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FOREWORD 

This report summarizes work performed for 
the Surgical Directorate 

of the 
USA Medical Research and Development Command 



ABSTRACT 

A flueric-electronic system has been developed to continuously 
monitorthe concentration of carbon dioxide and periodically measure 
the concentration of oxygen in respiratory gases. The sensor con¬ 
sists of two miniature fluoric oscillators whose acoustic frequency 
depends on C02 concentration: the sensor is coupled to a pressure 
transducer. The signal is electronically processed, and the gas con¬ 
centration is indicated by a calibrated dial. The signal may also be 
recorded. 

The system has a low sampling rate (7 cc/sec) induced by a 
flueric suction unit operated by low-pressure gas. The humidity 
and temperature of the sampled gas are controlled by a humidity 
control unit operated by a flueric vortex tube. 

The system has been calibrated and is accurate to better than 
0.3 percent carbon dioxide and 1 percent oxygen. 
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1. INTRODUCTION 

exhafedduHnTtr118 TT OÍ qua1ntltaUVely ^ contlnuou^y analyzing the carbon dioxide 
miThïï. h/Tw respiratory cycle is desirable for a number of medical reasons. Several 
methods have been developed that monitor the composition of the expired gases.1 2 One of 
these methods is based on the principle that the resistance of a wire depends on its tem¬ 
perature. If an electrically heated wire is placed in a tube where the gas sample is flowing 

it^^TJT 8* SinTT COOling Capacity of a S** depends upon its velocity and composition, 
fÍLtTíT i0nHan b®^etermined by the wire conductivity. Other methods are the classical 
ractiona! sampling of the expired gas, mass spectrometers, the spectro-photometric method 

which involves ionization and photoelectric measurements, the thermal conductivity method 

r T yT„(ln partiCular Infrared absorption), and the interferometric method, which 
irtí! ofUp0n the d ferT! ln the refractlve tod“ oi the gases. The paramagnetic prop- 

not havftWs^roperty^80 UU11Zed to measure oxyKen concentration since other gases do 

cilUfoT C0“°®n.tratl0n 8enS02‘de8Crlbed in this report utilizes two high-frequency fluidic os- 
flniTaT ,TqUeTyu° he 08Cillator8 dapands on certain physical properties of the gases 
flowing through them. This device is inexpensive, has a fast response, and is rugged. 

The Army C02 /02 Concentration Monitor is a differential gas analyzer that compares the 
sampled gas with pure air to determine the concentration of carbon dioxide or oxygen. The 
present model hat the capability of continuously measuring the concentration of only one gas; 
it is used mostly to measure the exhaled carbon dioxide (breath to breath) but is periodically 
used to check the concentration of the oxygen in the inhaled gas. Both gases could be moni¬ 
tored continuously simply by using another sensor. 

This report describes Model I of the Army Carbon Dioxide/Oxygen Concentration Monitor 
(Ag. 1), its theory of operation, calibration, and use. 

2. THEORY OF OPERATION OF THE SENSOR 

The flueric oscillators» used as sensors are of the Jet-edge resonator type shown sche¬ 
matically in figure 2. In this type of oscillator, the jet-edge frequency couples with the 
cavity resonant frequency. The jet-edge frequency ff is given approximately by 

fe = 0.466 - 
h 

where 

u = velocity of the jet 

h = distance from jet outlet to edge. 

The fundamental cavity frequency f (for the cavity mode n = 1) is given by the 
expression 

’Ro«»iw, P., Buhlmonn, A., and Wiatingtr, K., ■Raipirotion/ Th* C. V. Motby Co., St. Loui», Mo., 1960. 
Fann, W. 0., Oti*, A. B., and Rohn, H., Air Fore* Taehnieol Report No. 6528, 1951, U. S. Air Force Wright 
Air Davalopman» Center, Wright-Patterson A.F.B., Ohio. 
Gaylord, W. and V.Carter, "Fluoric Temperature Sensing Oscillator Design," HDL-TR-1428, Horry Diamond 
Laboratories, Washington, D. C, April 1969. 
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Figur« Ib. R«or View «f th« Monitor. 

mm 

Figur« Io. Front View of the Army COj/Oj Concontrotion Monitor (Model I). 



where 

í > RTi 
K (2) 

1 2 

f 

y = ratio of specific heats 

R = ideal gas constant 

T = absolute temperature 

K = constant depending on the geometry of the oscillator. 

The constant K can be computed accurately enough for design purposes by using the following 
equation 

(3) 

where L, b, and h are geometrical parameters described in figure 2. 

When the cavity frequency is approximately equal to the jet-edge frequency, these fre¬ 
quencies couple, and the oscillator operates at its maximum wave amplitude. 

The velocity at which the maximum wave amplitude can be expected may be calculated by 
equating (1) and (2), and the threshold pressure drop ',p t yielding this velocity can be computed 
for low operating pressures by using incompressible flow theory. The resulting approxima¬ 
tion is equation (4). Details of its derivations are given in appendix A. 

Ap, , h2(1 + > P 
0.4343 K2 

where 

P = average pressure between inlet and outlet of oscillator 

1 = ratio of inlet nozzle area to outlet nozzle area. 

For the oscillator geometry to be used, the calculated threshold pressure drop is 
2.1 kN/M2 (0.3 psid). 

From equation (2), it is clear that the output frequency is a function of the properties of 
the gas flowing through the oscillators if the geometry and temperature are maintained con¬ 
stant. For gas mixtures, the values of > and R are given by the following equations 

9 



■P 
1 
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m fr-)) 

m M 

mm 

(5) 

(6) 

where 

'm ~ ratio of the specific heat of the mixture 

Rm = ideal gas constant of the mixture 

p 
¡ = partial pressure of component i 

z » = compressibility factor of component i 

R¡ = ideal gas constant of component i 

cpi - specific heat at constant pressure component i 

cvi = specific heat at constant volume of component i. 

3. SENSING UNIT 

.ho^ M ■o,™1“ “»“•«•or-exh.us.ü.gtoa common clmmbor a, 
snown in ligure 3. The critical dimensions of these units are given in tablp n Tho 

ÍSZmT8",,“““ MC‘Ua,0r* ^ “ <»“•«« «,hl, õh.^.r A ' 
tiwismission line connects the cavities of the two oscillators, and a transducer placed’in this 

iannemT^8 ÎÎT ^ frequency of the oscillators. The signal is electronically processed 
coSmtSn COnV‘ U “ Ü,dlC*“0" 01 carton ■““W concentration or oxyBen 

The change in percent difference frequency is nearly proportional to the percent chanco 
in the square root of the absolute temperature (0.17 percent ner 0n -mH t * , ^ 
cmüd compítete the calibration and use ot a one-o,olllator »naon The 
tern wa. chosen primarily becanae 1, make, the etiec, ot the Kaa emperatrro taiÜ 

The frequency of the reference oscillator (with air) computed usina equations (21 anri ni 

htfor wi?h i ^h6“ ln tableS 1 and " 18 fR = 30,056 HZ* 0n the other hand, the sampliig oscil- 
twth i , afCOmpUted frequency of f, = 29.823 Hz. The oscillator pair is designed 

with this minimum frequency difference (233 Hz) because it has been experimentally 
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Table I. Physical Properties of the Gases at 290SK.(,>(2) 

Gas R X 10-6 
sec2 •K y M Cv 

IT z 

Air 

n2 

o2 

OOj 

HjO 

2.8704 

2.9677 

2.5982 

1.8892 

4.615 

1.4020 

1.401 

1.396 

1.299 

1.330 

28.966 

28.016 

32.000 

44.010 

18.016 

3.4989 

3.5025 

3.5288 

4.4208 

4.0343 

2.4956 

2.5000 

2.5278 

3.4032 

3.0344 

0.9996 

0.9997 

0.9928 

0.9944 

0.968 

Air composition: N2 78.09 percent 

0 J 20.95 percent 

Ar 0.93 percent 

CO 2 0.03 percent 

(,)Tobl«» of Thtfmol Proportio* of Goto*, Circular 564, NBS (1955) 
(2’Go* Toblo*, Koonan & Kayo, 1948 

Table II. Critical Dimensions of the Sensing Units. 

Parameter 

Sensing Oscillator Reference Oscillator 

Dimension Dimension 

(cm) (In.) (cm) (in.) 

L 

b 

h 

d 
I 

wi 

d, 

w 
e 

K 

0.1778 

0.1778 

0.0406 

0.0762 

0.0254 

0.0381 

0.0254 

1.1455 

0.070 

0.070 

0.016 

0.030 

0.010 

0.015 

0.010 

0.45098 

0.1753 

0.1778 

0.0406 

0.0762 

0.0254 

0.0381 

0.0254 

1.1366 

0.069 

0.070 

0.016 

0.030 

0.010 

0.015 

0.010 

0.44748 

demonstrated that the measured signal becomes quite unstable when the difference frequency 
is too close to zero. 

