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GAS ANALYZER 
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Corporation, a corporation of Delaware 
Filed May 15, 1964, Ser. No. 367,645 

8 Claims. (Cl. 73-23) 

This invention relates to a continuous gas analyzer in 
which the amount of a third gas in a mixture with a 
pair of other gases is indicated substantially regardless 
of the amount of either of the pair of other gases. 
A continuous ‘analyzer for the amount of one gas of a 

mixture of the one gas with another gas by indicating 
?ow characteristics is old in the art. However, with this 
invention it is now possible to indicate the amount, and 
particularly the varying amount, of a third gas mixed 
with a pair of other gases substantially without regard 
to the amount of either of the pair of other gases. 
One of the features of this invention therefore is to 

provide an improved apparatus for indicating the amount, 
and particularly the varying amount, of a third gas in a 
mixture with two other gases. 

Another feature of the invention is the provision of 
such an apparatus which is extremely inexpensive and 
simple in structure yet which provides accurate indication 
of the amount of the gas being analyzed. 

Other features of the invention will be apparent from 
the following description of certain embodiments thereof 
as shown in the accompanying drawing. 
The single ?gure of the drawing is a diagrammatic 

View of one system for indicating the amount of a third 
gas' in a mixture with a pair of gases without regard to 
the varying amounts of either of the pair of gases so long 
as the ?rst gas of the pair has a lower molecular weight 
and a higher viscosity than the molecular weight and 
viscosity of the second gas of the pair. 
The gas analyzer of this invention operates by indicat 

ing the varying resistance to ?ow of a mixture of at least 
three gases as the direct result of varying amounts of one 
of these gases and substantially regardless of varying 
amounts of the other two, with this varying resistance 
being utilized to indicate precisely the varying amounts 
of the one gas. 

In the embodiment of the drawing there is provided a 
system 30 having a ?rst line 10 for a mixture of gases. 
This mixture comprises a pair of gases mixed with a third 
gas in which ‘a ?rst gas of the pair has a lower molecular 
weight and higher viscosity than the molecular weight and 
viscosity of the second gas of the pair. In this embodi 
ment the line 10 includes a vacuum pump 11 for drawing 
in a sample of mixed gases to be analyzed through an 
inlet line 12 and a ?lter 13 for ?ltering out from the 
gases foreign materials such as solids. In the line 10 
there is also located a humidi?er 29 for saturating the 
mixed gases with moisture vapor. The gases are saturated 
in order to eliminate the effect that varying moisture 
content of the incoming gas mixture would have on the 
observed results. 
From the humidi?er the line continues to a capillary 

14 having particular dimensions as explained later. Down 
stream of the capillary 14 is a positive displacement pump 
15 which draws a constant ?ow of gas through the capil 
lary. As shown, the line 10 also includes a bleed~off 
line 16 of the ordinary type. The combination of the 
vacuum pump 11 for drawing the sample to be analyzed 
into the line and the bleed-off line 16 functions to supply 
the gas to be analyzed to the entrance 17 of the capillary 
at substantially atmospheric pressure. Thus, the vacuum 
pump 11 draws in the gas sample to be analyzed at a 
pressure that is slightly in excess of atmospheric and the 
bleed-off line 16 eliminates the excess. 

10 

15 

20 

25 

30 

35 

40 

45 

55 

60 

65 

70 

2 
In system 30, the test capillary 14 is supplied with the 

gas mixture at atmospheric pressure and the volume 
drawn ‘through the capillary is maintained constant by the 
positive displacement pump 15. Variations in consistency 
of the gas being tested are therefore indicated by the 
pressure drop through the capillary 14. 

If desired, the vacuum pump 11, ?lter 13 and humidi 
?er 29 can be eliminated, particularly if the gas sample 
being tested is substantially free of foreign material and 
if the highest degree of accuracy is not required. The 
varying characteristics of the gas mixture being tested 
are indicated by the pressure drop through the capillary 
as shown by a pressure gauge 18. 
The vacuum pump 11, ?lter 13 and humidi?er 29 are 

employed as shown and in addition there is an identical 
counterbalancing second line 19 arranged in parallel with 
the ?rst line 10 and also containing a vacuum pump 20, 
?lter 21, humidi?er 22 and positive displacement pump 
23, each as nearly as possible identical with the cone 
sponding element in the ?rst line 10. The second line 19 
is adapted to draw in, through an inlet line 24, a standard 
gas that is substantially unvarying in consistency, e.g., 
the standard gas may be air. 

