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InTrRODUCTION

Maxy methods have been devised for analysis of mixtures of two gases
for use in anesthesia (1-17).

The analysis of a mixture of three gases presents many difficulties.
Quantitative measurements by selective absorption are limited in that
there are no snitable selective absorbents available for certain anes-
thetic gases or vapors. This method also has the disadvantage that
it usually must be done by an intermittent sampling technic. During
anesthesia concentrations may change suddenly and it is of great value
to have available a continuous analysis. The purpose of this paper
is to describe an acoustic gas analyzer which will measure continu-
ously and simultaneously three gases and further to describe a method
for the determination of nitrogen when present with these three gases.
For the determination of the amount of nitrogen present a Beckman
oxygen analyzer is employed in addition to the acoustic gas analyzer.
This latter instrnment developed by Faulconer and Jones was the
natural outcome of a device previously reported for measuring a two

* The apparatus described in this paper was designed and built with the aid of the See-
tion on Engineering of the Mayo Clinic.

{ Bection on Anesthesiology.
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266 Avsert FauLcoNer, Jr., AND Rocer W. RipLEY

gas mixture by utilizing the principle of measuring the velocity of
sound through the mixture (18, 19). The ecalibration of this acoustie
tri-gas analyzer also is presented.

The method of quantitative analysis of gas in the acoustic gas
analyzer depends on three facts: (1) the gases to be analyzed must be
known; (2) velocity of sound which is propagated in the gases to be
analyzed must differ significantly and (3) the gas with the lowest
velocity of sound must be subjected to complete selective and con-
tinuons absorption. These requirements are satisfied when this method
is utilized for the continuous quantitative analysis of oxygen, nitrous
oxide and ether.

DeTERMINATION OF N1TROUS OXIDE AND OXYGEN

The speeds of sound through certain gases are given in table 1.
It is seen that the rates of 317.2 m. per second for oxygen, 261.8 m. per
second for nitrous oxide and 179.2 m. per second for ether vapor pro-
vide a considerable spread. Thus when a small amount of oxygen is
added to a sample containing only nitrous oxide, & measurable differ-
ence in the velocity of sound propagated in this sample will ensue.

TABLE 1
Verociry or Bounp
Meters per
Gas second
Nitrogen 337.8
Air 331.7
Oxygen 317.2
Nitrous oxide 261.8
Carbon dioxide . 2580
Ether vapor 179.2
Water vapor 404.8

By the formula, V' = f (n, A), when ¥V = velocity of sound, f = fune-
tion, # = frequency, and A = wavelength, if the wavelength is kept
constant, changes in velocity will be reflected by changes in frequency.

‘We will consider first analysis of a two-gas mixture, namely, oxy-
gen and nitrous oxide. Samples of the mixture to be analyzed are
continuously passed through a small test cell or chamber (fig. 1). A
transducer is placed at each end of this chamber or cell. If a sound
impulse arises at the lower transducer, this impulse will travel through
the mixture of gases in the test cell to the upper transducer. Here it
is translated into electrical energy, carried to an amplifier, amplified
approximately a thousand times and returned to the lower transduacer
where it sets up another sound impulse (fig. 2). The time that it takes
the impulse to travel from the upper transducer through the amplifier
to the lower transducer is infinitesimal compared to the time it takes
the impulse to travel through the test cell. The time spent in traveling
through the test cell is determined by the velocity of sound propaga-
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Fia. 1. Gas cell detail.

tion in the medium contained in that cell. Hence the frequency at
which this circuit oscillates 1s a function of the velocity of sound in the
substance present in the test cell.

By direct measurement of frequencies in the acoustic gas analyzer,
it has been found that when only oxygen is present in the test cell,
the circuit oscillates at 3180 cycles per second, and when only nitrous
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Fia. 2. Basic oscillator circuit.
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268 Ausert Favrcoxer, Ji., axp Rocer W, RipLey

oxide is present, the frequency is 2750 cycles per sccond. Hence as
oxygen is added to nitrous oxide in the mixture, there will be an in-
crease in frequency until all the nitrous oxide is displaced, and the
system oscillates 3180 cycles per second.