During the respiratoiy cycle, oxygen is consumed, and carbon dioxide is produced. The 
ratio between the percent carbon dioxide produced and the percent oxygen consumed is 
is called respiratory quotient (RQ). The average value of the respiratory quotient for humans 

12 



SENSOR 

<* «»PT- «h ..r ls *« 
oxygen concentration. The first ohenomannn ^ m*x*ure a^80 to a decrease in 
totor, and th. «coïï toor^l°' ^ “"'P1“« 
tlv. to catboo dtartd. thaniH, iSf ‘‘ ^ more sensi- 
ment of the carbon dioxide concentratinn Hu» t re 6 error introduced in the measure- 
■üninout. conc.ntr.ttoo duo to vnrtntlon ln tho «.plntlory ,„«1», „ 

4* CONCENTRATION MONITORING SYSTEM 

4.1 Flueric Circuitry 

IHtu» i0** d“8r,m °',b” Ar,nJ' œ‘/0> c«nc«ntrntion MoMtor (Nfcdel „ ,. 8h()M, ln 

^Handbook of Biological Dato, William S Sooctor WAnr t l . « 
spoctor (Editor), WADC Technical Report 56-273, AD 110501 (1956). 
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A small sample of the expired gases and the reference gas (air or the inhaled mixture of 
oxygen and nitrogen) is aspirated through the sampling ports. Both gas samples are inde¬ 
pendently drawn through a humidity control unit consisting of two small Plexiglas units (fig. 
5). Each unit contains two independent chambers; cold air supplied by a vortex tube shown in 
figure 4 flows continuously through the upper chamber. An air pressure of 283 kN/m2 (41 
psig) is applied to the vortex tube. The estimated gas flow is 30 s The lower 
chamber contains water at ambient temperature. The gas coming from the sampling 
port enters the system at the top through one of the brass tubes shown in figure 5. These 
tubes are maintained at the temperature of the cold air circulating through the upper cham¬ 
ber. The gas flows through the lower chamber and exhausts through the other brass tube 
flowing toward the flueric oscillator. The gas exhausting from the humidity control unit is 
saturated with water vapor and is at the temperature of the air circulating through the upper 
chamber of the unit. Water vapor is either removed from the gas as in the case of the sample 
taken from exhaled gases or put in the gas as in the case of a dry reference gas. In this way, 
both oscillators receive gas at the same temperature and relative humidity. The lower cham¬ 
ber is connected to a water-level control tube instaUed in the front of the monitor for easy 
visual checking. The two gas samples are drawn from the humidity control unit to the sensing 
unit where the signal is picked up by a transducer and supplied to the signal processing 
circuitry. The signal is ultimately converted to carbon dioxide or oxygen percentage and in¬ 
dicated on a meter. The processed signal can also be supplied to a recorder if so desired. 

The gases are moved through the system by a small aspirator (suction unit) shown in figure 
6. An air pressure of approximately 38 kN/m2 (5.5 psig) is applied at the input port (A). The 
air exhausts through port (C). The geometrical characteristics of the aspirator causes a suc¬ 
tion of 8.3 kN/m2 (33 in. of water) at port (B) which is connected to the output of the sensing unit. 

4.2 Electronic Circuitry 

The Army C02 /02 Concentration Monitor electronics accepts a low-level signal from a 
pressure transducer, processes the signal (which is essentially a mixture of two frequencies), 
detects the beat frequency that is present, produces a voltage level that is proportional to this 

15 



Figur« 6. Suction Unit (W - 0.051 cm). 

beat frequency, and diaplaya the voltage on a meter. The electronic ayatem la deacribed in 
detail in appendix C. Since the beat frequency produced by the mixture of the two fluoric- 
aenaor outputs (and sensed by the pressure transducer) is almost proportional to the amount 
of carbon dioxide, it can be read directly on a linear scale of 0 to 10 percent on the system 
meter when the carbon dioxide range is being used. An oxygen range is provided so that the 
percent oxygen in the inhaled gas can be read directly on a scale of 0 to 100 percent. Zero 
adjustments for both the oxygen and carbon dioxide ranges are provided on Am rear and can 
be set when both oscillators are receiving the same gast likewise, sensitivity adjustments 
(also on the rear) for both ranges allow adjustment for any changes in the characteristics of 
the flueric oscillators and allow the use of a fluoric oscillator with different characteristics. 

In addition, if CO, is to bs measured in a concentration of nitrogen and oxygen that is 
different from that of air, an oxygen compensation adjustment (on the front panel) permits the 
meter to be roseroed for this new gas mixture keeping the same electronic sensitivity to car¬ 
bon dioxide. Furthermore, the electronics provides outputs (undetected, detected, and square 
wave) for measurement or for operating other equipmant, contains a power supply for opera¬ 
tion using alternating current, provides an input for operating from an external power supply 
such as a battery pack, and provides a rate output from which the do level (proportional to gas 
concentration) can be recorded. The power requirements of the electronics are low enough so 
that a 4.0 A-hr battery pack should operate the system continuously for over five days. 

5. LABORATORY CALIBRATION 

5.1 Calibration Setup 

The calibration setup is shown in figure 7. Nitrogen, oxygen, and carbon dioxide are 
combined in the gas mixing apparatus (appendix D) to obtain Am desired gas mixture. The 
concentration of each gas is determined from the manometer readings. The gas mixture is 
passed through a small sampling chamber and exhausted to atmosphere. The pressure in the 
sampling chamber is practically equal to the ambient pressure. An input flow to the chamber 
approximately 1-1/2 Ames Ate sampling rate (7 cc/sec) is used to insure Amt Aw gas sample 
is not contaminated with the outside air. 

5.2 Argon Correction 

Air is a mixture of 20.9 percent oxygen, 7S.0 percent nitrogen, 0.9 percent argon, and 
small quantities of other gases. For medical applications, to obtain a desired oxygen-rich 

16 





atmosphere, air is mixed with oxygen. This oxygen-rich gas contains a certain amount of 
argon provided by the air. The gas mixing apparatus (appendix D) supplies an argon-free 
gas mixture. If a 20.9 percent oxygen-nitrogen mixture were compared with air using the 
Army C02/0j Concentration Monitor, the observed beat frequency (or meter indication) 
would be different from that obtained in comparing air with air. To compensate for this dif¬ 
ference, the percent of oxygen in the argon-free gas mixture can be increased by an amount 
equivalent to the concentration of argon that would be present if air and oxygen are mixed to 
obtain the desired gas mixture. The physical characteristics of argon are such that the effect 
of small amounts of argon can be simulated by the addition of the same amount of oxygen to 
the gas mixture. An oxygen concentration of 21.88 percent is equivalent to 20.95 percent oxy¬ 
gen and 0.93 percent argon. This equivalence was confirmed by setting the carbon dioxide 
scale to zero (higher sensitivity) with air and rechecking the zero with a 21.9 percent oxygen- 
nitrogen mixture. A 20.95 percent oxygen-nitrogen mixture gives a meter indication below 
zero. 

Since the ratio of the argon to nitrogen should stay constant for gas mixtures made by 
adding oxygen to air, the oxygen concentrations with air or pure nitrogen that produce the 
same beat frequency are related as follows: 

(Î) 78 

where 

(% ^2)40 concentration of oxygen in a gas mixture made from air and oxygen 

Oj)no is the concentration of oxygen in a gas mixture made from nitrogen and 
oxygen (argon free) 

(9r N j) is the concentration of nitrogen. 

5.3 Scale Setting 

The differential pressure across the sensing unit was set to 33 in. of water (Indicated by 
the front differential gage). Operation of the sensing unit seems most stable at this setting. 
The pressure at the input of the vortex tube (humidity control unit) was set at 41 psig; this 
pressure corresponds to a cooling air temperature of 6*C. The carbon dioxide zero adjust¬ 
ment and sensitivity adjustment (back of the monitor) were adjusted to read zero with pure 
air and 5 percent with a mixture of 5 percent carbon dioxide and a concentration of oxygen 
equivalent to that of dry (saturated at 6*C) exhalation gas with 5 percent carbon dioxide when 
the inhaled gas is pure air (respiratory quotient of 0.85). The oxygen scale was adjusted in a 
similar way to read 18 percent oxygen with pure air and 101 percent oxygen with pure oxygen. 
This setting allows a balanced error in the oxygen indication of less than 1 percent oxygen for 
the upper 2/3 of the scale and a maximum of 2.8 percent oxygen in the lower end of the scale.* 

‘Later racal ibrationt have ihown that a nara tu i tabla oxygan tcala may bo obtained by tatting the lower and of 
the tcala (air) to 20 percent and the upper and of the tcale (pure oxygen) to 99 percent. Thit tatting allowt 
an error of 1 percent at any paint of the tcale. 
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5.4 Calibration 