In order to indicate the varying characteristics of the 
gas mixture being tested, the pressure gauge 18 is con~ 
nected across the lines 10 and 19 downstream from the 
capillaries 14 and 25. As the standard gas in the second 
line 19 is unvarying, changes in the gauge 18 will indicate 
changing characteristics of the gas sample being tested. 
Any changing exterior environmental factors will affect 
both the test gas and the counterbalancing gas alike. 

In the second line 19 there is also provided zero 
control valve 26 in order to permit accurate “zeroing” 
of the analyzer. This is necessary because the capillaries 
14 and 25 cannot be made exactly identical. In order to 
correct for this, identical gases are drawn through the 
two lines 10 and 19 and the measuring capillary 14 and 
counterbalancing capillary 25, and the valve 26 is ad 
justed until the pressure indicator 18 indicates zero. This 
adjustment compensates for any variations in the two 
capillaries 14 and 25. 

Because a standard gas, such as air, is passed through 
the counterbalancing capillary 25, the pressure drop there 
in in passing through this capillary is constant. However, 
the pressure drop through the capillary 14 will vary with 
variations in the constituents of the gas being tested. In 
order to maintain a uniform and similar temperature of 
the gases, the capillaries 14 and 25, as well as the pumps 
15 and 23, are placed in a constant-temperature enclosure 
27, and the capillaries are placed as close together as 
possible. This temperature is preferably higher than am 
bient in order to insure against condensation of moisture 
in the analyzer and particularly in the capillaries. 

In the following description of the mathematical basis 
of this invention, the identi?cation of the symbols is 
given at the end of this speci?cation. 
The formula for determining the length of the capillary 

14 (and thus of the identical capillary 25) is as follows: 

This formula is effective for a blend of a pair of gases in 
which a ?rst gas of the pair has a lower molecular weight. 
and higher viscosity than the second gas of the pair. The 
formula is effective for measuring the length of the capil 
lary regardless of its diameter so long as the diameter is 
such as to give a pressure drop between the two ends of 
the capillary when subjected to fluid ?ow therein, and so 
long as the formula gives a’ positive result. This formula 
shows that the length of the capillary is directly propor 
tional to the gas pressure of the pair of gases at the inlet 
of the capillary and the volumetric ?ow rate of the gases 
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and the difference in the molecular weights of the two 
gases. The length is inversely proportional to the absolute 
temperature and difference in viscosity of the two gases. 
With a capillary of a length determined according to 

this formula, the mixture of the two gases ?owed through 
the capillary gives the same pressure drop regardless of 
the relative proportions of the two gases. Therefore, any 
changes in pressure drop in the mixture of the pair of 
gases and the third gas whose amount is to be indicated 
will only be caused by changes in amounts of the third 
gas in the mixture. This is so accurate that the gauge 18 
may be calibrated to show with a high degree of accuracy 
the actual percentages of the third gas in the mixture. 
Flow through the capillary 14 is of course a pressure 

volume relationship. The volume is kept constant by the 
positive displacement pump 15 and the apparatus indi 
cates variations in pressure drop through the capillary 
to indicate variations in amount of the third gas. If de 
sired, the relative amounts of the third gas could be in 
dicated by maintaining the pressure in the line 10 down 
stream from the capillary 14 constant as by the pressure 
regulator 35 (indicated in phantom) and noting variations 
in volume at the pump 15 required to maintain this con 
stant pressure as by the volume meter 36 (also indicated 
in phantom). In the counterbalancing second line 19 there 
are provided a similar pressure regulator 37 and similar 
volume meter 38. Therefore, in the system of this inven 
tion the amount, and particularly variations in amount, 
of the third gas in the three gas mixture is indicated by 
maintaining either the pressure or the volume in the sys 
tem constant and observing variations in either the pres 
sure or the volume. 

