because of the
closed-loop nature of the system.

Brief Descr ipti on of Partial Pressure Sensor

The flu idic partial pressure sensor discussed in this report is
a resistive bridge gas concentration sensor coupl ed with a compressible-
f low ejector as shown in Fi gure 1. The bridge concentration sensor is
composed of orifice resistors (density dependent) and laminar capillary
resistors (viscosity dependent). As gas concentration vari es, the
density and viscosity of the mixture vary and hence, a differential
pressure s i gnal , ~P0, is produced that is characterized by thefollow ing equat i on [15, 18.])

= Gb Sb ~~b X (1)

The term Gb is the l i nearized sensor gain function that expresses the
basic sensor gain as a function of the geometric sizes of the resis-
tors . Wh i le Gb varies with operating conditions , the sensor can be
designed to ma intain Gb nearly constant over a wide range of operation.
The Sb term i s the gas sensitivity constant relating the sensor 1 s
sensitivity to the gases measured. Thus, the product Gb Sb can be
considered to be a constant over a range of operation. 6Pb 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, 6Pb, becomes proportional
to the ambi ent pressure , Pa’ which varies wi th altitude . (Again , this
expression is linearized and idealized. )

ISPb = C l 1’a (2)

1The mathematical analysis involves nonlinear equations that can be
l inearized 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 nonidea l effects are considered and
specified for desi gn purposes later in the report.
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Figure 1. Fluidic partial pressure sensor.
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This var i at ion in bri dqt’ press ure drop has .i mu it i ul i ~ at i ye

effec t wi th  the gas cencen t rat t o r i  so that he outpu t ~.1 i ’I a I Is
proportional to the uas part ial pressure . P~~ (si nce P ~ = P~ \ ) -

Renroupi no all of the cons ton in to one t or . ~ • the ens or on t put
becoiiies :

~~ 5b C 1 ) P . \ G~. P ~3)

It can he soo n t ha t  the senso r (IL t ‘u I is 1 de .i 1 ly prvport 10 0 1  0
oas part ial uress ro ~ih hid m u  o f e  t s  i ’ hoth conc e n t r m t  J o ’ i  a t i l
pros s uro var i at 1 OIS

~u rI.t r’. of Reported Res i i )  s

The Intent  ~f this study is f o  e v , l u a t e a theoret  i ca l  co ncep t
a ‘ethod tO SCf lSO o\v u’n nart ial pressure us ~oq an ex i s t i ng  f l u id  mc
gas concentra t ion Senso r. 1 1 1  ~t i idv is a 000rt’uu is i to  s t  op to Pu i id—
i n~ an advanced c lo sed — 1 ~o p oe ’- m-oa t hi ~ r~’ cL : 1 a Or US 1 no u ~ 0
part ia l  oress ure senso r .

In the process of eval ua t i no th is  part i a I pressure sens I r ig
concept , the fol low i nq res~m I t s  are present ed in this report.

Techno1o~y Rev iew — — A surve~ of the known principles of gas

concentration sensing is presented . These inc lud” the osc i l l a tor .
vortex , and brij uc sensors as d is cus s & ’ d  in the se ct  ion on Theory of
Fluid Ic Part i a 1 P -ossure ~ O t1 s I n~ . It. i s  show n how t hose concent ra t ion
sensors can be used i n  ~O n1u )ct  1011 W i t h  0 coM press i b l e —  low t’io _  t on
to obtain a part i a I pressure read i niq

Th_ep~~~o_ Op~ratioj~— — The t heot -~ of opera t ion of the bridge- t vpt ’
fluid f~ gas concentra ti on sensor i s  den ved in do ta i l (Append i s -

~

and the ma thema t i cs  for the conipu t .at i on of gas nii \ ture properties is
presented (Append I ~ 11) . A desc r ip t ion  of the ope ration of the
ejector is discussed and is re l ated to i ts  use in convert I nq the
concentra ti on sensor in to  ~i oar t Ia I pressure sensor (sect oiis on
‘Th rtial Pressure Sens i no and ‘Ejector C ha rac t en i s t  ic s) . Thus

a connpl e to  theory of operation and c orres pond i ~i o -ia t hema I i cal model
are presen ted in a form usefu l for pa ranieter se l ect ion and dos j ~n ~a wo,.k 1 r ig  par tia l  pressure s ( ‘nsor

Prototype 1ab ’ i cat ion  and Tes t i n 9—— A d iscuss  ion of si :1 no,
parameter sel ect ion ,  and ether trade — off s  required in the sys I ‘Ifl

design is presented in the sect ion on “Performance of Pro t o typ e
Sensor . Prototype s r ’ i so rs  i~~r~’ fabni ca ted us i no par ts  roni O\ is t i no
A r Force sensors ~6 j and di s c r ’  I e coL ipe!letm Is . Thes e ‘led 1 i ed sensors
were tes ted over a c ompi o l e  map of . a’ c ’nt rat ions ar~ 1 m ’ ~ i’Oi i 01 di ) 0 ’  and pre~ ’ i  005 r a ’ j  i n~ (rain d . d t o  1 .0 at mospho re
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nv i ronmen ta I Sons i t  iv I t v  — — he sens in ~ I’, of the part I al pros sure
sensor to various environmental or uncontro llable e t t ec t s  is stud ied .
This includes the sensit ivity to other gases which mi ght be present
inc luding humidity , antien t temperature , and supply pressure (section
on ‘Fnv ironrnenta l Sens itivities ”).

utiH~ation R~auirt~ ents—-Con tanh inat ion filtering , gas chemical
proc t’ssTng, and signal ~~j~1Tflcation are considered in the section on
‘Util nzation Requirements. ”

It is shown tr~u the theory and experimental results presented
in this report that the flu id iL oxygen partia l pressure sensor can be
ut ilized in advanced oxygen breathing regulators to Improve their
pt n-formance by closed-loop operation.

THEORY OF FLUIDIC PART iAL PRLSS URE SENSING

In this section three types of concentration sensors are ident ified
and mathematically described . It is shown how each concentration sensor
can be made to sense parti al pressure . This review is presented for
referenCe information ai~i only one of the sensors is evaluated in this
report .

Fluidic Gas Concentration Sensors

Currently three known types of flui di c sensors have been discussed
in the literature : oscillator , vortex , and resistive bridge . There
are naturally variations upon these basic princi ples 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 tha t the gases to be measured can be entrained from
ambient pressure and would not have to be pumped to positive pressure .

Osci l l ator -Type Sensor--The oscillator-type sensor was identified
at t nt’ Harry biamond Laboratories (H~fl ) in the earl y days of f lu ld ics as

~ln the discussion that follows , the following nomenclature wil l he
used to i dentify the various gases: The term ~m i xture gas ” refers to a
combination of a “samp le gas ” whose concentration in ~ “reference qas ”
i s  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, \~~. can vary from 0 to lOOt . It is assumed tha t the unknown
concentration of the sam ple gas is the only difference in the gases in
the mixture and reference channels of the sensor.

— — ~~~~~~~ ~r-~~
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being a device of great uti lity . 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 ~ri air for respiratory gas
analysis [14], and for related concentration ~ensing [3 , 8, 12].

This sensor utilizes a sonic or feedback oscillat ing 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 wi th gas concentration. A reference oscillator
is usually provided so that a beat frequency can be monitored . This
system is depicted in Fi gure 2.

The frequency. f, of a flu idic oscillator is given by the following
[1 , 7]:

- 

fk Rr~T; (4)

where k = specific hea t ratio ,
R,. = gas constant,
T~ absolute temperature ,
L = cavity or feedback length

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

= 

~m - 

~r

L
~~~~~ (6)

~r 
Lm

where : k
4 

U = k~
R
r
:

Rr 
(7 )

The gas properties of the mixture vary wi th the concentration
ratio , X , of the sample gas in the reference gas. Equation 6 can be
expanded in a first-order Taylor series abou t X 0  to yield the following:

~f(X) 
= 

A f(X 0) + a~f/fr -
~~~~~ >~s 8

r r 
=~ ~~~~~

t~f(x) 
Lr 

- 1’ + .Er~ s xf ‘t~ ‘ ‘~~L ’  ~ 
(9)

r m in

L _  
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FIgure 2. Osci llator-type gas concentrat ion sensor .
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r

where: U

X=O (10)

Assuming that the specific heat ratio and gas constant for a mixture
(in) can be linearly i nterpolated between the reference and sample values ,
and by noting that the gas constant ratio , Rs/Rr, is equivalent to the
density ratio , 

~r’~s’ 
it can be shown that the gas sensitivity constant ,

S0, is given by the follow i ng :

S0 = (~~~~ l)+ (p~~p~~~~l) (11)

Oscillator sensing systems are usually set up so that a small beat
frequency is provided at zero concentration (thus, L~ ~ Lr); however

,
this term is neglected in the expression below . The Lr/2Lm term
represents a geometric gain function , G0, and S0 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 .