The calibration data obtained using the setup shown in figure 7 are given in tables III 
and IV. Table III gives the data obtained for respiratory quotients of 0.85 and 1.0 for 0 and 
5 percent carbon dioxide. The column entitled 02 in 02 - N2 mix," represents the oxygen 
content of the calibration gas mixture before mixing with carbon dioxide. The oxygen content 
at zero concentration of carbon dioxide represents the inhaled gas concentration in an argon- 
free mixture. The oxygen concentration in the presence of argon yielding the same beat fre¬ 
quency may be obtained from equation (7). The oxygen concentration in the calibration gas 
mixture before mixing with carbon dioxide was computed using equation (8). Kquation (8) 
corrects the concentration of oxygen presumed to be inhaled for the oxygen loss due to the 
consumption of oxygen in the lungs (given by the carbon dioxide concentrations divided by 
the respiratory quotient) and the effect of the addition of carbon dioxide to the initial 
oxygen-nitrogen mixture. The equation relating these concentrations is as follows: 

where 

(¾ 02) is the concentration of oxygen in the oxygen-nitrogen mixture in the gas 
mixer, 

(¾ O2)0 is the concentration of oxygen in the oxygen-nitrogen mixture presumed to 
be inhaled, 

(¾ 002) is the concentration of carbon dioxide in the final ternary mixture to be 
used for calibrating the analyzer, and 

RQ is the respiratory quotient. 

Figure 8a is a plot of the correction factor for the carbon dioxide scale due to the effect 
of the oxygen concentration. The solid lines are the theoretical correction factors obtained in 
appendix E, and the pointa are computed from the data given in table m for RQ = 0.85. Figure 
8b is a plot of a correction that should be added to the indicated oxygen percentage to obtain 
the real oxygen concentration. The points plotted in this figure were computed using the data 
given in table 111, and the solid line indicates the theoretical co roction from appendix E. 
Figure 8c is a plot of the oxygen compensation dial indication veiaus the percent oxygen 
inhaled. The data points were taken from table III and the solid line is the best fit to the 
data. 

The data in table III shows that (as expected from the theoretical analysis in appendix E) 
the effect of the respiratory quotient is insignificant. 

The data in table IV were obtained to determine the linearity of the carbon dioxide scale 
at different Inhaled oxygen levels. The column labeled C02 CORRECTED" was obtained 
by multiplying the column immediately before by the carbon dioxide scale correction factor 
obtained from figure 8a. The table shows that the device is linear as expected from the 
theoretical considerations (appendix E). 
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(o) 

INDICATED PERCENT OXYGEN 

(b) 

20 40 60 80 100 

PERCENT OXYGEN (INHALED) 
(e) 

Figur« 8. Calibration Data and Th«or«tical Prediction*. 



6* OPERATION and maintenance 

6*1 Sampling Technique 

6,1 Sampling During Operation 

laid Ï c , ?U 0pe,n to 8ample the reference ambient air continuously. The left norUM is r a“8 -- “ ------ 
The monitor may be used In conjunction with a respirator or with a simnle h.whin,, 

SS? Srrs 
the inhni rt * rt B is op0» to the local atmosphere (ambient air or oxygen tent) if "ntr^^rrrrir“””'u te ~ 
6.1.2 Sampling During Calibration 

necJ^lrr^^ \B 8hOWn 111 ögure 7* lt consists of a tee to be con- 
mnteiv th® sampli“« V°rt (G). The calibration gas flows through the tee at a rate of aporoxi- 
mateiy 12 cc/sec exhausting to atmosphere through a few inches of tube. The pressure ¿side 

£ ÄÄsr* ^ambtó“pK88,,re ^8 ^ 
6.2 User Calibration 

Two calibrated gases are needed in addition to ambient air: pure oxygen and a suitable 
mixture of oxygen, nitrogen, and carbon dioxide equivalent to dry exhaled^r with a 

TO AND FROM 
BREATHING MASK 

INHALATION 
exhalation 

Figur« 9. Breathing Valve. 
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concentration of carbon dioxide between 5 and 10 percent and a concentration 
by equation (9) of oxygen tfiven 

rr02) 21.9 - (^COj) 0 85. 
(9) 

These gases are used to set the carbon dioxide and oxygen scales by adjusting the zero 

:“forwÏÏ.SensltlVlty f0r each Kas in the back of the monitor. The following procedure 

6.2.1 Calibration of the Carbon Dioxide Scale 

The carbon dioxide scale is calibrated as follows: 

(a) Activate the power supply (either ac or battery) and turn the power switch on. 

(b) Adjust the vortex tube pressure to 41 psig and wait five minutes to obtain the desired 
gas temperature (6 to 7°C). 

(c) Adjust the differential pressure across the sensing unit to 33 in. of water. 

(d) Set the TC switch (back of the monitor) to S. 

(e) Set the range switch to CO . 
2 

(0 Make sure that the 02 compensation is off and set its dial to zero. 

(g) Sampling pure air, set the dial to zero with "C02 ZER" adjustment. 

(h) Sampling the calibrated oxygen-nitrogen-carbon dioxide gas mixture, set the dial to 
the appropriate reading of carbon dioxide adjusting the "CO, SN" (sensitivity) adjust¬ 
ment. 

(i) Repeat steps (g) and (h) until scale is set, and lock the carbon dioxide controls in the 
back of the monitor. 

6.2.2 Calibration of the Oxygen Scale 

(a) Set the range switch to 02. 

(b) Sampling pure air, adjust the "02ZER" control (back of the monitor) to 18 percent. 
The nonlinearity of the sensor introduces a small error in the oxygen scale. This 
error should be corrected using the correction chart during operation. The error is 
less than 1 percent oxygen in the upper 2/3 of the scale. (See footnote on page 18.) 

(c) Sampling pure oxygen, adjust the "O SN" (sensitivity) control to 101 percent. 

!d) Repeat steps (b) and (c) until scale is adjusted, and lock the oxygen controls in the 
back of the monitor. 

24 



6,3 epical Use (AC-line Operation! 

receptacle^art the'rear of m ^ attathed to ^ - 
''ACPW1Î." The power swUeh etl JeW^oT^ t "C '» « « 
tape (humidity control unit) should be set to 41 o»m '1^,0 prossuro “Jntrol 1» the vortex 
section ti.2. Also, before tL, monltortU L wx t r*,i0"is““srar>'' 
should be placed In the up position ' B Swttch on lh» rea ' «f ‘he meter 

the range switch to CO, and s'eUteT,' cSÜ^“»moasuril<1' swllch 

centration meter to read near™™ whin nL™. í TT “T' ™s stald 'îu“ the con- 
with the "CO, ZER" control ln th» ho»ir alr 8 belnB samPled. Adjust the zero reading 
periodically. c0,,trol *»'he back of the monitor. CallbraUon should be checked 

varlau^l^^^ä^1^^,^"“ ““‘“‘I h»1« «o s (short), slight 

setting the TC swlteh to h (long,. This doub.es theS ^0,^^1^0^,,. 

Shouldlul"!«!!!“ Sr'n Ä10 “Ti!6“ “f”” tn air 
dioxide Is to be measured In some other concentratkulôr 6 ” to th'lercem scale. If carbon 
oxygen-nitrogen mixture (with no carbon dioxide) turn the^TT" ^ nitr°fen’ samPle the new 
adjust the "02 compensation" adjust dial until the m„t» ?2 compensation" switch ON, and 

dioxide reading by mulUplytog the r»dl»g by toe "ÍHtÂ Z. to rBleT..C‘rb0n 

•h. Ätoh to o.TÄzrz zb„Tn ^(s“ 
the small nonlinearity of O^eZ^Zm Í?, ,h0Uld re,d “ar 18 percent (due to 
"O ZER" control to toe back o, toZonitor * Alto to T!“' re,dln8 10 18 Percent using the 
In the oxygen concentration to oxygen-nitrogen mixtures «toübT" ^1°8 ls nhtalned, changes 
tion of oxygen conc.ntr.Uon on toe 0- to iSZlS?! a, to““ “‘ca- 
ments, the time constant of the average-rat» h r» i?* ! / f r carbon dloxlde measure- 
to L. Correct the oxygen InltoaZTtogTgu™ gbl ““ “* bï the TC 8*«'h 

jack ïnTh^^fThTmonitor. ^ i^UmSce“ t0 ^ d®tected"siKnal outPut 
not be less than 1.0 Ml a recorder may be connected to th deV¡Ce attached to this point should 
monitor if a written record of gas concentration »h t d t , thf rate output jack in the rear of the 
is not in effect for the rate ouC, s^a^ould Ä ^ ^ protection 
corder or other measuring instruments that may be usetT The^nnut™™ 0^erdrivinR the re' 
attached to the rate output jack should be no less than kif ‘mpedance of any device 

jack on the preamplifte^inthe^ T^bipuU t0 the appropriate 
tached to this jack (e.g., oscilloscope) stouS ^ less San 1 o^T °f deVÍCe at" 

O. SO, tos, toan 10 Wh) ^.Tx“ ISI“ 
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probe can be used as an interface between the square-wave output and some other device 
whose input im|>edance is lower than that required, providing the device can tolerate the re¬ 
duction in signal. Signal levels at the various preamplifier outputs typically are approximately 

undetected output - 8 V p-p, 

detected output - 3 V peak, 

square-wave output - 10 V' peak. 