Pressure drop through a capillary such as capillary 14 
depends primarily upon two effects. One of these is the 
pressure drop in the body of the capillary between the 
two ends 17 and 28 which is due to the viscosity of the 
gases ?owing through the capillary. The other pressure 
drop cause is the effect of the entrance end 17 and exit 
end 28 of the capillary as these ends operate as ori?ces. 
The pressure drop due to these ori?ce effects is a function 
of the molecular weight of the ?uids. The mathematical 
expression of this pressure drop through the capillary is 

7T7‘4M’w 1r2r4Mw (2) 
where P1 is pressure at the entrance end 17 to the capillary 
and P2 is the pressure at the exit end 28. 
The above equation is a preferred form of the Brillouin 

equation (M. Brillouin, Lecons sur la Viscosité des 
Liquids et des Gas, vol. 1, p. 133; vol. 2, p. 37). In Equa 
tion 2 the ?rst portion to the right of the second equal 
sign is an expression of the pressure drop in the body 
of the capillary which is a function of the viscosity of the 
?uids while the last portion of the equation is an expres 
sion of pressure drop due to the ori?ce effects and is 
related to the molecular weight as explained above. As 
indicated, these are additive to give the total pressure 
drop (AP) through the capillary. 

This Equation 2 of Brillouin is based on Poiseuille’s 
law (Partington, I. R., “An Advanced Treatise on Physical 
Chemistry,” 1st ed., p. 881, Longmans, London, 1949) 
which may be expressed as follows: 

V=7I'(P1—P2)T4t 81113 (3) 
in which V is measured at mean pressure of 1/2 (PH-P2). 
This law expresses the gas ?ow through a capillary tube 
and assumes no “slip,” i.e., that the ?uid velocity at the 
tube wall is Zero. 

Equation 2 is the same as Equation 3 except Equation 2 
is corrected for end effects. At very low pressures slip 
becomes important. However, the slip can be ignored when 
the ?uids flowing through the capillaries are at a pressure 
that is near atmospheric, as any error due to the slip 
effect is extremely small. 
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4 
As reported by Benton (A. F. Benton, Phys. Rev. 14, 

pp. 403-408, 1919), Brillouin’s formula for expressing 
?uid ?ow through a capillary including end effect condi 
tions is 

1617LM 

in which P and d are measured under the same condi 
tions. For the purpose of this invention, however, this 
Formula 4 is expressed in Formula 2 wherein the term 
P/d has been replaced by the equivalent RT /M w, since 

In order for these formulas to work and thus in order 
to design the apparatus of this invention, it is necessary 
that the ?uids ?owing through the capillary be in stream 
line flow. This, of course, requires that the Reynolds num 
ber must not be greater than 2100. 
As explained above, Equation 1 gives the length of 

the capillary for the pair of ?uids regardless of the relative 
amounts of each ?uid in the blend of the pair of ?uids. 
With this calculated length, the pressure drop for both 
?uids of the pair of ?uids through the capillary will be 
substantially identical so that the blend of the pair of 
?uids operates as a single ?uid. This is proven as follows. 
The Brillouin Equation 2 Written to equate the pressure 

drops of ?uids 1 and 2 of the pair of ?uids is as follows: 

The subscripts l and 2 are used to identify the ?rst ?uid 
(having the lower molecular weight and greater viscosity 
of the pair) and the second ?uid, respectively, of the pair 
of ?uids. 
The mass ?ow rates M1 and M2 are related as follows 

when the preferred positive displacement pump is used: 

M2 _ M1 . _ ' 

PioP-MwlRr, PZQP- (7) 
where QP is measured at the pressure P. 
As the pressure drops are equal, P1 equals P2 so that 

the mass ?ow rates are related as follows: 

lllwz 
* (8) 

By substituting Equation 7 into Equation 6 and using 
the relationship expressed in Equation 8 the formula for 
length may be expressed as: 

M2: 

L 

(9) 
This Equation 9 expresses the conditions that must 

exist for the pair of ?uids to have the same pressure drop 
through the capillary. As can be seen, Equation 9 is the 
same as Equation 1. 

Because the ?rst and second ?uids constituting the pair 
of ?uids has the pressure drop effect of a single ?uid re 
gardless of the relative amounts of each of the pair of 
?uids the introduction of a third ?uid will mean that this 
resulting mixture will have pressure drop variations due 
to the varying amounts of the third ?uid only. 

In order for the pair of ?uids to act as a single compo 
nent in the pressure drop through the capillary, it is neces 
sary, as mentioned above, that Equation 1 give a positive 
value which means that the ?rst ?uid of the pair of ?uids 
must have a lower molecular weight and a higher viscosity 
than the molecular weight and viscosity of the second 
?uid. 