The oscillatory cireuit is tapped and the impulses are carried to a
frequency-measuring electronic circuit. This circuit consists of a
square wave generator, a filter and a meter. The square wave gen-
erator converts the sine waves or oscillatory impulses into square waves
of equal size both with regard to width and height. The sum of the
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AVERAGE CURRENT « 41

DIRECT CURRENT
VALUE o fI
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SN
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OSCILLATOR MIXER AND MULTI- ELECTRONIC METER M2
s2 FILTER VIBRATOR SWITCH E£THER
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AMPLITUDE ~ INVERSELY PROPORTIONAL - TO Fi

ELECTRONIC GIRCUIT

Fra, 3. Eleetronie eireuit,

square waves gives a direct current which is directly proportional to
the frequency, and this current activates meter number one (M1 in
fig. 3). This meter is also referred to as the base gas meter (fig. 3).

DeterMiNaTIONS OF Nrrrous Oxine, OxvGEN aAxD ETHER

The device deseribed will continuously indicate the ratio of oxygen
to nitrous oxide when only these two gases are present. However, to
study concentrations of ether as well, it became necessary to develop
a much more complicated apparatus. The sample from the ternary
mixture (nitrous oxide, oxygen and ether) to be analyzed is divided into

two parts. One part passes through an ether absorber containing sul- -

furic acid (fig. 4), which removes all of the ether in the sample without
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affecting the ratio of nitrous oxide to oxygen. This part of the sample
is then carried to the base gas cell which activates the base gas meter
as described (fig. 5). The other part of the sample goes directly to a
second identical test chamber. This is part of another oscillatory cir-
cuit which functions in the same manner as that desecribed for the base
gas cell. This second test chamber is called the ‘“plus ether cell.’” In
normal operation the gas mixtures contained in the two cells at any
moment are parts of the same sample and are identical except that
there is no ether vapor in the base gas cell.

An inspection of the velocity of sound table (table 1) reveals that
the velocity of sound in ether (179.2 m. per second) is much lower than
that for nitrous oxide (261.8 m. per second) or for oxygen (317.2 m. per
second). Henece when ether is present in the plus ether cell that system

OVERFLOW
BuULS

F16. 4. Ether absorber.

will oscillate at a lower frequency than the base gas system. The dif-
ference in frequencies of the two systems is due to the presence of
ether in the plus ether cell. The electronic measurement of this dif-
ference in frequency activates an ether meter (M2 in fig. 3).

The functioning of the ether meter may be explained as follows:
The difference in the frequencies of the base gas and plus ether circuits
is a function of the concentration of ether in the sample. The fre-
quency of the plus ether circuit is subtracted from the frequency of the
base gas circuit by electronic means.

Now let us assume that the original sample is composed of oxygen
plus 20 per cent ether. On reference to figure 6, it is apparent that a
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270 AvLserT FavuLrconer, Jr., aANp Roger W, RmLey

difference in frequency of 320 cycles per second could be made to in-
dicate on the ether meter (M2). If the frequency of the base gas circuit
were constant as when only oxygen is present, then the frequency dif-
ference between the two cirenits would be solely a function of the per-
centage of ether present. However, when the frequency of the base
gas circuit varies as when nitrous oxide is added to the mixture, the
difference in frequency is no longer a function of the amount of ether
present only. For example, it has been seen that when oxygen is in
the base gas cell, a difference in frequency of 320 indicates the presence
of 20 per cent ether in the original sample whereas when nitrous oxide
is in the base gas cell a difference in frequency of 230 indicates the