If battery o|x>ration or operation from some other power supply is desired, refer to section 
6.4. Battery operation or operation from a low-ripple power supply may reduce meter pointer 
variations slightly. 

6.4 Operation from an External Supply 

An external supply can be attached to the plug labeled "Batt" (battery) on the rear of the 
monitor. Connections to the plug can be determined from the power supply schematic given in 
figure C-2. Switching the selecting switch in the back of the monitor to "BATT PWR," the 
monitor can be operated as previously described. Typically, after being fully charged, the 
battery-pack voltages should measure ±10.5 V. Do not allow the voltages of the battery pack 
to drop below 9.0 V of either polarity. Since the drop between 10.0 and 9.0 V is somewhat rapid 
and the concentration sensor works best in the 10.5- to 10.0-V range, a cut-off voltage of 
10.0 V might be used. 

Other external supplies may be used, but, for any external supply, care must be taken to 
apply the correct polarity of voltage and not to exceed 12-V of either polarity. If these pre¬ 
cautions are not followed, the concentration sensor electronics may be damaged. The concen¬ 
tration sensor will operate with an imbalance in the two power supply voltages (in a ±9-V to 
* V i’ftnge)» but best operation (little change in meter position) is obtained when the two 
supplies are at the same voltage. 

6.5 Transporting the System 

Whenever the system is to be moved more than a short distance, the shorting switch on 
the meter board (meter rear) should be placed in the down position to protect the meter 
movement. This will keep the meter pointer from swinging quite so wildly. Care should be 
taken when reaching for the switch that the wires in the vicinity of the switch are not moved. 
Whenever the electronics is to be used, the shorting switch should be placed in the up position. 

7. CONCLUSIONS 

A flueric concentration monitor with an electronic output (meter or recorder) has been 
built. The system is able to measure carbon dioxide and oxygen in respiratory gases con¬ 
tinuously with an accuracy of 1 percent oxygen and better than 0.3 percent carbon dioxide. 
Results with the monitor were in good agreement with the theoretical prediction obtained with 
the help of a computer. The system is inexpensive, easy to clean if necessary, is rugged, 
and can be miniaturized if so desired. 
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Appendix A. Threshold Differential Press,,™ 

becomes couple^witu!^ Whi^h the cavit>' frequency of the oscilla'« 

this condition are the velocity of the jet the'flow m!^ that may useiJ to c'haracteri7.e 
oscillator. Theoretically, the amplitude’of thfnr’ 6 differential Pressure across the 

more easily detectable by the transducer, it is for m‘Utimun‘ at Point and i 
the threshold (>oint is desirable. eas°n that a sin'Ple way to predict 

The threshold differential pressure can be obtained by e<,at!ng expressions (1, and (2) 

(A-l) 

0.446 — !>RT]12 
h K (A-2) 

i ne velocity u may be obtained using incompressible 
sure drop across the oscillator, as follows P 6 assuming 

where 

Qi Ai Í2(p. - pc)/p. ]’ 
(A-3) 

Qe r Ae Í2(pc - pe)/pf j 1 2 
(A-4) 

Q - is the volumetric flow 

A = is the area of the nozzle 

a = is the density of the gas 

subscripts 

> = input 

c = cavity 

0 = exit. 

Q. 

The average cavity pressure 
= QP for incompressible flow. ’ P'1, may 156 obtained by equating (A-3) and 

Also for this case Then 
(A-4) since 

A (P 1 » Pr>' 2 AP (Pc -p(.)> 2 
(A-5) 
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or rearranging 

where 

- a> p> * p* 

a* ♦ I 

a = Va. 

(A-6) 

From equation (A-3) we obtain 

0, \i (P, -P,)T 

“ 'A. l Pt J 
or, substituting equation (A-6) into (A-7) 

2(pt-p.)y/> 
p (1 ♦ a,)J 

where the subscript i has been dropped from p . 

the value of u from equation (A-8) into equation (A-2) and rearranging yields 

(A-7) 

(A-8) 

where 

. _ yRTpha (1 ♦«») 

0.4343 K* 

AP, =Pk - P.- 

(A-9) 

into equation (A-5) the average density p by p/RT, where p is the average 

pressure between p, and p(, yields 

p . h* (1 ♦ a*) y p (A-10) 

' " 0.4343 K* 

For the oscillator dimensions given in table II and using the value of > giv<*n in table 1, the 

threshold differential pressure is 2.1 kN/M1 (0.3 psig). 
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Appendix B. Predictions of . and B for Cna Mixtures 

be 
The value of the ratio of the specific heat and 

obtained using the following equations 
ideal gas constant of the gas mixture may 

Tm V 

(B-l) 

R (B-2) 

where 

cp * "P^iflc heat at constant pressure 

c* * ■peclflc heat at constant volume 

m mft" occupied by a specie In the total gas volume 

subscript 1 ’ component 1 

subscript i» « mixture 

> * ratio of the specific boat 

*“ Meal gas constant. 

Th. p.rttal mu. m, occm^d b, . .pM. I la U» total volunM of th. |ta« U lu prua, .teMlty 

. .II 1 
R.T (B-3) 

where s ( is the compressibility factor of component 1. 

aiteUtuUnc «»«U« (B-3) in. (B-l) ud (B-3) ud .UmlutB« ti» (.mpeniWK T vtold. 

r(@ë) 
and EfiiJM 

r.m 

(B-4) 

(B-6) 
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Appendix C. Kleet ronlc System 

C.l GENERAL DKSCHIPTION 

A block diagram of the system is given in figure C-l. A commercial pressure-sensitive 
transistor (Pi-Tran) is used as the pressure transducer and was selected mainly because of 
its low price. Biasing is provided for the transducer, and its output is ae-coupled to the 
amplifler and filtering. The ac coupling removes the large dc component produced by the 
large bias pressure that the mixed oscillator signal is riding on. 

The preamplification and filtering provides a maximum gain of 1070 which is controlled 
by the automatic gain control (AGC) voltage, (¿uadruple roll-off filtering is also provided so 
that the preamplifier has a maximum gain at 22.5 kHz and rolls off rapidly on either side of 
this frequency at a rate approaching 80 dB/decade. The base frequency of the flueric oscil¬ 
lators is about 30 kHz, and this really should be the frequency of maximum amplification. 
However, the operational amplifiers used in the preamplifier are also rolling off rapidly at 
30 kHz, and design limitations resulted in the 22.5 kHz frequency. Nevertheless, at 30 kHz, 
the preamplifier output has only decreased about 10 percent. The preamplifier supplies the 
undetected-output Jack on the rear and also supplies the signal to a half-wave rectifier. 

The half-wave reefifier allows only positive portions of the undetected signal to be ap¬ 
plied to the low-pass filter. Without this recUfication, the filtering of the high-frequency 
signal with the low-pass filter would result in essentially a zero filter output. However, low- 
pass filtering of Se rectified signal removes high-frequency components and results in the 
beat frequency of e original mixed signal. The low-pass filter allows passage of signals in 
the 0- to 3000-Hz range and provides for over 40-dB/decade roll-off at higher frequencies. 
The detected beat-frequency signal is appUed to the detected-output jack and is also applied to 
the Schmitt trigger. 

The Schmitt trigger changes state when its input exceeds about +2.5 V. When the threshold 
is exceeded, the AGC control voltage (produced by the AGC circuit) decreases in an exponential 
fashion (about 0.2-sec time constant) and acts to reduce the preamplifier gain so that the de¬ 
tected output exceeds the Schmitt-trigger threshold by a lesser amount. Because of the time 
constant and exponential decay of the AGC circuit, the Schmitt-trigger threshold is always 
exceeded by peaks of the detected signal. Hence, the Schmitt-trigger's square-wave output 
consists of pulses whose frequency of occurrence is the same as that of the detected-signal 
peaks. This square wave is applied to the square-wave output Jack and also triggers the mono¬ 
stable multivibrator. 

The monostable multivibrator produces a constant-width, constant-amplitude pulse. The 
amplitude of this pulse can be modified by the sensitivity adjustments (separate adjustment |>o- 
tentiometers are selected by the range switch), and the adjusted pulse is applied to the average- 
rate circuit. The average-rate circuit produces an output voltage that is proportional to the 
average rate of occurrence of the monostable-multivibrator pulses, the height of the monostable- 
multivibrator rdjusted pulses and the setting of the zero-adjust (separate adjustment potentiom¬ 
eters are selecred by the range switch) and/or oxygen-compensation*adjust controls. The aver¬ 
age-rate-circuit output is applied to the rate output (for recording on a strip-chart recorder 
or an instrumentation tape recorder) and also to the meter-protection circuit. 