Typical pairs of gases which act as a single gas in pass 
ing through the capillary are the following two-component 
mixtures of gases: 

5 

The continuous gas analyzer of this invention is par 
.‘ticularly, adapted for analyzing varying amounts of a 
ithird gas in a mixture with a pair of gases having the 
'molecular. weight and viscosity relationships de?ned 
.above. One example of such a gas mixture is the oxygen, 
‘carbon dioxide and inert gas (nitrogen and the other inert 
‘gases from the atmosphere) in the controlled atmosphere 
preservation of plant and animal materials as disclosed in 
Bedrosian and Brody US. Patent No. 3,102,777, issued 
Sept. 3, 1963, and assigned to the same assignee as the 
present application. 
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Here the system as described above and as illustrated 
in the drawing is very useful for continuously indicating 
the amount of oxygen in the mixture of oxygen, carbon 
dioxide and nitrogen of the inert gases. The other inert 
gases in air are present in such minor amounts that they 
may be ignored. 

Nitrogen has a lower molecular weight and a higher 
viscosity than has carbon dioxide. Thus, When passed 
through a capillary of a length determined by the above 
Formula 1 and any diameter (preferably at least 0.2 mm.) 
so long as streamline ?ow exists, the carbon dioxide and 
nitrogen will give the same pressure drop as if only a 
single gas were present and without regard to any varia 
tions in the amounts of carbon dioxide and nitrogen. 

Thus, any variations in the pressure-volume relation 
ship will be due solely to the varying amounts of oxygen. 
Where the volume is kept constant these variations will 
be indicated by variations in pressure and these can be 
calibrated easily to show the percentage of oxygen in the 
mixture. Similarly, when the pressure is kept constant 
variations in the amount of oxygen will result in varia 
tions in the volume passing through the capillary and 
here again this can be calibrated to show percentages of 
oxygen. 
To prove that any mixture of ?uids 1 and‘2 will have 

the same pressure drop as all ?uid l or all ?uid 2, with 
?uids 1 and 2 de?ned as above, let x be the mol fraction 
of ?uid 2, and (1-x) be the mol fraction of ?uid 1, and 
Mwm and 11m be the molecular Weights and viscosities of 
the resulting mixture. Then 

Mwm=Mw2x+Mw1(l—-x) (10) 
and to a good approximation 

71m==t12J¢-l-121(1~X) (11) 
The conditions for the same pressure drop for the mix 

ture as for ?uid l or 2 is that L be the same with Mw,n 
and 17m substituted for Mw2 and 172 in Equation 9, or, does 

and Equation 12 is proven. This means: that the mixture 
requires the same length L to give the same pressure drop 
as ?uid 1 or ?uid 2. 

In one embodiment of the invention, the suction at 
each of pumps 15 and 23 with nitrogen ?owing 
through each capillary 14 and 25, each having a diam 
eter of 0.061 cm., Was 11.0 inches of Water giving 
P1=0.7>< l05 dynes/cm.2. Pump displacement QP was 436 
cm.3/min. or 7.3 cm?/sec. The temperature was about 
25° C. and RT=2.475><101°. Theoretical length for no 
AP response regardless of proportion of nitrogen and 
carbon dioxide was, for Equation 9, 

_m m—112 

_ (0.7X105)(7.3) 44.01‘2802 
_(811') (2475x1010) 1.766X10'4——1.4189X10“4 

L__ PIQP 

(15) 
L: (0.90><10—5)(5.77+105) =52 cm. 

In the above embodiment of the invention where the 
amounts of oxygen in a saturated atmosphere of oxygen, 
carbon dioxide and nitrogen in line 10 were measured, 
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and air was used in line 19, the amounts of oxygen varied 
directly with the pressure drop through the capillary as 
shown in the following table: 

Oxygen Nitrogen Carbon P Gauge 
Dioxide (inches water) 

0 100 0 0.080 
0 90 10 0. 080 
5 95 0 0. 160 
5 85 10 0. 160 
10 90 0 0. 220 
10 80 10 0. 2410 
20 80 O 0. 445 
20 70 1O 0. 440 

As can be seen, the reading on the gauge changes sub 
stantially uniformly with changes in oxygen content and 
is not affected materially by variations in either the nitro 
gen or carbon dioxide content. 