(12)

• Vortex-Type Sensor--The vortex gas concentration sensor [11] is a
variation of the vortex rate sensor. As illustrated in Fi gure 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 swirl ing 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
indicati on as to the form of the theoretical equation can be obtained
from the analysts presented in reference 11 and by assuming a quadratic
supply characteristic and linear swirl angl e sensor. The linearized
result is given as follows :

~
p
o (13)

where Gv is a geometric gain function , and Sv Is the gas sensi tivity
constant. From the analysis , the vortex sensor gas sensitivity constant
is related to the density ratio.

10
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Res I s t i ye Ur 1d~ti- 1 ype Sensor- - The res is t I ye hr I dqe sensor was
developed at ~IM. In an e f f o r t  to I niprov e the ri’s p1 i a  tory qa s avi v lys I
sys tern 1 1  -~ . 1 5, 1 . the o sc i l l a t o r  sensol- operated at. fi’equevic it’ . t ’
JO kH~ wh I cli required e le ct  ron Ic si qna 1 process i nq . The brId ge sevi ,ov-• produces .vn “ana log” s I gna I dl rec I ly wi thou t. si qna 1 process t nt). In t h i s
sensor • an on ft cc ri’s is ton (son’; I I I ye to dens it  y) and a cap t 11 arv
resistor (sons itt ye to vi scos I t.y ) are used In st’r Ii’s . As qi s oncen I r i  —
t ion i ncreises , the density ~nd v I ;t -os I t.y of the ml stu n ’ vary and hevict’
a pressure s I qua I is tievel oped . I I quro 4 I ll us t ri t i’s t hit . a r~- i i-rent . t ’

pressu ri’ i prov i dod by an I devi l I t a 1 set  itt i t’’. i I ni’s the reby ‘ m v  ill nq
a ful l hr vdqe . This sOIi- ,ttt ’  s hows urea I potent I it t o y -  v var t ’ t  o f
appl I cat ion [2 4 • , it J Inc I ud I nq the pr Inc I pal c oncern o t th I
report-- v’espl ratory ‘lises .

The a via l ys Is presen t i’d In A ppevid I x A o I t.h I ‘; report rev ev 1 s t hat
the bridge— type sensor cavi  be modeled by the t o l l  owl nq ii vwanl :od et,o i I m u

~ ~b 
Sb X~

Where G I a geometric qa Iii itt i t t  ( tort and the gas se,is I L i v  i t  ons Lou t
S,, is t unc t Ion of the dens I ty and vi scos It ,y v’i lo’. 

~~~~~~ 

and • -
~~

-
~~ 

are
c~nSt O n t s  t lost ’ to unity; see’ Appendix t~)

h l i t
~
‘tt ( ,~ 

- 1) ~~~
‘ 

• 

- 4’ rs (it’ )

The above ana lysts I rid I c i t  i’s tlia I. the theoret ic a l  sensor opera t t oi l
for all I h roe ’ sensors can he ox pros sod in f l it norma ii :ed d I I ferent e I orm
and he separated I vito geomet.r i c qa In ef I oct s and qas soils It v i I ‘, l lit ’
geometric (~~ In can be s I zecl to its max I mum va loo and t.hen t he t o t v  I
-.ys teuui qa Ins can he compa red merely by t-ompan i nq the gas sens i t  iv i t y
constants.

Compar ison of ( 0 s  Sons i t  i v i t  Ii’s

Eu o i ’q ’a r - t~ f bi’ sensors thy’ I lit ’ in abl 1 i Iv to properly nht v - ,urt’ t he
co,it t’ui t r i  ( ion of t u v y  q I yen q is , I t is ties I rob it t bat (lit’ q i s  si ti’ . it  1 s

nt is  tant for  the qi yen t ias be lav ’ t~ and I he si ns It iv i  t y  to itt h ey- t I,ist ’’,

hi’ ‘011(111 . Iii Is will I usure t h it  i ’ ve i t  It other t iast ’s v i . ,’ presoit I , I hi’
sensor will not s i  tjui  It It ant ly measure the in of t~ t t . It t h i s  is rio t f lit ’
cas e , t a r - i’ chould be’ ta kt ’vi that t he cori ce n t i ’ v t  ion I e’vel of spur Otis u ’ - - t ’ -

~
proseui t hi’ low . I h i s may retpt i me chem I ca I process I vi q of (hi’ s ,v ln i t  le u
o remove of her c loses (t’ .q . , dryers . ibsorhoy’ s , o t t  . ). A ~i v ’ . nii x ( i i v ’ t-

be reference gas plus an unknown t out on ( rat I on rat in . ~ , of t hi’ sl ,~~’ f t

‘ i t s  . It v -  ,vssum ,’ti that I bert’ ,il ’ i ’ rio e ithe r ti i t t  ev ’ t n t  Os ii, h, I wi’ ‘h i  St ’s -
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F$gure 4. Bridge-type gas concentration sensor.
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r
The single-samp le gas sens it iv iti es of the three basi c sensors

for a variety of gases in different reference gases are sun~narized
in Table 1.

Partial Pressure Sensing

Qui te 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 coniiion features . First , all can be characteri zed
by a linearized output equation that expresses the normalized differential
output as a func t ion of a geometr ic  ga i n term an d a gas sens iti v ity 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 , X5, and ambient
pressure , 

~a- 
This product is the partial pressure , P~~, of the samplegas.

P 15 = X~ Pa (17)

The output equation for the oscillator-type sensor is in terms of
frequencies . The carrier frequencies of a pressure-sensitive oscill ator
[1] are proportional to the pressure drop (f ~2 ~~b

) so that

= G0 S0 x5(C2 M b) (IS)

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

Af = a~ ~is (19)

Similarly, the vortex and bridge sensors obviousl y can be iuuade to
sense part i al pressure i f 

~~ 
var ies wi th P~.

= GT ~~S (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 partia l 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 0SCIL1~~TOR VORTEX RRIDCE

Samplv  Reference Ps /Pr ~s/~’r 
ks/k r S0 ~~

cot  A ir 1.529 0.809 0.929 —0.417 0.529 1.056
A ir 1.105 1.104 0.999 —0 .097 0.105 —0.105
Air 0.622 0.402 0.948 0.557 —0.378 0.764

C’-) Air 0.967 0.956 1.001 0.035 —0.033 0.055
N 2 Air 0.967 0.956 1.001 0.035 —0.033 0.055
N1O Air 1.530 0.803 0,929 —0.413 0.523 1.075
NO AIr 1.037 1.025 0.998 —0.037 0.037 —0.014
112 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
lie Air 0.138 1.061 1.183 6.424 —0.862 —1 .123
SO

2 
A ir 2.264 0.683 0.920 —0.639 1.264 2.406

Cfl 4 Air 0.554 0.594 0.034 0.738 —0.446 0.283
C2l16 Air 1.049 0.492 0.870 —0 .177 0.049 1.677
c3H8 A ir 1.554 0.437 0.805 —0.551 0.554 2.983
C4H 10 Air 2.086 0.399 0.741 —0.779 1.086 4 . 2 8 1
C 5H Air 2.615 0.363 0.677 —0.940 1.615 5.631

A ir 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. 72 7 1.169 0.62’) —0.3 15 —1 .146
}laiothane Air 7.315 0.765 0.500 —1 .363 6.315 6.499
Ct) , 02 1.383 0.733 0.931 —0.346 0.383 1.153
I1~ O 02 0.562 0.446 0.949 0.728 —0.438 0.797
N 10 

~ 2 1.384 0.728 0.930 —0 .348 0.384 1.172
He 02 0.125 0.961 1.185 7.191 —0.875 —1.089
A 02 1.227 1.119 1.192 0.007 0 .277  —0 .033

0., 0 .620 1.564 1.17 1 — 0 .785  — 0.381 — 1 . 0 4 2
CS4 02 0.502 0.538 0.935 0.929 —0.498 0.321
C,H 6 02 0 .949 0 .446 0.871 — 0 .076 —0.051 1.726
C 3H 8 02 1.406 0.496 0.807 —0 .482 0 .406 3.041
C4 H 10 02 1.887 0.361 0 .785 —0.685 0 .887 4 .34 3

2.366 0.329 0.717 —0 .860 1.366 5.694
0., 1 . 7 5 5  0 .2 62  0.7 15 — 1.019 2 . 7 5 5  9.710

A i r  07 0.905 0.906 1.001 0.107 — 0 .095 0.091
02 0.875 0.866 1.002 0.145 —0.125 0.141

tI.ilothant’ 02 6.618 0.693 0.360 —1 .489  5.618 6 .5 7 1
0 , He 8.007 1.04 1 0.844 — 1.03 1  7 .007 4.839
CO~ lIe 11.076 0 .763 0.786 — 1.124 10.076 9.683

He 4.505 0.464 0.801 —0.977 3.505 6.952
N., 1.143 2 .254 0.998 —0.127 0.143 —0.168

Ct), N., 1.581 0.846 0.929 —0 .439 0.581 0.987

• 11 ,0 N , 0 .64 1 0.514 0.947 0.504 — 0.357  0 .729
11., N , 0.072 0.501 1.004 1 2.9 3 2  —0 .928 — 0 ,9 03

1.2046 kg/rn 3 
‘ 
~
‘air 

— 183 .1tf 6 
~~ /crn eec , ‘f air — 1.403 at STP
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true partial pressure reading, the reference channel must be free of
any of the sample gas, or an initial outpu t offset must be provided
to account for the sample gas In the reference (e.g. ,21Z 02 in air).

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

Ejector Characteristi cs

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 tha t permits the multiplicative effect
required to measure partial pressure .

Compressible flow ejectors have two distinct regimes of operation:
the i ncompressible and the choked . The i ncompressible regime can be
ana lyzed using incompress ible 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, ~~ becomes a l i near func ti on of the
absolute supply pressure, i’s. In this regime, further decreases in
downstream pressure , 

~a’ 
have no effec t u pon the pressure a t the

vacuum port as shown in Figure 6. Notice further from Figure 6, that
once the flow becomes choked , ~ i s a l i near func tion of

The preliminary tests of thi s study were conducted using the
venturi- type ejector described in reference 6. Severa l 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 l oad impedance at
the vacuum port, and hence reflec t the maximu m vacuum that can be
created. When an actual l oad , such as the sensor bridge , is placed at
the vacuum port, the pressure is reduced by the product of the outpu t
resistance of the ejector, R0, and the vacuum flow , Qv. Thus in the
actua l application, loading effects must be considered in determining
the vacuum produced to drive the sensor.

Figure 7 is a plot of the outpu t characteristic of an ejector
Illustra ting 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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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 fl ow diffuser ejector, comercially avai lable 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 l oad impedance. Al though the supply pressures are somewhat
higher, the vacuum produced has greatly improved characteristics.
The approximate dimensions for this radial-type ejector are given i n
F)qure 9. Both ejectors are used with sensors in the follow ing discussion .

The pressure drop across the bridge , ôPb, is the difference
between 

~a 
and the vacuum produced by the ejector as l oaded with the

sensor .

Figure 10 presents the bridge pressure drop versus Pa at constant
P5. This curve can be characterized by a straiqht line of slope C1 arid
offset of 