The meter-protection circuit begins to operate if an input to the meter-protection cir¬ 
cuit drives the meter above a full-scale defiection or below zero. Such conditions, which 
may result if the zero-adjust controls are improperly set, the oxygen compensation is 
changed, or the flueric oscillators change their frequency characteristics (as might occur if 
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moisture is taken-in), might damage the meter as its pointer goes off scale Hen«-» *h 

action circuit prevents the pointer from touching the IpTheTa l^^rnegatt-^ing ^ 

“UU hU!hUt !ttemptS t0 driVe the meter »x,inter below zero. Also, lZ meter .jointer 
ïenci he “ , ! P and re8t there When a lar«e* rate-circuit output S pÜ. 
latnr ' h »kj61«-g VeS an inc*ication proportional to the beat frequency of the ilueric oscil- 

above r:Í“cl8 °f ^ «» mdtace. 

r-2 CIRCUIT DIAGRAMS 

in anH^kf^ schematlc is shown in A^re C-2. Whenever the ac line cord is plugued- 
in and attached, the power supply is on and produces +10.5 and -10.3 V (about 5-mV rinnlef’ 
However, these voltages are not applied to the system electronics unless the switch on the ’ 
power supply rear is turned to AC PWR and the power switch on th^t SthUystemt 

ÏÏTbattl'rvf 'T** T™“0" 18 de8ired* the 8wltch on th® rear should be set to BA TT PWR 
a£ h fh y P T?*11* ±10-5 V (n° more than ±12 V and no less than ±9.0 V) should be 

oX front ZT °\ ‘“T ?kPTrlate Pin8 to the Plu« °n ^ rear. The power swlt 
on the front still controls the distribution of power to the system electronics. The ac power 
supply consists of two series regulator circuits, and, if the supply is inadvertently shorted 
to ground, either or both of the transistors used as regulators may be burned out. 

Figure C-3 shov s the preamplifier schematic, and the various circuits are labeled ac- 
cording u, Hguv. c-1. Tht .nu^.tor pr.Mure , 

the base circuit is provided by R3 and R4 through R5. Relatively fixed bias is supplied in- 
conxjrating R2 in the emitter circuit. However, R2 is shunted by Cl which essentially pro- 
vides a short for the 30-kHz frequencies to be detected, thereby increasing the gain of the 
transducer. C2 provides ac coupling to the preamplification and filtering sectton. 

The field effect transistor Q2 acts with R6 to produce a voltage-controlled attenuator. 

ÜXX VOltage *■ over 4*° V*llttle attenuation results. However, if the control 
Itage becomes zero, at least a 50:1 increase in attenuation results. C3 and R7 act to pro- 
e ow-frequency roll-off of 20 dB/decade. The operational ampUfier feedback circuit, 

made-up of C4, C5, R9, Rio, and Rll, acts to provide an initial high-frequency roll-off of 40 
dB/tade C8 R15 Md C9, wd me act » p„,ld. a «-dB/dM.5. lo^requaaoy ¿U-otí 
and C14 acts with R24 to provide another 20 dB/decade of low-frequency roll-off. Hence, the 
preamplifier provides 80 dB/decade of low-frequency roll-off. Since R18, R19, R20, CIO, and 
Cll initially provide an additional 40 dB/decade of high-frequency roll-off, the preamplifier 
incorporates a roll-off at high frequencies of 80 dB/decade. Each operational amplifier circuit 

ZV 22¿kHZ) OÍ 0Ver 40 (flr8t 8tage more galn ««U» the secondVtageb so 
that the total gain . about 1670, at 22.5 kHz. R8 and R17 will adjust the midband gain. Each 
operational amplifier power-supply input is decoupled from the power supply (by means of 

j10?.", i**? St0rS and 100/,F caPaclt°rs) and incorporates a 470-0 trim resistor to reduce 
individual amplifier dc offset. 

Q3 and R25 form an emitter follower whose quiescent output voltage helps compensate 
for the forward voltage of Dl, in the half-wave rectifier. R27 and C15 provide initial low-pass 
filtering and are followed by a low-pass filter (made-up of Q4, Q5, R28-R31, and C16-C18) 
which has a high-frequency roll-off approaching 40 dB/decade. 

R32 and R33 can be varied to adjust the threshold of the Schmitt trigger (Q6-Q8; R32- 
R38, and D2), though R33 should be made no larger than the value shown. QG compensates 
for the V__ of Q7, and D2 helps set the inherent Schmitt-trigger threshold and prõvkíêTlow , BF- hyste rests. 
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r cHirr» rrr "¡rr r - 
AGC control ,„lt.go) b«»m.a low oS (o-Tlinl ’ a^,Whe"the ^118110 across Cl 9 

input remains above the threshold for a sLrter^d^onfl^*01'? nfeS,, the Schmi«-triRKer 
for a longer period of time. Hence, C19 can cha^ t !! ? ’ and romains unsaturated 
R41 for changes in the power suppí; voltaZZy inc (reBUlated by D3 and 
1. reached « which the ,y,tem eTentoally mwiro. —P“"« Bain. A |»l„l 
pulse, that trigger the rate circuitry. * ^ 018 Schmitt trlKBcr provides output 

the block <ii¿ímhrf fl^.'Sfi01^^"1“™ lto ™rlou. circuits are labeled according to 

by Cl. C2, and R1 and f "dc-relrod bT Dl o/Z£ *rl88er 
period of time, and when the voltage across C3 drons . ^ act 18 d,scbarge C3 In a very short 
When this occurs, the voltage at A rises ta o» Ä,** Q5 are held off. 
supply in Q3 (to prevent poier supply variations from Iff 8Upplled by the re^lated 
pulse width). Since the differential pulse mZ ^ ^ monostable multivibrator 
Rl. and the 24-kO coUector «sîstor at the &hmitt't7 Q ^ Q2* the pulse is attenuated bV 
high, Q2 is held off, and further income!! . fmltt'trlgger outPut. If the voltage at A is 
while Q4 and Q5 are off. C3 charges^tth a timl ^Chmltt trigger wil1 n°t be effective 
volta«e at B is higher than the voltoge at A by V« R4 and C3‘ untU the 
discharging C3, until the voltage at B is iV y + ¾1 ’ and Q5 ^generate, rapidly 
pulse from the Schmitt trigger starts the process oÂo^u“1 Q5 uemaln on unt11 another 

*Uows th. monostable multlvlhrntor to produce . ““ 

the monostaWe^nuUtivJbrator^^dbe^y'means^/RlS^r^Rl1?6^8 !7Ch V&17 the attenuatl°n of 
range switch. The attenuated pulse is annZn / R ? R dependin« on the position of the 
is mainly a differential amplifteí. Wheníhepuís^ ÍT! 0Í tb«ave rage-rate circuit, which 
ceive essentially equal sigmüs as a resultTf PrÍ / Í ÜT*4 applIed* ^h amplifier inputs re- 
however, With att^oÄTpiSi «1 T,C 8WltCh is on L)* ^«ntually, 
the resistances of the zero adjustments andoxv™n and C6 lf the TC swltch is on L), and 
charge-up to the avetXaÄC^^ the capacitor(s)& 
width and amplitude, their average value cwrosLmd* th® lncfmin« Pulses are of fixed 
potential difference develops between the tum 7 to.their rate of occurrence. Hence, a 

tential 1. amplified and appear, at tb. averag^-circ^^T61 amPlifler, ^ thiS ^ 

(controlled by R29 or R30, dependta^ onThÏ posiUon ofíh ^ ÍnPUtS fr°m the Zer° adjustments 
sation (R33). The CO. zero adjustment and îh« n 6 r“Be 8Witch) and the °2 oompen- 
voltage (Q8), and Q8 Is temperature-compensîted WT iinT10“ aref8Upplied with a regulated 
sates Q3 and D8 compensates 09). The O 7!!7aH. ^ 7 h 8ame fa8hlon as 03 eompen- 
by a regulated voltagMproÏuced by R^anà X °meter (R29) ls also supp^d 
ment of the 0, zero was necessarv i*, U8e of a P°8itive voltage in the adjust- 
If other flueric oscillators were used a ne™«7 fluerlc oscillators used required it. 

have been supplied (through a4.7-kU resistoritoRM ifok^'^Tlh^”1!41'6 emitter °f Q8) mifiht 
a«l D16. An improvement in the system would be ^ ° , 7 ^ SUpplled by H28 
change rapidly. The regulated voltages further 7 ^ inc°rporation of a «witch to make the 
supply variations. The negative power-surolv innut toTh ^ 8tability of the with power 
rate circuit is also regulated to Either in^as^Wli J. ^11^1 amPlÍfler in the aVeraRe" 

protecUon ctrll1 DlHitewith Dll-DlS (foward^bi10^^“16 °UtPUt ^ alS° t0 the meter" witn Dll D15 (forward-biased by R38 and the regulated supply of 
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to ! Ht! at,C to abOUt ^-° V* R40' R39» and R41 limit the current in the meter 
low a^11'8Cale deflection when the voltage at C is about 6.0 V. R41 provides a 

aCr°t8S the meter to 8tabÍlÍZe the meter movements. When the average- 
nemtivn «v tP t 1° D1° 18 almOSt forward-biased by D11-D15, so that a small 

ZTZ Lr tilrCUit ^ 18 limlted by D1°- HoWeVer‘ lf the rate-circuit ou^ut 
R36 and m ^ CUrrent in D1° would 0PP°8e the bias current of D11-D15. Hence 

m r« 1D “ *b°rt -0^ V- A* current in Dll- 
not exceeded. Hence, the meter is protected against large negative and positive voltages. 