GALIBRATI?N INPUT

REGULATING VALVES 1
D BASE GAS
GELL
K
BY-PAS
5 p NEXHAUST
L&J‘\ ETHER MANOMETERS
- oy ABSORBER
g 3-Way
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| = | pLUs ETHER
GELL
CALIBRATION INPUT'
EXHAUST

GAS FLOW GIRCUIT

F1a. 5. Gas flow circuit.

presence of 20 per cent ether in the original sample (fig. 6). Hence, if
the apparatus were set in a manner that ether meter M2 would read
20 per cent ether with oxygen in the base gas cell, it would only reg-
ister approximately 14 per cent when nitrous oxide was in the base
gas cell. Conversely if set to read 20 per cent ether with nitrous oxide,
it would register about 28 per cent with oxygen in the base gas cell.
Therefore, some adjustment must be made in order to register the same
amount of ether regardless of the ratio of oxygen to nitrous oxide in
the mixture. This is done by means of a compression cireuit.

The difference in frequency between the two oscillator systems is
determined electronically (fig. 3). In each eycle this difference in fre-
quency activates an electronic switch which passes an inerement of cur-
rent, the amount of which is in inverse proportion to the frequency of
oscillation in base gas cell. The sum of these increments activates the
ether meter, M2, Thus when only oxygen is present in the base gas
cell in normal operation, and 20 per cent ether is present in the mixture
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a difference in fregency of 320 will be indieated on meter M2 in terms
of current output of exactly the same value as when nitrous oxide is
present in the base gas cell and there is a frequency difference of 230.
This compensation is accomplished by the compression cirenit (fig. 7).

In summary then the current indicated on meter, M2, is the function
of two values: (1) it is related directly to the difference in frequency
between the base gas and plus ether circuits and (2) it is related in-
versely to the frequency of the base gas circuit.

3180

R L L L L L L
OXYGEN PLUS 20 % ETHER GIVES
FREQUENCY DIFFERENCE OF 320
NITROUS OXIDE PLUS 20 % ETHER GIVES

2860 FREQUENCY DIFFERENCE OF 230

2750

2520

2400 |~ 07 "FRED. TDIFF.

FREQUENCY
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F10. 6. The effect of changes in the mixture of base gas on the difference in frequency
between the base gas oscillator and plus ether oscillator when the concentration of ether re-
mains the same.

Figure 4 is a diagram of the ether absorber. The reaction between
the ether and the concentrated sulfuric acid in the absorber is as fol-
lows: H.SO, + (C.H,),0 — (C.H,),S0, + H,0. The gas flow is passed
through the sulfuric acid.

A diagram of the gas channels of the analyzer may be found in
figure 5. The pump is of a propulsion type so that the sample of gas
is pushed through the cells. This was necessary in order to have the
sample arrive at each cell nearly simultaneously. The gas which must
flow through the ether absorber and then to the base gas cell must be
under a greater pressure in order to offset the flow impedance of the
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Fia. 7. Details of the compression circuit.

absorber and thus allow simultaneous arrival of the samples at their
respective sound cells. It is important that the two parts of the sample
which has been divided arrive at their respective cells simultaneously.
The reason for this is shown in the following example: When the ana-
lyzer contains oxygen and then the sample is changed to nitrous oxide
if the nitrous oxide arrives at one cell sooner than it arrives at the
other, there will be a difference in frequency of the two oscillatory sys-
tems. This difference will register as ether, thereby making an arti-
fact in the ether reading. Although it is difficult to remove this artifact
entirely, it is possible to minimize it to a great extent.
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Fig. 8. Calibration of base gas seale.
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CavLiBraTION

Base Gas Meter.—The first step in the calibration of this instrument
was accomplished by weighing different mixtures of oxygen and nitrous
oxide and plotting these weights against scale reading of the base gas
meter. A glass bulb having a capacity of exactly 112 cc. was used.
The bulb was weighed on a balance sensitive to 0.05 mg. However,
depending on variations in ambient pressure and temperature, 112
ce. of nitrous oxide weighs only 53 to 57 mg. more than 112 ce. of
oxygen. A small error as that introduced by a speck of dust or a small
electrostatic charge will cause a substantial error in the calculation of
the percentage of oxygen of such a mixture.