~~~
C i (P a - 

~ao~ 
(~‘l)

The most des i rable operation of the ejector would be to l ower

~ao 
to zero. 

~ao 
is numerically equal to the max imum vacuum obtainable

with a given supp ly pressure (Fig. 6) and is a linear function of P
I t wou l d appear that by reduc ing P5, P~0 could be reduced . Aithou g
this is true, the problem is that the knee of the curves shown in
Fi gure 6 occurs just before choking and is thus also proportional to P~.
Hence, a trade-off must be made to obtain the lowest possible vacuum for
the offset  P~0 and to maintain the knee of the curve as high as possible
so that the bridge pressure drop is still a stra i ght line function of P,~
close r to sea leve l pressures.

The optimum solution to this problem is to schedule PS linearly
wi th 

~a 
so that the maximum bridge pressure drop is always obtained . A

flow source to the ejector supply (achieved by using a hi gh resistance with
a pressure source) would partial ly accomp lish this task; however , a
scheduled pressure regulator (requiring moving parts) using aneroici s appears
to be the best solution .

A pressure scheduled pressure regulator has been bu ilt and
evaluated for the purpose discussed above. Although a scheduled
regulator can be constructed in a variety of ways, a method using two
diaphragm s was selected . A sketch of the regulator is shown in Figure
11 . In operation . an unregulated pressure , Pu , (Pu 200 kPa abs.)

20 
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Figure ~ Absolute pressure characteristics of radial diffuser
ejector with and without bridge l oad i ng (experimental).
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~~ i t i -oil ed h-~ a t lapper—valve type arrangement . The’ downs treani
- - I ~h- ot t he’ vat ye’ i ’ . the i’e u 1 ated pressure , P~, . Two di aphragms of

~
t i t t  ‘reti t - ‘ i-na ’. a i - n provided . If the pre!s sure intermed iate to the

i .tphraqm’. , I’m , were :n ro absolute , then the control led pressure ratio
I’ t O Pa WOO id be equal to the a rca rat 10 An/As ; however , this

‘ it n t wou I ci requ i re bell ows and fabr i cat ion prob 1 ems
linde-. rat’ In to  our I ac i l it i c’s . Thus , the I n terrned late pressure was
•-h -~ t n~I to be driven by an ejector who se absolute pressure outpu t
wou )ei be a 1 inca,’ tunc t loll of 

~a if the ejector supply pressure is
.t Ii iiear tui l t  t lO~i Of P

~in P~ ( i t  PS ~a ) (22)

thu s i t  t a n  be s hown th at at a s teady— s tate requ tat ion point
I. l i t ’ r t t)u I ,t ted pre’’. —.u re , I’.. , is 1 I nearly proportional to the ambient

• t’I.n’.’.u re ,

+ (1 — ) (.‘3)

lhe prototype regulator is built with an area ratio of 2.7 and
th e C toe ffic ieii t is observed to be 0.45. Thus the regulated
I l ( ”’.111 ( ’ I’. .‘ .$3 t u l le’s P~ . The characterist ics of the regulator and
the’ n i  ec (or be iii driven by the regal a tar are g iv en in a I at  ei.  f i g u r e .
Noti ce tha t \t L) will now pass linearly through the origin (P

~0 
= 0.0).

swiElary of Bridge-Type Sensor Equation s

t he’ bridge- type concentration sensor is analyzed in grea t detail
In Append Is c’ s A and II . The foil owl ny equations summarize the results
of the’ model (refer to Append ls A for nomenclature and functions).

• 
Ut~ 

S - ( 24)

Where’ 1-~ the no in function , ii is the sensor constant , Sb is
the nas se ’ius~~t i v i t y  coefficient , and X~0 is an equivalent concentration
t o  account for the sensor bridge asymmetry .

- 
.
‘ t t 4t ’ .~ ? Q )  (25)h 

~‘ t I 1 • ~4~i’

C l ~~ ,cp~ (26)
II

~ I, 
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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 1 and P

~0 are constants).

Ci(P a - 

~ao~ 
( 2 7 )

Substituting this into equation (24) yields the following:

AP0 = Gb 3b ~1 ( X 5 - X
50

) 
~ a 

- 

~ao~ 
(28)

Since density is a linea r funct ion of P
~
, it can be seen that ii

varies with the square of 
~a 

(C SL is sea l evel density, 
~SL 

is sea
level pressure).

2 P
C _ b/a 

~ 
a 

~ P ) (29)- 

‘~SL 
~ P~~ a - ao

With proper selection of 0, and 
~a the sensor can be useful for

measuring oxygen partial pressure over limited range. The design
• approach is discussed in the following section. Ideally, 

~ao 
0.

and if X 0, the equation reduces to the following (UT is the
conthina t~8n of constants and functions).