C.3 LABORATORY DATA 

C.3,1 Preamplifier and Filter 

.,»r2ï!r*?ri,.“C*JÏ ““ preamplltlc*“™ aKl altering circuit were meanured by prcvidinu 
approprlnt® tap«. ^ mtnütorta, U» undetected cutpute. The ch,„cterlstlc8 were aTfcllowa, 

Gain: 1670 at 22.5 kHz 

(2.4-mV p-p input gives 4.0-V p-p output at 22.5 kHz) 

Noise Output: 0.07-V p-p with no input at 10.5-V power supply voltages 
Fre^iency Response: Figure 05 B 

TemperMure Charactertotlc., In br«tdbo.rd form, the preamplifier worked well at 
temperatures from 0° to +130° F. 

C.3.2 Halfwave Rectifier and Low-Pass Filter 

preamplifienr inrwt°U\!dtíi 'ZUw'y\n«ia*r and low-pass filter was measured with no 
Su.n^ .^.00¾ Üth. ,50 V l^p ml,“<l ■a»««»« preamplifler input of 30-kHz bane fro- 

« óf^-k^ ^ vo1“«** “a with a mined elgnal input or 30-kHz base frequency to various beat frequencies. 

Results were as follows: 

Input: noise 

Power Supply 

(V) 

+10.5, -10.5 
+12, -12 
+ 8, -12 
+ 8, - 8 
+12, - 8 
+ 9,-9 

Detected Output 
(V) 

0.5 
0.5 
0.4 
0.45 
0.6 
0.45 

Input: 50-mV p-p mixed sinewave, 30-kHz base frequency, 500-Hz beat frequency 

Power Supply 

(V) 

Peak 
Detected Output 

(V) 

+12, -12 
+ 9, -12 (below h 9 V, clipping starts) 
+ 9, - 8 

+ 8.5, - 8 (no clipping) 
+12, - 8 

4.0 
4.0 
4.0 
3.98 
4.0 
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^ 30 k,b ^ no, 8lnce lnput slplal ^ 

Beat Frequency 
(Hz) 

Beak Detected 
Output 

(V) 

100 
200 
500 

1,000 
2,000 
3,330 
7,500 

10,000 

C.3.3 Schmitt Trigger 

2.0 
2.0 
2.0 
1.95 
1.85 
1.70 
1.414 

1.4 (about 0.18 V of signal due to dc level) 

ginning ^ ^ detected that Just caused the be- 

Power Supply 
(V) 

Peak 
Detected Output 

Triggering Schmitt 
(V) 

+12, - 12 
+ 8, - 12 
+12, - 8 
+10.5, - 10.5 
+ 9,-9 
+ 8,-8 

C.3.4 Average-Rate Circuit 

2.5 
2.5 
2.5 
2.5 
2.5 
2.5 

P«, ^'*Än;xe.r si? r ~-tta - 
varied, the system electronic.* meteTIlcatlonlÍT,. ' “’“T1 °f the PreamPllt'er Input was 
(»en as the actual fr«*.!, ™.l °d‘C“‘.C"1 *“? ““I»1«1 »f«> the counter IndloaUon 
00,-0, range, AU ofSSS “,80n ^^10., and 
reaulte1 are given («low. »M* operating ftom the ac power eupply, md the 

c,3o4el Carbon Dioxide Section 

0-500 Hz Sensitivity 

Actual Frequency (Hz) 

500 
0 

448 
393 
347 

Indicated Frequency (Hz) 

500 
0 

449 
394 
348 
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Actual Frequency 
(Hz) 
301 
250 
198 
149 
100 
50 

Indicated Frequency 
(Hz) 
301 
252 
199 
149.5 
100 
50 

02 compensation set at 195.5; 500 Hz equals essentially zero on the meter 

500 
1000 
950 
901 
851 
800 
751 
701 
651 
602 

500 
999 
949 
900 
850 
800 
751 
701 
650 
600 

O, compensation set at 391.5 

1000 
1499 
1452 
1403 
1353 
1302 
1251 
1202 
1150 
1102 

1000 
1496 
1450 
1400 
1354 
1300 
1249 
1200 
1148 
1099 

02 compensation set at 586 

1500 
1999 
1951 
1900 
1851 
1798 
1749 
1700 
1651 
1599 

1501 
1998 
1950 
1899 
1850 
1798 
1749 
1700 
1649 
1597 
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02 compensation set at 778 

Actual Frequency 
(I!*) 
2000 
2500 
2450 
2399 
2350 
2300 
2247 
2200 
2148 
2099 

0-450 Hz Sensitivity 

450 
404 
359 
314 
268 
223.5 
178 
134 

91 

02 compensation set at 194.5 

450 
901 
853 
809 
764 
719 
673 
628 
584 
540 

02 compensation set at 390 

900 
1349 
1303.5 
1259 
1214 
1168.5 
1123 
1079 
1035.5 
990 

Indicated Frequency 
(H*) 
2002 
2501 
2450 
2399 
2350 
2301 
2219 
2201.5 
2150 
2101 

452 
406 
360 
315.5 
270 
225 
179.5 
135 
90 

451 
901 
855 
810 
765 
720 
675 
630 
585 
540 

901 
1350 
1305 
1260 
1215 
1170 
1125 
1080 
1036 
990 



0¿ compensation set at 587 

Actual Frequency 
(Hz) 
1350 
1800 
1755 
1711 
1666 
1620 
1577 
1531 
1488 
1443 

Indicated Frequency 
(Hz) 
1351 
1798 
1753 
1709 
1664 
1618.5 
1575 
1529 
1485 
1440 

02 compensation set at 781 

1800 
2250 
2205 
2160 
2117 
2071 
2026 
1981.5 
1935 
1892 

1801 
2248 
2203 
2158 
2115 
2070 
2025 
1980 
1934 
1890 

compensation set at 973 

2250 
2430 
2385 
2340 

2251 
2426 
2382 
2338 

0-650 Hz Sensitivity 

650 
584 
519 
456 
391 
324 
260 
196 
132 

651 
585 
519 
455 
391 
325 
260 
195 
130 
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O, compensation set at 196 

Actual Frequency 
(Hz) 
650 

1300 
1231 
1167 
1101 
1039 
971 
907 
842 
780 

Oj compensation set at 396 

1950 
1884 
1819 
1755 
1688 
1624 
1560 
1496 
1432 

02 compensation set at 594 

1950 
2470 
2407 
2341 
2274 
2210 
2146 
2081 

C.3.4.2 Oxygen Section 

0-)000 Hz Sensitivity 

1000 
9C0.5 
800 
700 
599 
499 
400 
303 
205 
107 

Indicated Frequency 
(Hz) 
651 

1302 
1235 
1170 
1100 
1041 
975.5 
910 
845 
785 

1950 
1885 
1820 
1755 
1689 
1625 
1560 
1495 
1430 

1951 
2469 
2404.5 
2340 
2275 
2210 
2145 
2079.5 

1000 
900 
802 
699 
599 
499.5 
399 
300 
200 
100 
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0-1400 Hz Sensitivity 

Actual Frequency 
(Hz) 
1400 
1259 
1121 

981 
839 
700 
561 
421 
282 
144 

0-1700 Hz Sensitivity 

1700 
1529 
1362 
1193 
1021 

852 
681 
513.5 
346 
181 

C.3.5 Current Drain of the Electronics 

Indicated Frequency 
(Hz) 
1400 
1260 
1120.5 
980 
840 
701 
560.5 
419.5 
280 
139 

1700 
1530 
1360 
1190 
1020 

851 
680 
510 
340 
170 

Positive Supply: 
Negative Supply: 

28 mA at +10.8 V. 
22 mA at -10.8 V. 
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Appendix D. Gas Mixing Apparatus 