Symbols 
L=capillary length, cm. 
M =mass ?ow rate, gms. per sec. 
Mwzmolecular weight, gms./ gm. mol 
P=pressure, dynes/cm.2 
APZpressure drop, dynes 
QPzdisplacement of pump, cm.3/ sec. 
R=gas constant (8314x107, c.g.s. units) 
r=radius, cm. 
T=absolute temperature 
t=time, seconds 
x=mol fraction, dimensionless 
V=v0lume, crn.3 
s=coef?cient of slip 
n=viscosity, gm./(cm.) (sec.) 
d=density, gms./cm.3 

Having described my invention as related to the em 
bodiments set out herein, it is my intention that the in 
vention be not limited by any of the details of descrip 
tion, unless otherwise speci?ed, but rather be construed 
broadly within its spirit and scope as set out in the ac 
companying claims. 
The embodiments of the invention in which an exclu 

sive property or privilege is claimed are de?ned as follows: 
1. Apparatus for indicating varying pressure-volume 

changes in a mixture of a third gas with a pair of gases 
with said changes being due to variations in amounts of 
said third gas only in which a ?rst gas of said pair has 
a lower molecular weight and higher viscosity than the 
molecular weight and viscosity of the second gas of said 
pair, comprising: means providing a gas line for said 
mixture; pump means for forcefully ?owing said mixture 
through said line; a capillary tube ?ow restrictor forming 
a part of said line and providing streamline ?ow of said 
mixture in said tube, said tube having an entrance and 
an exit and a length such that said pair of ?rst and second 
gases has substantially constant pressure-volume ?ow 
characteristics in said tube at uniform volumetric ?ow 
rates regardless of the relative proportions of said pair of 
gases, the length being determined by the following 
equation: 

M1D2~MUI1 
7l1—17z 

wherein: 
L=capillary length, centimeters 
P=gas pressure of said pair at said capillary outlet, 

dynes 
QP=volumetric displacement of pump, cm.3 per sec. 
Mw1=molecular weight of said ?rst gas 
Mw2=’molecular weight of said second gas 
171=viscosity of said ?rst gas, poises 
112=viscosity of said second gas, poises 
R=gas constant, 8314x107 for c.g.s. units 
T =° K.; 
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8 
means for ?owing said mixture through said line includ~ 
ing said capillary; means for maintaining one of said 
pressure and volume of said mixture ?owing through 
said capillary constant; and means for simultaneously 
measuring variations in the other of said pressure and 
volume to indicate said variations in amount of said 
third gas. 

2. The apparatus of claim 1 wherein said means for 
?owing produces gas ?ow at substantially constant vol 
ume but varying pressure due to said third gas, and said 
indicating means responds to said varying pressure. 

3. The apparatus of claim 1 wherein said means for 
?owing produces gas ?ow at substantially constant pres 
sure but varying volume due to said third gas, and said 
indicating means responds to said varying volume. 

4. The apparatus of claim 1 wherein means are pro 
vided for subjecting said capillary to substantially con 
stant temperature. 

5. Apparatus for indicating varying pressure-volume 
changes in a mixture of a third gas with a pair of gases 
with said changes being due to variations in amounts of 
said third gas only in which a ?rst gas of said pair has 
a lower molecular weight and higher viscosity than the 
molecular weight and viscosity of the second gas of said 
pair, comprising: means providing a pair of gas lines; 
a capillary tube restrictor forming a part of each said 
line and providing streamline ?ow of said mixture in said 
tube, said tube having an entrance and an exit and a 
length such that said pair of ?rst and second gases has 
substantially constant pressure-volume ?ow character 
istics in said tube at uniform volumetric ?ow rates regard 
less of the relative proportions of said pair of gases, the 
length being determined by the following equation: 

L___ P Qp M ‘LUZ-M 10; 
‘8112/11 711-712 

wherein: . 

L=capillary length, centimeters 
P=gas pressure of said pair at said capillary outlet, 

dynes 
Qp=volumetric displacement of pump, cm.3 per sec. 
Mw1=molecular weight of said ?rst gas 
Mw2=molecular weight of said second gas 
v71=viscosity of said ?rst gas, poises 
vgzzviscosity of said second gas, poises 
Rzgas constant, 8.3l4><107 for c.g.s. units 
T=° K.; 

pump means for ?owing said mixture through one of said 
lines including said capillary; pump means for ?owing a 
constant component gas through said other line; means 
for maintaining in each line one of the volume and pres 
sure therein constant; and means for indicating differences 
between the two lines in the other of volume and pressure 
to indicate variations in amounts of said third gas. 

6. The apparatus of claim 5 wherein said means for 
maintaining maintains the volume constant. 

7. The apparatus of claim 5 wherein said means for 
maintaining maintains the pressure constant. 

8. The apparatus of claim 5 wherein means are pro 
vided for subjecting said capillaries to substantially con 
stant temperature. 
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