J A Po = G b Sb Cl X s Pa = G T P )s (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 l ife
support systems. This work was performed by 1-IDI for Brooks AFB in  1973
[6]. Refer to reference 6 for further details concerning the circu it
layout and dimensions of sensors used In this study .

Bridge Design Guides

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

= Gb Sb C 1 ( X 5 - x50
) 

~~a - (31)

‘6 
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In the terms , S1, is the gas sensi t iv i ty constant and is determined
esLi us ivel y by the sample and reference gases used (S b = 0.1045 for
oxygen in a ir) .  C1 is the s lope of the SP b versus curve and is
essential ly constant depending upon the specific characteristics of
the ejector design and the total resistance of the bridge relative
to the ejector output resistance. C1 is typically abou t 0.5.
is an equivalent concentration to account for bridge asymmetry .

• is the P~ ax i s intercept in which no positive pressure drop is
developed across the bridge. P~c~ is typically 35 kPa for the venturi-
type and is 20 kPa for the radial ej ectors at constant supply pressure .
P
~0 

is 0 kPa with the scheduled pressure regulator . Gb is the sensor
gain function which is a uniniodal function of P~. Over most of the
operating range of principal concern , Gb varies but is greater than
half of its peak value.

Selection of Sensor Operational _Constants--The variation of Gb,
and hence the selection of u, is one of the major design variables of
the sensor. As can be seen from Figure A-2 in Appendix A , Gb peaks
at ii = 1.207 . Thus the resistor ’s geometri es shou ld be designe d so
that Gb reac hes its pea k somewhere i n the mid ran ge between the two
extremes of ambient pressures (altitudes ) of major concern .

In A ir 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 H~ ) at 7,600 ii (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
relat ively low. Thus , pressures below 80 kPa ( 600 mm Hg ) are considered
more important and the sensor will be designed to give improved accuracy
i n the 40 to 80 kPa range. Hence o~ 1.207 (point at which Gb is
maximum) should occur around Pa* = 60 kPa (Appendix C ) .

2 P~~
~~~~~~~~~~ ~,1-,7_ b/a a r I I *— I .~~u , — 

~~~~~ 
-p—- ‘i’’ a - r ao

~ ‘~SL SL

The ratio 1i
2
/C SL for air at SIP is 2.817 x lO~~

3kN; knowing C1
an d P

~0 
from ejector characteristics, allow s computation of the ratio of

geometric terms b/a2 at the selected ambient pressure , ~~~ Ano ther
useful relationship is the value of o required at sea level for 6b
to maximize at some P~~. The ratio of pressure drops can thus be stated .

~SL ~~SL ~aO~ (33)
- 1.207 

~~~~~~~

(SP
N - 

/ 1 
~~
4°SL - 1 ( 34)

2
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The placing of P~* In the midrange distributes the error due to
G~ variations between low and high altitudes . If improved accur~u v at
either the high or low altitudes is required , P~~ and hence t he’ Gb
peak can be shifted in that di rec t i on .

The second major non linearit y arises from the e ’j ec tor chai ac I er
istic. As shown in Figures 6 and 8, 

~~aei increases as a ii near tun e- I i
of ejector suppl y pressure. It is  11(1st des irable ’ to have P,~ 

a- . low
as possible so that partial pressure sensing will be more ~cc ur-a t e’ at
l ower absolute pressures (higher altitudes); however , l owering I’, also
lowers the knee of the ejector charact eristic (point at which h o w
becomes choked arid produces constant pressure’) . The l owered ‘.1,119’
at the knee has a mu 1 tip1 I cat i ye effec t upon he out put Fl rs
decreased “~b wi l l t tecrnase ’ the ,‘U t put di inc 11 V . ,uId sec ond ly, it
reduces Gb through t~~.

The venturi-type ejector requires a supply pi-essure of about l~ PkPa absolute for max inium 
~~ 

at 80 kra ; however , P,~, is then abou t
35 kPa . A good trade-off with the radial fl ow ejector is with
PS = 400 kPa absolute in which P~0 10 kPa at’solt ,te is produced with
only a slight knee effect around 90 kf’a. When the venturi—typ e e jec to r
is used with the  schedu led regulator , thin pi t’s sure ratio (of the e~1nt I or
supply to ambient) should he 1 irqe enough to j u s t  s a t u r a t e  the t’jnc I C I I .

This requ i res a pressure ratio of abou t ~ . • ~i od wi l l  pi tRitic C ’ ti

of 0 kPa absolute .

A third 11001 m ean ty cxi sts in the X 50 t cnn. If 0 ’  part ial
pressure is to ht’ measured wit h a t n  fereoce go’. of ai r that is t ~~~~
oxygen, no correction is required and X 5Q ~ or the t’r i dge shotil d ~I

syttinetri cal)  . If 02 i s  to tn’ measured w i t h  ord 110 ry a i r as a i-n t nren~ t ’

then a bridge’ asvn,netry equiv alen t to an 0~ ~‘1 nius t bt’ i’I’~~V 1 ded
to account for the 0,’ al ready pre ’se’rl 1 in O l t ~ -

Flow and Con tami no t.i on Cons I elena t ions — —Anoth er t rode— ~tt C ’S I ‘. t S

concern m g  I he phy s i co l  Si : jug of th e ’ i-es i s t o I l c e ’ s  - The’ ‘.mailer- I
geometry di flICOS 1005 , the l ower the re’qu i red t 1(1W of a,uai ’, s s go SI ’S to
the sen sor . Th i s Is usual lv des i rabl e; however • as the ~t I iiens ( IllS ~ntsma l I er • the sensor beconie’; ii~ re vulner able to cont amination. ion I ai I lOll
f ii tra t ion s POSS lb in but is nodes I rabl e for two l- t’ ,lS~~l1’; a coot ant i 11 , 111
filter adds resi s tance which cou ld upset the ,‘e’s is I onc e  brid ge hal .o’~
and it requi re’s a t tead s pac e ’ vol ume w h i c h  w il t ;l ow the sensor ’s
response’ capab i lit  v.

There’ a n-n two cur ’ ‘.1 ~Iero I i oiis on the censor S rr ’s potisn t 1 lilt ’ - the’
“purge t I tne ’ wh It h I -

‘ equal to the vol unit’ in the’ liii nrc Or ’ it’ e t 1 ng
tubing, etc - between the’ ana lvs is gas suur n Onel th e sen so r -)  di v ide ’et ‘v
the vol un it’ t n  c ft ow n o t  - , on d I he’ t i me’ t Oil S to It  b rin ed by the nns~’ i s

outpu t res i’~t ar~ce’ and the at tu ato r ’ or pnr’s’~urt ’ t ran sd u ’_ en - ’ s I III 1,1 
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capac itance. The latter will have to be evaluated in the actual
application but is no real consideration with the prototype system
wi th the pressure transducer used .

The sensor ’s resistive coefficients can be written in normalized
form so that the sensor constar.t , a, and the flow rate can be selected
Independently.

K - b — o
“ o

R’ a’~ 
~~ o r

b

where

b 1 1 de 4 A 2
~
—

~~~~~~( ) (— -) (36
a d

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

Ex pected Performance

The partial pressure of a gas is the product of its volumetric
con cen tra ti on (mole fract i on) an d the ambi ent pressure . An ideal par tial
press ure sensor wou ld produce a fam i ly of l i near curves pass i ng the
origin as shown in Figure 12.

The flu idi c bridge gas partial pressure sensor ev4luated in this
report , using the model derived with typical constants ’, should
produce the cha racteristics presented in Figure 13. These
curves suffer from the offset 

~ao and the nonlinearity due to 6h at
both ends of the characteristics 

~~ 
20 kPa and = 100 kPa)~

however , the sensor does respond to both concentration and pressure ,
and should give very usefu l results in the range of 40 kPa (25,000 ft
cabin altitude) to 100 kPa (sea level).