The second step in the calibration of the base gas meter was made
with the aid of a Beckman oxygen analyzer (Model C). This method
of calibration was much more accurate and satisfactory than the weight
method. A sample to be analyzed was divided into two parts: one part
was carried to the Beckman oxygen analyzer while the other part was
drawn simultaneously into the acoustic gas analyzer. The calibration
line obtained from this method is shown in figure 8. Of the sixty-two
values obtained the scatter is well within =1 percentage point with
the exception of five values which were within = 1.5 percentage point.
A scatter of the values obtained by weight in twenty-four observations
was =1 to 6 percentage points.

The acoustic gas analyzer (fig. 9) has two large meters, (fig. 9¢g)
the base gas meter (fig 9i) on the left and the ether meter (fig. 97)
on the right and a third smaller meter (fig. 90) which appears as M3
in figure 7. Both the base gas meter and the ether meter have scales
which are arbitrarily divided into 100 parts. Thus, it is possible to
construct a calibration curve for these meters. The percentage of
oxygen in the mixture determined by the Beckman oxygen analyzer is
placed on the ordinate of a graph and the reading of the base gas scale
of the acoustic gas analyzer is placed on the abscissa. Sixty-two points
were obtained and a curve drawn (fig. 8). The base gas meter (M1)
scale in terms of percentage of oxygen in nitrous oxide was constructed
from this information.

Ether Meter—In calibrating the ether meter scale (M2) it was
necessary to add varying quantities of ether vapor to different mix-
tures of nitrous oxide and oxygen. These ‘‘base gas’’ mixtares of
nitrous oxide and oxygen were prepared in cylinders and carefully
analyzed to determine their oxygen content in terms of volumes per
cent. Thus, when the base gas mixtures to which ether vapor in vary-
ing amounts had been added were analyzed on a Beckman oxygen
analyzer the percentage reduction in the oxygen content of the total
mixture represented the volumes per cent of ether vapor which the total
mixture contained. By using this method it was possible to make ac-
curate determinations of the per cent of ether vapor in mixtures with
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F1a. 9. Face of gas analyzer and recording unit: f, main control panel; g, acoustic gas
analyzer; h, cardiotachometer; {, base gas meter; j, ether meter; o, M3.

known ratios of nitrous oxide and oxygen. By drawing a sample si-
multaneously through the Beckman oxygen analyzer and the acoustic
gas analyzer, it was possible to relate varying percentages of ether in
different mixtures of nitrous oxide and oxygen to known readings of
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ether meter. ¥rom these data appropriate adjustment of the compres-
sion circuit was made. Following this adjustment the ether meter was
calibrated with several mixtures of the three gases concerned. Figure
10 represents the consolidated calibration of the ether meter scale.
This graph reveals that with the base gas mixtures from 34 to 100 per
cent oxygen there is a very small deviation of the reading on the ether
meter scale for any given concentration of ether. Ether added to mix-
tures of 15 per cent oxygen and 85 per cent nitrous oxide causes a
slightly smaller deflection on the ether meter scale than is correct. For
10 per cent concentrations of ether depending on the base gas reading

CONSOLIDATED CALIBRATION OF ETHER METER SCALE
24 i T T T F T ! T 1 T
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case & 20 ETHER METER SCALE fon 9, 1840

F1a. 10. Consolidated calibration of the ether meter seale.