D.1 DESCRIPTION 

16811118 laborfttoiy calibration of the concentration monitor requires a 

ÍZTor ;Prf<88Ure,mlXtUre °f °Xygen* carbon dioxide. The partilï pres- 
L ??rati0n) °f 6aCh 1,1 the mixture must 1)6 accurately known. Buyimj caJi- 

WaSfOMl‘te~d impracücal, because of the number 
^^!68|^ condufct the necessary tests. The alternative chosen was a gas mixing 

ZTlÏÏÂtl ^ ^ ^ ““ dMlred ^ * »»PP>? »' "hp 

dfawi“g of the «as mixing system is shown in figure D-l. The gases are 
nnHPth^ ? the 8ystem throu8h three supply ports (82, 82, S3). They are filtered (FI F2 F31 
^ *h®J^temPeratures are equalized to ambient temperature in coils Cl C2 and C3 At thii’ 
point, the pressure of each gas is regulated by three pneumattc reJulators (R1 R2 MWhí 
flow is controUed by needle valves (VI, V2, V3) and is measured b^ee linear 1 ^ow- 

tto^olifJter fhf2’ FM3)* J*16 flOW is given hy manometers (Ml, M2, M3) After 
Iwch T086“ ?0WS are ^ t0g6ther and P“8 th^h coi! C4 
íThu^hÍÜ f“,ffl6! l gth to aUow perfect mixing. After coU C4 the oxygen-nitrogen mixture 
is divided into two streams. The stream flowing through flowmeter FM4 is mixed with the 

611 and the mixture of nitrogen, oxygen, and carbon dioxide exhausts through the exhaust 
port El. Valve V4 is a bleeding valve that controls the flow through El. 

The second stream of the oxygen-nitrogen mixture flows through flowmeter f ms rh« 

SreTo^vTh11 ’TÍ!“ 8ame of oxy*en Strogen as is contained in the ternary 
ture flowing through El. If port El is closed, valve V5 could be used to increase the mix¬ 

ing range between the oxygen-nitrogen mixture and the carbon dioxide. 

0,2 calibration OF THE LINEAR FLOWMETERS 

~>-iJh®iInefr 888 flowmeter* were purchased uncalibrated and were calibrated using a 
positive displacement deadweight calibrator. The flowmeters are instaUed in the system to 

‘ “i Pre88Ure8 Cl08e 10 Rmblent pr688urea* thi8 caseTthe equaUon rent¬ ing the output flow of the meters to the differential pressures across the taps is 

AP = b M Q (D-l) 

where 

AP = is the differential pressure across the flowmeter taps 

b = is the flowmeter constant 

n = is the viscosity of the gas 

Q = is the output volumetric flow 
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The flowmeters were calibrated using bottled air. The temperature of the gas was care¬ 
fully measured to determine the viscosity1 of the air. The calibration accuracy is estimated 
to be 1/2 percent of the flow at any point where the manometer indication can lx? read to 1/2 
percent or better. The results of the calibration are given in table (D-I). All the flowmeters 
used in the system have a maximum nominal differential pressure of 10 in. of water. 

Table D-I. Calibration of Flowmeters 

Symbol in 
Figure 

D-l 

Manufacturer 
Serial 

No. 

Maximum 
Nominal 

Flow-L PM 
Gas 

Flowmeter 
Constant 

b 

FM 1 

FM2 

FM 3 

FM 4 

5302 

5303 

5304 

5305 

0.1 

1.0 

1.0 

1.0 

co2 

o2 

n2 

N2 + 02 

0.536 

0.0528 

0.0561 

0.0559 

DETERMINATION OF THE VISCOSITY OF OXYGEN-NITROGEN MIXTURES 

The gas flowing through FM4 is a mixture of oxygen and nitrogen. The viscosity of a gas 
mixture may be obtained from known equations2 or measured using the laminar flowmeters 
already calibrated. 

Flowmeters F M2 and FM3 were connected in parallel exhausting to FM4. F M2 was con¬ 
nected to an oxygen source, and FM3, to nitrogen. FM4 was passing the mixture of oxygen 
and nitrogen supplied by the other two units. Since all the flowmeter constants (b) were al¬ 
ready determined, the flow and composition of the gas flowing through FM4 was known, and 
from equation (D-l) the viscosity of the gas mixture could be determined. The resulting 
viscosity curve is given in figure 1>2. 

D.4 DETERMINATION OF THE OXYGEN AND CARBON DIOXIDE CONCENTRATIONS 

The oxygen concentration may be directly determined from the ratio of the oxygen and 
nitrogen manometers. Equations (D-2) and (D-3) describe the relation between the flow anc 
manometer differential pressures for the oxygen and nitrogen network 

AV bo, mo2 \ <D-2) 

APn2 = bNj ^ Qn, (D-3) 

Dividing equation (D-2) by equation (D-3) and rearranging yields 

^American Institut« of Phytic* Handbook, McGrow Hill, 1957. 
Condon E., and H. Odithaw, Handbook of Phytict, McGrow Hill, 1958 

(D-4) 
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Substituting into equation (D-4) the value of the ratio of the viscosities (which remains prac¬ 
tically constant over a wide range of temperatures) the flowmeter constants yield 

Qo2 AP 
—— - 1.088 -- 

Qn AP N, 0, 
(D-5) 

Substituting the ratio of the volumetric flows by the ratio of the gas concentrations and re 
arranging equation (D-5) yields 

02 % 

This equation is valid at 70#F ± 150F. 

100 

1 + 1.088 

(D-6) 

Following a similar procedure, it is possible to obtain the carbon dioxide concentration 
from the indication of the manometers connected to the carbon dioxide flowmeter and oxygen- 
nitrogen flowmeter. 

C02 % = 100 
AP. 

1 + y ' 
AR co. 

(D-7) 

where ^ la a parameter that depends on the oxygen concentration of the oxygen-nitrogen mix¬ 
ture flowing through FM4. The value of ^ is given by 

'P - 
CO, 

'J + 

(D-8) 

Since the ratio between the viscosity of oxygen and the viscosity of carbon dioxide and the 
viscosities of nitrogen and carbon dioxide, respectively, remains nearly constant over a wide 
range of temperature, it is reasonable to assume that the ratio of the viscosity of carbon 
dioxide and the viscosity of the oxygen-nitrogen mixture will also remain constant in the same 
range of temperature. The dashed line in figure D-3 was obtained by substituting into equation 
(D-8) the numerical values of the flowmeters' constants and the corresponding viscosities. 

D*5 VERIFICATION OF THE GAS MIXING APPARATUS USING A GAS ANALYZER 

I%rt of the gas mixture made by the gas mixing apparatus was passed through a gas 
analyser. Table (D-II) shows the data obtained from 20 to 100 percent oxygen. The agree¬ 
ment between the value measured by the gas mixing apparatus (GMA) and the gas analyzer is 
excellent. On the other hand, the carbon dioxide computed using the manometers' readings 
was about 3 percent too low with respect to the values measured with the gas analyzer. This 
is due to a series of approximations that may have accumulated a relatively large overall 
error. Also, the gas analyzer cannot measure the partial pressure of carbon dioxide to better 
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20 40 60 80 100 

PERCENT OXYGEN IN 
O2-N2 MIXTURE 

Figur« D-3. Calibration Factor for Carbon Dioxid«. 

Table D-II. Verification of the Predicted Oxygen Concentration. 

APn, Apn °2 
%o2 
G MA 

%o2 
Analyzer 

8.40 
8.36 
8.21 
7.18 
5.28 
3.92 
3.22 
1.63 
0 

2.36 
3.61 
4.90 
5.80 
7.39 
8.11 
9.05 
9.46 

10.02 

20.5 
28.4 
35.5 
42.6 
56.4 
65.6 
72.1 
84.2 

100.0 

20.5 
28.4 
35.5 
42.7 
56.6 
65.7 
71.4 
84.0 

100.0 

than 1 mm Hg. Nevertheless, the value of ^ was computed backwards from the data obtained 
from the gas analyzer (fig. D-3). The resulting value of showed a small error in the nega¬ 
tive direction. The curve computed using the flowmeter equation was moved about 2.5 per¬ 
cent, and the values of the carbon dioxide concentration computed using the manometers' 
readings agree now to better than 1/2 percent with the C02 concentration measured using the 
gas analyzer. 
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Appendix E. Computerized Analysis 

predS*dtw(«uît«0î!i»l«^i,^the0l«ium1t!lltO«,Wa8Kdet8rinlned U8lng a digital C0I«P“ter. The 
to the flueric sensor. The computer proera^H^Í 016 "°“"linearity of the system is only due 
0.85,1.00, 1.10, and infinity (inth^computer i^ ‘heo.retlCal Predictlon for RQ = 
quotient of infinity represents the limltino- ’ , are given 111 this aPP«ndlx. A respiratory 
dioxide 1. «Med to ^ “«•" 18 ““'■■»•d «Wie carbon 