Experimental Results

The fina l 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.
Differen t 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

2.05 at sea level (~* = 1.207 at P0~ = 80 kPa), C1 = 0.58 ,
Pao = 24 kPa , X~0 0, gases = CO2 in air (Sb = 1.056). 
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Figure 12. Ideal partial pressure sensor performance (hypothetical).
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Figure 13. Expected partial pressure sensor performance with CO2
-In air (theoretical).
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Figure 14 . prototype sensor hardware. 
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in Fi gure 15 . This figure also shows the actual data token with the
x-y platter which ind i cates the low noise exhibited by the signal.
Since nortnd l aircraft ~pp licatians are in the range of 40 kPa to 80 kPa ,
the sensor is observed to be usefu l in tha t range.

Th~’ out;)ut signa l shown in Figure 15 is lower than predicted . This
signal deqradation is a constant and is accurately explained by the
rionidea l analysis presented in reference 6. A detailed analysis has
not be-en 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.

A t the conclusion of the project, a substantially improved sensor
was cons truc ted us i ng the har dware from reference 6. This brid ge has
a 5151 level U of 2.85 and a P~~ of 65 kPa with the scheduled regulator.
This sensor was powered wi th the scheduled pressure regulator discussed
previously. The combinat ion provided signifi cantly improved results
with larger outputs a rid 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 permi t 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 

~~ 
now goes throu gh zero

(P 00 = 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
pa ra l l e l .

~y comp a r is on , the original sensor design desc ribed in reference 6
was tested for its ability to sense partial pressure . The results are
shown in Figu re 19. Notice from this plot that three design improve-
inents could be made. First , the venturi-type ejector limits the 

~~characteristic both by C1 and by 
~~~ 

Secondly, Gb is desi gned to be
maximum at sea level ; thus the curves at lower pressure have decreased
gain due to Gb. Thirdly, the nu l l  concen tra tion curve i s no t zero but
more importantly is not a straight line .

The undulations in the output curve wi th null concentration are
very sign ificant s ince this curve is added to the curves with fixed
concen trations . The variations in the null curve are traceable to
pressure -fl ow 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
resis tors; however , even i f they are unma tched , one should look like
a constant multiple of the other . rf 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
it i Figure 20.
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Figure 15. CO2 sensing characteristics of discrete component prototype
sensor with radial diffuser ejector (experimental).

34



~ 
• - - -

40

30 I~~~100k Pa abs

Co
0~

CAPILLARY

0.
ORIFICE

1 0-

0
0 5 10 15 20

~cm3
~p ‘.sec l

Figure 16. pressure-flow characteristics of discrete prototype
bridge resistors (experimental) .



—

0 ~~~~~~~~~

20 40 60 80 100
F~ (kPa abs)

F loure . C~h sensinq cho~’acteni stics of the i15~,-~~ved A ir For ce
design w ith scheduled pressure regulater and ventu ri—
ty pe e~ecti r (experimenta l~ .

36

- . - —— - ------- -



- — - —-~ _ _ _ _

20~

C)
~(1

15-

0.
‘0

5 -

0
0 5 3 10

Q

Fi gure 18. pressure-flow characteristics of improved Air Force
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Figure 19. C02 sensing characteristics of origina l design with venturi-
type ejector (experimental).
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C02 Partial Pressure Sensinj--Most of the experimental testing was
conducted us ing ~ T rather than 02 in the air . This was done for
two reasons: Firs t , the sensor has a much larger si gna l outpu t with
CO2 as compared to that with 02, and secondl y, 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 problem s with the sensor is the bridge
syninetry . The differential outpu t with zero concentration depends upon
the bridge balance. Since the maximum signal outpu t with 0? in an is
less than 2. of the bridge pressure drop, the bridg e must be symetrical
wi thin much less of a percentage than ?~ . Not only does th e  hr~dqe haveto be nulled at zero concentration , hut it must remain iiulled w h i le
~a 

varies . This requires that the resistor ’ s pres s ure—f low character ist ics
remain essentiall y the same throughout the entire range. Thi s is often
difficult if the flow coefficients and discharge coeff icients don ’t vary
in exactl y the same manner. The pressure-flow chai -a ctenis tics of the
bridge reported in Figure 15 are shown in Figure 16. The mixture and
reference channel resistors in both cases are almost indistin qui shable
on this plot. A small length of tub i ng was used with the capi llary to trim
the senso r ’s output to zero for the data in Figure 15.

~~j’artia1 Pressure Sensj~N--The sensitivity to 02 i n  air is
one— tenth that of CO2 in air so that all variations in the null curve
due to the tisynhlietry are effectively mu ltiplied by ten . Thus , it is
of prime i mportance in 02 partial pressure sensing to have a well -
balanced bridge.

Another consideration in sensing gas partial pressures is that of
absolu te partial pressure. The fluidic gas concentration sensor measures
rela tive concentration of the mixture and reference gases. Hence, t he’
fluidic partial pressure sensor senses the product of relative concen-
tration and ambient pressure in what mi ght be termed a relative part ial
pressure . In order to measure absolute oxygen partial pressure , the
bridge must be slightly unbalanced null concentration so that the output
reading i s  21% of the maximum output si gnal obtained with lOO t - ~~~~ (thus
Xso = 0.21). This initial offset should then scale linearly to P00.

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 m u l t i ple between the
mixture and reference channels. Having only the orifice or capi l lary
resistors unma tched shou l d give undes i rable results .

The discrete component bridge was trimed by using various lengths
of tubing on the capillary resistor until the null concentration signa l
was 21% of the 100% 02 concentration si gnal at sea level . The sensor
characteristics of 02 in air with the 21% correction are shown in
Figure 21.
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Figure ~1. 02 sensing chara cteristics of discrete compon ent bridge
with radial diffuser ej ector (experimental ) .
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ENVIRONMENTA L SENSITIVITIES

As seen from the preceding section , the fluldic bridge gas concentration
sensor does sense partial pressures and is In close agreement wi th the theory .
The lab data look very acceptable; however, the expected performance in the
actual application is considered in this section. By ~‘environmenta1 sensitivity ”
we refer to any effect that can vary and have a possible effect on the sensor
out put.

Spurious Gases

The gas concentration sensor is sensitive to p/~J2 and has s e n s i t i vi t i e s
to any gas that has p/p2 di fferen t from the reference. The sensitivities
to a variety of gases were given in Tabl e 1. To serve as a selective gas
partial pressure sensor when gases other than the primary samp le gas are
present, the sensitivity , Sb, to the other gases must be low relative to
Sb for the sel ected sample gas, or the concentrat ions presen t must be
smal l so that the output readings do not significant ly vary . Table 2
lists the sensitivity to various gases normalized to Sb of 02. This gives
a relat ive comparison of how the bridge will perform as an oxygen sensor.
By contrast, the relative comparison i s also ma de to show how the sensor
performs as a CO2 sensor.

As an approximation , a mixture composed of the reference gas conceritra-
tion , Xr, the sample gas concentration , X5, and a third gas concentration ,
X3, can be expressed in linear form as follows . It can be seen that