it is found that the ether scale reading may vary =1 percentage point,
a discrepancy of 10 per cent. The actual eiher meter scale registering
concentration of ether in volumes per cent was constructed from the
calibration curve obtained with 100 per cent oxygen in the base gas
cell. 'When 100 per cent oxygen is in the base gas cell, the reading of
the ether meter is accurate (fig. 11). Of the thirty-nine values obtained
to make up this curve thirty-one fall within a scatter range of 0.2
percentage point. Thirty-seven fall within = 0.4 percentage point and
thirty-nine fall within = 0.8 percentage point throughout the range of
concentration of ether vapor from 0 to 27 per cent. :
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DeTERMINATION OF NirkocEn 18 Mixtures or Nrtrous Oxipe,
OxYGEN, N1TRoGEN AND ETHER

By calculation it is possible to make a determination of the per-
centage of nitrogen present in mixtures of nitrous oxide, oxygen, ether
and nitrogen, if the Beckman oxygen analyzer is used in conjunction
with the acoustic gas analyzer.

The absolute percentage of oxygen in the mixture is determined by
direet reading of the seale of the Beckman oxygen analyzer. The

T T 1 T T T T T T
CALIBRATION OF ETHER METER SCALE
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ETHER METER SCALE

Fia. 11. Calibration of ether meter scale with 100 per cent
oxyger in the base gas cell.

N

absolute volumes per cent of ether vapor present is determined by
direet reading of the scale of the ether meter on the acoustic gas
analyzer. If no nitrogen is present in the gas mixture, the amount of
nitrous oxide present is determined by subtracting the sum of the per-
centage of oxygen and percentage of ether vapor from 100. If nitrogen
is present in the mixture of the gases mentioned, a discrepancy between
the percentage of oxygen read on the base gas meter (M1) of the
acoustic gas analyzer and the percentage of oxygen indicated by the
Beckman oxygen analyzer will become apparent. This discrepancy is
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indicated by a falsely high oxygen percentage indicated on the acoustic
gas analyzer base gas meter. The reason for this discrepancy is that
velocity of sound through nitrogen is greater than that through oxygen.
Knowing accurately the amount of oxygen present as determined by
the Beckman oxygen analyzer and knowing further the discrepancy in-
troduced by the amount of nitrogen present as indicated on the base gas
meter when compared with the Beckman oxygen analyzer reading, it
is possible to calculate the amount of nitrogen present in the four-gas
mixture. This calculation is made by use of the following equation:

100X0 T\ *
N =073 (Ba - [mo )

When N equals the per cent by volume of nitrogen in the mixture, BG
equals the per cent by volume of oxygen indicated on the base gas
meter (M1), 0 equals per cent by volume of oxygen indicated on the
Beckman oxygen analyzer, and E equals the per cent by volume of
ether indicated on ether meter (M2).

Following the caleulation of the amount of nitrogen in the four-gas
mixture the sum of this per cent, the per cent of oxygen, and the per
cent of ether is subtracted from 100 leaving the per cent of nitrous oxide

in the total mixture.
SuMMARY

A device is described for measuring quantitatively the components
of a three-gas mixture. It is emphasized that this apparatus will
measure these three components simultaneously and continuously.
Furthermore, with the addition of a Beckman oxygen analyzer, it is
possible to measure the components of a four-gas mixture when that
four-gas mixture contains oxygen, nitrous oxide, nitrogen and ether.

This acoustic gas analyzer also may be used for the quantitative
determination of certain other gas mixtures of interest to the anes-
thesiologist.

* This equation is derived as follows:

1. 0.73 equals the ratio of the velocity of sound in oxygen minus the velocity of sound
in nitrous oxide to the velocity of sound in nitrogen minus the velocity of sound in nitrous
oxide.

317.2 - 261.8
337.8 — 261.8

2. N=0.73 (Base gas reading—Beckman oxygen analyzer reading) =0.73 (BG —0).

3. With ether present in the sample, a correction must be made to what the Beckman
oxygen analyzer reading would be were no ether present.

100 X actual reading in 0

0.78 =

Corrected Beckman 0 =

100—-E
4. Hence equation is:
100 X0
=07 56 - (3525)]

The validity of this equation has been checked by actual measurement of known mixtures
of nitrogen in nitrous oxide and oxygen.
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