“° d oÄ cr“ra- 
(approximatety^^perwi^oxygen^T^e^numbers inMr^ntlM706111 ^ gaS 
represent the percent oxygen^ ariron-free mivt inp^re"theaes next to the oxygen percentage 
The table shoJra that the lineirity^f thl scSf is ^^v, direCtly^om and oxygen), 
dioxide and that the scale indication will ri.» good in the range 0 to 10 percent carbon 
creases. Table E-II gives the ratio of th« » concentration of oxygen inhaled in- 

that for any other oxygen concentration. Tabte^ shows ^T íf air t0 
quite independent of the carbon dioxide concentration correction factor is 

tiants1^*! are 8imllar to toble E-1 ^ E-H for other respiratory quo- 

sensoras a Lrtion" of E"Xn ^ frequency ^P0“« (beat frequency) of the 
RQ. ^tÄect^^C8,,trati0S• diOXide Oration, and 
increases. If the s^le is ^ ^ ^ °Xygen ^“tration 
normal physiological range MU be“ew ¿Í COrref°nudue to the variation of RQ in the 
nored witL the^ccu^fof^ System PerCent * 016 8Cale r6ading ^ 

centretion (^tS p^ent ^ ^ 

versu. the oxygen concentrationT^e ^enL o7aC the0reüCal re8p0n8e 
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ACCCM ERN SCURCI STATEMENT IFN(S) 

rnkírà 5nSNiCr,0,CPRCC*CVRN,CVR0,CvRC0*RN*RO»RCO,SGR 
SfÍcfé,rPRHC,C',RhC,RHC,P,'0,ZN»¿0*ZC0*z^0 
n PCR(,c>*pNMlC),PCOS( m.PNSi 10,11 »,0F 1(10,11) 
niïcîfc P^^**^>^*»p,*^**FS(10,3lJ,CF(lC,ll),Fl(10,ll) 
OIFENSICN F2(1^^11),0FCC lO),OFül(lC),F3(10),C2(lC)»C(10l 

icÍ!hcIcÚ»SÍ,ÍÍÍI>ÍÍíCÍrc’ci>"co,c,*n’c,"c,c,*co’"n*,,ci'"i:o* 
! ïr m' ,“C’ÍH0’"C,C''JJ,T’",,02F 

REA0(3,CATA) 
02(11*21. 
PCR(n*22. 
PN»(1)*78. 
OC 10 1*2,9 
I !«1C*((♦ I ) 
0211)«FLCAT( I I ) 

PCP m*C.9873A*C2( I )41.26 582 
10 PNP(I)*100.-PC9( I) 

DC 20 1*1,IC 
20 PCC S( I )»FLOAT ( I ) 

OC ’0 1*1,9 
OC <»0 K * 1, IC 
B*(lOC.-PCOS(K)*(l,-i./aC),/10C. 
PNS( I,K)*PNP( I »*B 

<»C PCS ( I ,K) = (PCP ( T)-PC0S(K ) / RÇ)*B 
30 CCM1NUS 

DC 41 1*1,q 
X*C. 
V*FCR(I) 
Z«FNR(I) 
CAIl S«CR(X,Y,M 

Al FR( I l*SGR 
DC 60 1*1,9 
DC 90 K * I, IC 
X*FCCS( K ) 
V*FCS(!,K) 
Z-FNS(1,K) 
CAU SRC9 ( X ,Y , 

80 FS(I,K)*SG9 
60 CCMINUE 

DC 90 1*1,9 
OC 110 K * 1,1C 
OF( I ,K)*FR(I)-rS(I,K) 

110 DF1(I,K)*scpt(T)*CF(I,K)/Gl 
90 CCXTIMjE 

DC 12C 1*1,9 
UC 13C K*1,10 
F1(I,K|*7.0ACF(I,K)/CF(1,7) 

130 F2MtK)*Fl(l,X)/Fl( 1,K) 
IF (JJ.EC.1) CC TC 12C 
ÜFC(l)*(FR(I).rp(i))/(F9(9)-FR(1)) 
DFCl(l)*SORT(TI*(Frf(l)-FR(t))/',l 
F311 l*C2!4(C2F«C21)ACFCI( ) 
Cm«C2III*F3(I) 

120 CCMIXUS 
MR I TE 16,50^) 



ACCCM - EFN SCURCc STATEMENT - IFN(S) 

CC2/C2 CONCENTRATION MCNITCR//I 

SCaLí I RO «,£13.3,IM///] 

:AReCN CIOXÏDEI 

C?m,PCRUIt(F2( I.KI.K-UIC) 

CICXIOE FRrOUENCV RESPONSE I RO » 

300 FCRMAT(lHlt3éX?3MR|»Y 
WRITEíòtSlO) PC 
FORMAT(35X27FC'RPCN CICXIOE 
MRirE(6,52Q) 
FCRMATI7HPERCENT,32X22FPERCENT 
WRITEI6.530) 

FCP MAT 11X6HCX Y'lEN » IAX IM I »7x 1H2.7XIM 3 7xiU4 tviwc 

FciîSÎÎiî'î’liiü'iî'ï.F"l.«I.KM, 101 
¡mm"«! '•"•*,l'‘MCf9-5//' 
WRITE(6,350) PC 

FO» TH- CARBON DIOKIOE SCAIE 

WRITEI6f529) 
MRITE(6,530) 
OC 150 I-l,ç 
MRITE(6f541) 
MRITE(6t500) 
MRITE(6,511) PC 
FORMAT I32X4CÍ-ORHCN 

1E1C • 3» IH /// ) 
MR!TE<*«520) 
MRITEI6V530) 
OC 160 I>1,9 

^ ^ *FÇ»1| IM ||ICFd»l/ / ) 
IFCJJ.EC.il CC TC 2 
WRITE (6 (300 
WRITEI6.569) 

:í:r?:::;;¿rc,vct'5cnE/,,, 

”9S"üu”;o7r"’CEkt’,',,Hsc‘ieii,,-sc*i£' 

UL l »0 Ia 11 9 
WRITEI6»590) C?( I ),F3II)»CI II 
FCPMATI37XfF7.lf2FlC.l//l 
WRITE(6(300) 
WRITElõfòOO) 

¡»îîîîi3îfÎ!,'C’,VGEN FRE<3U¿NCV RESPCNSE///I NR I Tel 6 tò 10 ) 
610 FCPMAT 140X7MPERCENT * 3X9MFRE0LENCY ) 

WRITE(6(620) 
FCPMATI41X6MCKVGEN,1CX2HM2//I 
OC 210 lalf9 
MRITE<6(639) C?lI),CFCI(I ) 
FCRMAT|40X,F7.1(F12.1//) 
CC TC 2 
STCP 
ENC 

510 

52C 

530 

140 
341 

550 

150 

SU 

160 
531 

560 

580 

170 
590 

600 

620 

210 
630 

777 

RC >. 

S3 



S1GR1 - EFN SOURCE STiTERENT - IFMS) 

SUEBCUTINE SRC’(FI,PJ,PK) 
CUFPCN CPRN.Cf’C,CPRCC»CVRfS, CV^O.CVRCO.RNfROfRCO, SGR 
CCNHCN CPRHC*C'/RFC*RFC»PF0iZNt¿O»ZCC»ZFO 
GP1»PI*CPRCC/ZrC»PJ*CPRC/ZC»PK*CPRN/ZN*PHO*CPRHO/ZHG 
GP¿sPI*CVRCC/ZEC*PJ*CVRC/ZC+PK*CVRN/ZN«PHO*CVRHG/ZHO 
GP*GPl/CP2 
RPl«P|/ZCO*PJ/»C«PK/ZN4PPC/ZHO 
RP2*PI/RCO/ZCC♦PJ/RO/ZC+PK/RN/ZN^PFC/RFO/ZHO 
RP«PPl/RP2 
SCR » SCRT(GP*R P) 
RETURF 
ENC 
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Table E-XIIl. Army C02/02 Concentration Monitor 

Oxygen Scale 

PERCENT SCALE SCALE 
CrvCEN «LADING CORR. 

21.C 19.C 3.0 
» 

3C.C 28.1 1.9 

AC.C 39.2 0.8 

5C.C 5C.C 0.C 

tC.C 60.6 -C.6 

7C.C 71.C -l.C 

BC.C 91.2 -l.p 

9C.C 91.2 -1.2 

10C.C 1C1.C -1.0 

Table E-XIV. Army COj/02 Concentration Monitor 

Oxygen Frequency Response 

percent frequency 
CXYGcN HZ 

21.C 0.0 

?c.c iec.4 

A0.C 377.0 

Í0.C 569.6 

60.G 758.4 

70.C 943.5 

80.0 1125.1 

90.0 13C3.1 

ICC.-; 1477.8 