Sb3/Sbs or X3/Xs shou l d be small .

= G~, [sbs Xs + Sb3X3]
b (.~7)

= Gb Sbs X5 [1 + Sbs X5 
]

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
mix ture of two gases , the ratio of the concentrations of the first gases
rema ins 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).

= % [ S bs X5(1-X 3 ) + Sb3 X3 ] (38)
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TABLE 2. NORMALIZED SENSITIVITIES OF SELECTIVE GAS SENSOR

- 

Sample Reference Sb/SbCO

02 Air 1.00 —0.10
CO2 Air —10,10 1.00
H20 Air — 7.31 0.72
A Air 1.55 —0.15
Ne Air 10.97 -1.09
N2 Mr — 0.53 0.05
CH4 Air — 2.71 0.27

Air —16.05 1.59
C3H8 AIr —28.54 2.83
C4H10 Air —40.26 4.06
C5H12 Air —53.89 5.34

C8H18 Air —92.42 9.15
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Sr b3 3
= G~ Sbs X5 L 1 + (

~~
.-_— + X

~
) 

~
.—] (39)

Thus the normalized sensitivity as well as the sample gas concentration
determine how 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 ,
is stated as follows (same prime notation applies).

2. Gb 5bs X5 
(4 0)

xs
— Gb Sbs (1 — X3) (41)

Notice that the third gas properties (or Sb3) have no effect upon the sensor ’s
output; the third- gas only affects the output by the volume it occupied .

Humid i ty

Respiratory gases are usually confronted wi th 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 sensi ti v i ty 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 giventemperature, 

~ sAT’ and the ambient pressure, 
~a

= ~SAT ~ (42)

Assuming constant temperature operation at 25°C, 
~
‘
~SAT 

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 linearized 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).
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The effect of the presence of variable amounts of C02 and H20 generated
i n an 02/air mixture can be seen in Fi gure 23. Ideally, these gra phs shoul d
be flat , however , the slo pes associated with the concentration of the third
gas indicate that the 02 sensor output will be greatly affected by the
third gas.

Note that while the sensor is sensitive to a generated gas, it is
insensitive to a third gas that has been absorbed . Thus , i f chem ical pro-
cessors are used to absorb C02 and H20, an accurate reading of 02 can be
made.

Th e precedi ng sens it i v i t ies su ggest that the sensor shoul d 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 wel l as the 

~b 
l evel (see sect ion on “Ejector Characteristics ”) .

This will vary the knee of oPb , an d Pao; si gn i fican t l ower i ng of Ps w i ll  l ower
the ma gn i tu de of 

~ b- Variations in oPb will have a secondary effect on Gb
through 0.

Variations in supply pressure will affect the output level s of the
sensor more than the relative relationships of X5 and 

~a; 
hence variations

in P5 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 f lu idi c ci rcu i t var ies in a simi lar manner .

Temperature

A syninetrical bridge sensor should be insensitive to coninon-mode
temperature variations in which the temperatures of the mixture and reference
channel s 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, ~i

2/p should
remain constant and thereby produce no concentration variation effect.

The ejector , however , m ight be temperature sensitive and produce a
variation in 

~~ 
with temperature whi ch would affect the output signal.

Further , alt hough the resistive coefficient ratio remains constant, the
bridge flow rate will vary with temperature, and , depending upon the ejector
output resistance, the 6Pb coul d vary due to this effect alone .

A sl ight temperature sensitivity is expected due to variations in 6Pb .
This sensitivity has been evaluated in prelimi nary data to be very small. The
original design bridge was used with the radial flow ejector (AP 0 = -0.15 kPa ,
apb = 7 kPa, Gb= -0.0652 @ 7 kPa, aT = 45°C).
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FIgure 23. 02 sensor sensitivity to CO2 and H20 (theoretical).
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Although the data of this experiment are of questionable vali dity , thi s
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 actual application . A primary consideration is that of gas processing
by chemical 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 concentrat ions of unwan ted
gases should be low or removed by chemical processors. A chemical processor
adds a time lag which would affect the sensor depending u pon the flow rate.

The necess ity of chem ical process i ng to remove unwan ted H20 or CO2 should
be evaluated dependi ng u pon whi ch gases ar e to be measured. For exam ple ,
measurement of oxygen partial pressure of the 02-air mixture delivered to
the pilot should be free of CO2 and should have almost the same relative
humi dity In both channels; thus , processing is not necessary . However, the
exhaled respiratory gases contain C02 and H20 that is generated by the pilot ,
an d woul d be measure d by the sensor as a lar ge equ ivalent  02 si gnal .
Thus , it might be desirable to remove these gases with chemical absorbers.
The resulting Las could then be evaluated tor its 02 content since the
onl y difference between the mixture and reference channel would then be
the 

~~
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 , addin g a f i l ter to
the analysis gases adds a series restriction to the bridge which could upset
th° b~1~nce . A f i l ter also adds a cer ta i n amoun t of vo l ume tha t has to be
j. ;:~ ~‘1 before the analysis gases enter the sensor. This purge time adds an
adi. ~i~nal time la g.

The output signal from the 02 sensor bridge Is extremely small. Signa l
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 , Mu . Since
the sensor bridge is operated wi th vacuum , the pressure at the center point
in the bridge , and hence the pressure signal to an amplifier , is substantial ly
below ambient pressure . Since most amplifiers do not operate well with large
negative mean Input level s, the vents of the amplifier must be collected
and evacuated to a pressure, ~va’ 

at or below the absolute pressure of the
center point of the bridge, P0. See Figure 24.

Mu = ~
‘om - ~

‘va~ 
~ 
~ or - ~

‘va~
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Figure 24. Circuit schematic of sensor bridge with amplifier .
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Suce ?~~ is ~pproximately e~ . al to P0 for most concentrations , mean
inp ut reduces to the following in whicl It can be seen that should
be l ower than P0 for MIL to be positive .

M I L 
~
‘0 - 

~va 
(4 5)

More important than the operational stability of an amplifier with
positi ve MIL. is the fact that with negative MIL , flow from the ampl i fier
will go into the brid ge and will degrade the gas concentration information.
Thus , it is imperative that a positive Mu be maintained.

The circuit for accomplishing this amplification is shown in Fi gure 2~ .
In this first stage amplifier , the vents are evacuateti by a connection to

~ 
through a resistor. The resistor is sized to provide a 

~va that willproduce a pos iti ve M I L . The ampl i f ier su pp ly pressure can be con nected
to a pressure source , flow source, or to ambien t pressure . Ambient
pressure supply is used in the data of this section although other suppl y
sour ces can be used to produce more des ira bl e ef fects .

The next problem is that of amplifier Reynold’ s num ber effects .
The physical size arid the supply pressure drops used in this application
make the amplifier only slightly turbulent at sea level and laminar for
operation below 

~a 
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 negl i gible content below
the few hertz bandwidth of interest to this application . Laminar
operation does not introduce any r’iticeable noise in the output signal
but does have variable gain operation . The gain of a fluid amplifier
varies almost linear ly with Reynolds number for fully laminar operation
[10]. This effect will cause a decreased output at low supp ly pressure
drops experienced close to 

~ao (hi gh altitudes).

Another consideration is the impedance match between the sensor ’s
output resistance, R~~, and the ampl i fier ’s input resistance , 

~~~ 
The

staged pressure gain of the amplifier is given as a function of ~theinfinite load impedance pressure gain , 4,, and the impedance ratio.
_ G
- 

~~~~~~~~~~~ 
(46)

Ria

If Ros/Ri a = 0, the maximum pressure gain Is achieved , i f  Ros /Rja = 1.0 ,
the maximum power gain is obtained , and if Ros /Ria = 

~~ , the maximum flow
gain Is realized.

Generally the purpose of a firs t 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 R05, the amplifier input impedance should be sized to be equal to
or grea ter than R05.

50

~

- - -

__________ A



- - --~~~~~~~~~~
-
~~ 

_ _ _ _ _ _

‘-“U

• The output characteristics of the sensor bridge are given in Fi gure 25
from which the outpu t resistance can be calculated as 1.7 M l ohm .4 The
ampl i fier used in this study is a single G.E . l aminate whose characteristics
are given in Figure 26. The inpu t resistance of the amplifier is about 1.3 M

• lohm and the infinite l oad impedance pressure gain of the amp lifier is 10. Thus ,
the expected pressure gain as staged is 4.1. Figure 27 is the amplifier transfer
cha racteristics at infinite load impedance from which good linearity and Gp’x = 10
can be observed .

Figure 28 illustrates the ~ytem output (CO2 in air) wi th one stage ofamplification on the bridge (
~v 50 kPa abs, 

~va 
= 82 kPa abs , Mu = 82 kPa

abs, and Psi = 

~a)~ 
Notice in comparison with Figure 15, that a gain of 4.5

has been achieved and the output impedance has been changed from the 1.7 M lohm
of the bridge to the 1.5 M lohm of the ampl i fier 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 br idge. One more stage of ampl i f i ca ti on can ac hi eve a
signal having sufficient gain and MOL to be used In conventional altitude
compensa tion ci rcu its. -

Figure 29 shows the amplifier si gnal output using ~2 ~ 
air with the absolute

partial pressure compensating offset in the output. Notice the signal noise level
change in going from l aminar to turbulent which occurs around P = ~O kPa abs .
No ti ce also the decreased ou tpu t i n the v ic in ity of 

~ao 
due to ~he loss of amplifiergain at low Reynolds number.

The first amplifier was staged wi th 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 .

~The unit of measure of a linear fluid resistor is termed a lohm (linear ohm)
and Is equal to a kN sec/rn5. Note that 1.0 kPa per cm3/sec is 106 lohm , or 1 II l ohm.
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Figure 25. Output characteristics of discrete component sensor
bridge (experimental , Q uncom pensa ted to SIP).
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Figure 28. CO2 sensor characteristics of discrete component bridge
with amplifier (experimental).
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CONCLUSIONS AND RECOMMENDATION S

A theore ti cal concept for the measuremen t of a selec ti ve gas par ti al
pressure has been evaluated and verified to follow theory almost exactly.
The sensor has an ou tpu t l inearly propor tional to gas con cen tra tion an d
proportional to ambient pressure. Hence , the dev i ce is useful for deter-
mi n i ng gas par tial pressures over any concen tra tio n levels and over a ran ge
of ambient pressures of interest to aircraft applications. It should be
noted that the ambient pressure limitation could be removed with only a slight
effor t . The 

~ao 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 result 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 syninetry. Jewel bearings can be used for precise orifices .
Ca pi l l a r y res i stors can eas i ly be fa brica ted i n ma tched sets .

In some applications the environmental sensitivities discussed will offer
no obs tacle. Some app l icat ions w i l l  requ i re fur ther processing or compensa ti on .

Ampl i fication of the bridge signal is strai ghtforward using the special con-
siderations discussed in this report. Amplification to levels useful in norma l
fluidic circuits appears to be no problem .

Al though the sensor has some associated nonlinear ities , the nonl i near iti es
have a most fortui tous result for closed-loop oxygen regulator control. The
decreased output near P and near sea level would indicate to the control
system that the oxygen ~ rtial 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
spen t a t low al ti tudes .

The use of f lu i di cs for sens i ng and control of an oxygen fl ow con trol valve
could also provide improved dynamics for breath-by-breath control.
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A P P E N D I X  A

DERIVATI ON OF BRIDGE SENSOR EQUATION

(
~aS Concentration Sensor Equation

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

The pressure drop , 6PN, across an orifi ce is a nonlinear function of
the volumetric flow , Q, given by the following :1

~~ 
K Q 2 (A-i )

The loss coefficient of a circular orifice , K, is a function of the
or i f ice di ameter , d , the densi ty, ~~, and the discharge coefficient , Cd.

K = b~ (A-2)

Where the geometric term is defined as follows .

b = 

~
2d4C 2 (A-3)

The di schar ge coeff icient, Cd, is dependent upon the operating pressure drop.
Generall y , Cd is constant for turbulent operation ; whereas, Cd 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.

1~~~~’4fl 1 2o PNr = -

~~~~

-

~~

- d Cd 
‘

~ 2 
> 1000. (A 4)

~A ‘p

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

• 2
‘
~ N > 5 .0x105 ~~ 2

1 
2 (A- 5)

~ d C d

The pressure drop, SPL across the capillary resistor is a linear function
of the vo l umetric flow rate, Q.

SPL R Q  (A-6)

‘See the nomenclature for a discussio n of the pressure notation .
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I Pa

£ PN ) ( Orifice Resistor
~~~~~~~~ ~~~~~b~~~~ Q

2

N Capiflary Resistor

— V V ’J

b~~
’a~

’v

Figure A-i . Bridge-type gas concentration sensor schematic.
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The resistive coefficient, R, of a c~p i l i a r y  i s a func ti on of the leng th ,
L, the equivalent hydraulic diameterc , de~ 

the area , A, and the dynamic
viscos ity , 14.

R = a 1 4  (A 7)

where
32 L

= 

A de
2 (A-8)

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

a = Ji2~..L (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:

Nr =
~~ 

—~~ p (
~;

) =
~~~~~~~

— 

~~~
SPL < 5.OxiO4 (A-b )

Thus, the pressure drop across the capillary should be less than the
follow ing (assuming h/w is small).

5.OxlO5 ~~ (A-il)

Since the sensor gases are entrained from ambient pressure, 
~a ’by a vacuum source, P , the pressure drop across the sensor bridge is given

by that difference, wY~ich also is equal to the sum of the drops acrossthe orifice and capillary resistors.

= 

~a 
— = 6

~N + &PL (A-12)

The pressure intermediate to the orifice and capillary resistors, P0,is given as follows :

+ 6
~L 

(A-13)

The pressure drop across the capillary resistor can be expressed as
a function of oPb by solving equations A-b, A-6, and A-12.

(A-14)

2Hydrau lic diameter equals four times the area divided by the perimeter
of the cross section . 61 
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Where the sensor constant, u , is defined as

K b~ SP No = —

~~

- 

~
‘b ~~~~~~~~ 

SP~ = 
2 (A-IS)

R a 1 4

The bridge differential output signal is the difference in the two
intermediate pressure signals.

= P0 — P - 6P L (A- 16t
mix 0 ref r~ix ref

By using equation A-14:

~~~~~~ ~~~~~~~~~~~
= 

2C
~r i 2

~r 
A- )

Where 0 is the sensor constant evaluated with the reference gas , and the
pri nci p~b sensor variable , ç, is the ratio of the sensor constants in the
m ixture and reference channels.

e b/b p /p
- m m r m r
- = 2 (A-18l

r (am/ar) ~°m”°r~

As can be seen, r can be considered as a function of two independent
variables , the geometric syimnetry constant, o, and the gas properties variable ,
y, defined as fol l ows:

b/bm r 
2 (A-l9)

(a m/ a r )

0 / 0
= 

Ii) r (A-20)

~ m 14r

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

Hence the output equation becomes

= 

{
~
i7

~~~
er ~b] - [ff ~~~ ~i] (A-21~ IoPb 2aYOr 20,

in which y is a function of the gas concentration . H
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Equation A-21 is quite nonlinear looking and the relation for y as a
function of concentration also is nonlinear as given in Appendix B. Thus ,

¶ the output equation is linearized wi th respect to the sample gas concentration
\.,, about the poi nt X5 = 0 ~ind ~ 

— 1 .0 (thus ‘
~ 

= 1 .0).

= + 
‘o”~~b 

~~ 
+ 

3~Po/SP~ (o- 1) (A-22)

Y=l.0 Y=1.O

At X5 
= U and u = 1.0, 

~~o
/SPb is zero which makes the firs t term vanish.

= G~ Sb X5 + Gb (~ - l) = Gb Sb (X 5 - X50) (A-23)

Where X~0 is an equivalent concentration to produce an output withou t any

sample gas present.

The sensor ga i n func ti on , G , is a function of the sensor constant , 6,
evaluated with the reference gas.

3.~P /3P I ~\P ,‘ c p  •7
~ 

- 1

G = 
0 b 

= 
o- b~ = 

4o -
~~~~~ — l (A 24)

b ~~~‘ 2o
y l . O o 1

The gas sensitivity coefficient, Sb, i s a funct i on only of the sample an d
reference gases and is derived in Appendix B and tabulated for several gases.

Sb (A-25)
~ s X

~~
= 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 synretricab bridge yields the final
linearized equation for the bridge gas concentration sensor

% Sb ~ 
(A-26)

The qai n function , Gb. affects the apparent gain of the sensor since
S~ is a Lonstant for given gases. Gb varies wi th the sensor constant and
has ~t ’ absolute maximum of -0.1716 at 0 = 1.207 as shown by Figure A-2.

The val oity and accuracy of all linearizations are given in reference 6
and arc not repeateo here except to say that all linearizations are wi thin
eng1neerin~. tolerances for the gases of i nterest.
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Partial Pressure Sensor Equation

The volumetri c concentration of one gas in a mixture , X~, i s also
equal to the ratio of the pa rtial pressure of that gas , P35, to the total
pressure , P . Thus , the partial pressure can be expressed as the product
of concentration and total pressure.

XsPa (A- 27)

The gas concentrati on sensor accurately senses X5 and can be made to
sense partial pressure if the bridge pressure drop is made to vary in
proportion to Pa as can be seen by rearrangement of the concentration sensor
equati on deri ved in the previous section.

AP~ G~ Sb X 5 ~
‘b (A-28)

The ga in funct ion , Gb, is a relative ly constant function; Sb is a constant , and
SPb can be made to vary in ;rO:)ort~Ofl to 

~a 
by use of the compressible

characteristics of the ejector. Once the ejector becomes choked , fur ther
decreases in downstream pressure have no effect upon the vacuum produced as
shown by F ig ure 7 .

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

— 

~v = C
~

( P a - 

~ao~ 
(A-29)

In the above, C 1 is the slope and the intercept.

The output equation reduces to the following:

= G Sb C1 X~ ~~~ 
- “ao~ 

(A-30)

Since GbSb C is rela ti vel y cons tan t, an d X~ P i s par tia l  pressure , the
sensor effedively senses partial pressure of ~he sample gas if 

~
‘ao i s smal l .

~Po = GT P~~ (A- 31)

Where the total ga i n, G1, is given by:

G1 
= Gb Sb C1 (A-32)

In the partial pressure sensing application , special attention must be
paid to the sensor constant and corresponding gain function since both p
and 6

~b 
are changing. From the previous section,o is given by the following

when p and SPb vary (
~SL and ~SL are the density and pressure at sea level ) .

2 P
= 

b/a c1 P~~~ a 
— 

~ao~ 
(A-33)

SL
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Assuming P~ to be small , It can be seen that o varioc with the square of

~a 
and hence Gb changes significantly with P

~
. This effect is somewhat

overcome by selecting n much larger than the optimum at sea level . As P~
decreases (increasing altitude) n decreases and hence the gain slowly
increases to the maximum gain and then decreases rapidly as can be seen
in Figure A-2.
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APPENDIX B

COMP UTATION OF GAS MIXTURE PROPERTIE S

The gas concen trat ion sensor is sensitive to the gas properties
va~ iabie , ‘y .

• ~
•

~~~
= (B-l)

The density and viscosity of the mixture gas vary accordi ng to the volumetric
concentrati ons (or mole fractions) of the sample gases mixed with the reference
gas.

The density of a mixture , 
~m’ 

i s a l i near function of the dens i t ie s
and the mole fractions of the constituents present ~ 

n number of
di fferent gases; i = 1 implies reference gas, 2 = firs t samp le gas , etc.)

= X1 p~ (B—2)

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

~> x.~ = 1.0 (B-3)

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

p p
= 1 + X~ (-~- -1) (B-4)

L 

• The gas v i scos i ty , however , cannot be calcula ted by suc h a s imp le
equation due to gas diffusion. As shown by Wibke [16 1 the gas viscosity of
a mix ture , can be accura tely estimated by the following :

n

n (B—b)

L (1 t ~~~~ ~~ ~i ~ij)

U,



Where the constant •j  is given by the following equa t~o’ ~“d is t ; u l l te d
in Table B-l for con~n~n gases .

j~ 
—

~~~~~~~~ ‘ 2¶ i
I 4 1 (~i~/u.)

= 

~~~~~~~~~~ 
1 + 

~~ ~
o
~~

/ P
~
)
~\8( l + _ !~ ) L -i

J
The vIscosity of a binary mixture with a sample concentration , X5.reduces to the follow ing .

iii — 1 s r  —

l-X 5 ~rs sr

The gas properties vari able, y ,  for a binary mixture can be calculated
from equations 8-1 , B-4, and B-7. This results in an equation tha t is
nonlinear in X . However , tor the 1inear~zed analysis presented in Append ’x A .
only the parti~ 1 deri vative is requ i red to determine the gas sensit ivity
constant, Sb. It can be shown that 5b reduces to the following expression.

p ~ In
• ~~~~~~~ 

= ( . - f l - 2  
s r 

~rsS X O  r

The gas sensitivity constant , Sb, is a function only of the samp lc and
reference gas properties and is tabulated for vari ous ciases in Table ~~~~~~

6R
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TABLE 8-1. ~ FOR GAS VISCOSITY CALC ULATIONS

i_ -~ -____________ 

Pj/Pj 
U 1/ LL~ 

_____________

02 Air 1.1053 1.1038 0.99875

Air 
~2 

0.904 7 0.9060 1.00029

CO2 Air 1.5291 0.8081 0.72700

Ai r CO2 0.6540 1 .2375 1.37583

H20 Air 0.6216 0.4918 0.88939

Ai r H20 1.6088 2.0333 1.12409

02 CO2 0.7228 1.3659 1.38497

CO2 ~2 
1.3835 0.7321 0.73289

1120 CO2 0.4065 0.6086 1.16521

CO2 H~0 2.4599 1.6431 0.77830

1120 02 0.5624 0.4456 0.88698

1120 1.7782 2.2444 1 .11950
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TABLE B-2. GAS SENSITIVITY CONSTANT , Sb

Sample Reference ~s~~r ~s”~r 
Sb 

—

CO2 Air 1.5291 0.8081 1.0555

02 Air 1.1053 1.1038 -0.1045

1120 Air 0.6216 0.4918 0.7639

CO Air 0.9671 0.9563 0.0549

N2 Air 0.9673 0.9563 0.0551

CH4 Air 0.5544 0.5940 0.2828

C2116 Air 1.0493 0.4923 1.6773
- - 

C3H8 Air 1.5544 0.4372 2.9827

C4H10 Air 2.0856 0.3989 4.2807

C5H12 Air 2.6150 0.3634 5.6311

C8H18 Air 4.1508 0.2896 9.6577

CO2 N2 1.5808 0.8457 0.9867

02 N2 1.1427 1.1543 —0.1675

N2 02 0.8751 0.8663 0.1410

Air 02 0.9047 0.9060 0.0818

1120 02 0.5623 0.4455 0.7967

70

_ _ _ _ _ _ _ _ _  

~~- -



P—
~

-— --— -5- •

~~~~~~~~

--—

~~

• - - ----

~~~

— - •

APPENDIX C

THE STANDARD ATMOSPHERE AND CONVERSIONS*

750 100 .

- RANGE OF
\ k— PRIMARY -

~~~~~~~~
• . CONCE RN

80.

500 - -

60-

U)
.~~~

a..

25O

~~~~~::
0 i I I

0 5 10
(iO~ meter)

I I i •  I

0 10 20 30 40

(i~~ feet )

ALTITUDE

* The U.S. Standard.Atmosphere (450 north ‘latItude , July), U.S.
Government Printing OffIce, 1966.
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LIST OF ABBREVIAT iONS AND SYMBOLS

NOTE : The following notation will be strictly used in~ thi s report todistinguish between absolute pressure, pressure drop, and differential pressure:
A capital P wI th no prescript is used to indicate pressure measured in an

• absolute sense; a lower case S precedes a P to i ndicate dependent-type pressure
drops (e.g., pressure drop across a resistor that is dependent upon flow); and
an upper case ~ precedes a P to indicate an independent pressure differential
(e.g., di fferential output from the sensor bridge). Thus, in sumary, P ‘~.
absolute pressure, 6P ~ pressure drop , ~P ‘~. differential pressure.

a ,b Geometr ic coefficients

Cd Orifice discharge coefficient

C1 C2 Constants

d Ori f i ce di ameter

• de Equivalent hydraulic diameter

f Frequency of a fluid oscillator

Gb Geometric gain function for a resistive bridge-type sensor

Geometric gain function for an oscillator-type sensor

Sensor total gain

G
~ 

Geometric gain function for a vortex—type sensor

h Height

k Specific heat ratio

K Loss coefficient for a circular ori fice

L Length

Nr Reynolds number

“a Ambient pressure (absolute)

~ao 
Ambi ent pressure intercept of P~ (absolute)

Supply pressure (absolute)

Pressure at vacuum port of ejector (absolute)

Partial pressure of sample gas
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Q Gas flow rate (volumetric basis)

R Gas constant

R Resistive coefficient for a capillary resistor

R0 Ejector output resistance

Sb Gas sensitivity constant for a bridge—type sensor

S0 Gas sensitivity constant for an oscillator-type sensor

S, Gas sensiti vi ty constant for a vortex—type sensor

Ta Ambient temperature (absolute)

w Width

X Concentration ratio (or mole fraction)

Gas properties variable

Beat frequency

Differential output pressure signal

Pressure drop across a gas concentration sensor

Pressure drop across a capillary resistor

Pressure drop across an orifice

Principal sensor variable

e Sensor constant for a bridge—type sensor

p Dynamic viscosity

p Density

Geometric synii~etry constant

rs’ ~sr Constants approximately equal to unity

SUBSCRIPTS:
m Mixture

r Reference

s Sample
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