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This invention relates to the determination and 
measurement of a constituent gas in a gaseous 
mixture. For example, the detection and meas 
urement of the percentage content, of free oxy 
gen in the products of combustion of a fuel burn 
ing furnace, an internal combustion engine, or 
the like. 
My invention is based primarily on the theory 

that different gases, have different magnetic 
permeabilities and that the magnetic permeability 
of oxygen may be used to determine its presence 
and proportion in a mixture of gases or ?uids. 

It is a well known fact that oxygen is magnetic 
to a far greater,‘ degree than almost any other 
gas. This is particularly true ‘of oxygen in gas 
mixtures such as_ combustion ?ue gases or the 

In the language of the 
physicist oxygen is quite paramagnetic or has a 
positive magnetic susceptibility. This means that 

. the magnetic permeability is greater than unity. 

where 

a: permeability 

and 

K~=susceptibility 
The following‘ table compares oxygen with sev 

vveral ‘other gases: 

- This table shows that the susceptibility of- oxygen 
is many times greater than that of other gases. 
It is, of course, extremely small compared to 
ferromagnetic materials such as iron, nickel, etc. 
The paramagnetism of oxygen can be readily 

detected by suspending a thin wall sphere ?lled 
with the gas in a strong magnetic ?eld. ‘The 
sphere will be pulled into the ?eld with a force 
depending upon the difference in permeability be 
tween the oxygen and the outer space and upon 
the gradient of the magnetic field in which it is 

2 
suspended. Conversely, the amount of oxygen in 
an unknown gas can be determined from the force 
or torque acting on a suspension carrying a sphere 
?lled with a reference gas. The sphere in this 
case is suspendedin space occupied by the un 
known gas. Such a device is similar to a sensitive 
galvanometer but differs in that its de?ection 
measures permeability rather than small cur 
rents or potentials. Since the forces involved in 
such a device are exceedingly small, it follows that 
the instrument is necessarily rather fragile and 
subject to shock, vibration, etc. 
Attempts to measure oxygen magnetically by 

' various other electrical systems have not been 
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successful. Schemes suggested include bridge or 
potentiometric circuits which compare the in 
ductances of coils and oscillators whose frequency 
depends on the inductance of a coil or the mutual 
inductance between two coils. In such compari 
son schemes: 

' Output-{F1 (G1) {rm-F1 (Ga) ftp-2 

where 

I (2)‘ 

F1 (G) means a function of the geometry of the 
coils ' 

p1=permeability of measured gas 
m=permeabi1ity of referencegas 

The slightest change in the geometric configura 
tion of one coil'relative to the other will there 
fore produce tremendous errors of measurement. 
The obvious di?lculties involved in these sys 

tems suggested that a system in which the out 
put is a more direct function of the difference in 
permeability between a reference and a measured 
gas would be more practical; for example, where— 

Output=F (G) (;u—p2) (3) 

so that changes in the geometric function have 
only a linear effect on the output. In other words, 
a small change in F(G) produces a correspond 
ingly small error in reading. 
The present invention comprises a device hav 

ing an output as given by Equation 3 and is simi 
lar in construction to that of an induction alter 
nator in which voltage is generatedin a station 
ary coil or set of coils by a pulsating ?ux. In 
the induction generator the magnetic flux pulsa 
tion is produced by the variation in reluctance of 
‘the magnetic path when a salient pole iron rotor 
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is turned in the magnetic ?eld. In my invention 
of a gas analyzing device all iron parts are rigidly 
?xed while a disc having slots or holes and made 
of a non-magnetic material such as quartz, glass 
or a plastic is spun at a relatively high velocity 
in the air (gas mixture) gap. Since the magnetic 
?eld must be held constant, it can be produced 
by a coilenergized from a battery or preferably 
by a permanent magnet. The high energy mag 
netic materials such as Alnico permit a high ?ux 
density to be maintained in the air gap with a 
moderate size of magnet. 
The magnetic ?ux passing between the poles 

and linking the coils alternately passes through 
a gap ?lled entirely with sample gas mixture and 
then partially ?lled with the disc material. As 
a result, the magnetic permeance oi‘ the gap varies 
periodically an amount depending upon the dif 

:10 

i'erence in permeability between the disc and'the I A 7 
gas. It the magnetomotive force across the gap is 
?xed, the magnetic flux will vary periodically re 
sulting in an induced voltage in the coil. 
In the drawings: 
Fig. 1 is a partially cut-away front elevation of 

a gas analyzer embodying my invention. 
Fig. 2 is a. sectional view along- the line 2-2, 

in the direction oHhe arrows, of Fig. 1. 
Fig. 3 is an elevatlonrirrdiagrammatlc form, of 

another embodimen/taoismy’inventlon. 
Fla, 4 is a wiring diagram 01 a measuring 

arrangement including the apparatus of Figs. 1 
and 2. H\ 

Fig. 5 isa wiringsillsmmincludlhg a compen 
sating circuit. 

Fig. 6 diagrammatically’ ates an analyzer 
including a compensating genera . 

Fig. 7 is a sectional elevation oi’) a/lhmlnated 
disc. ~ _ ~~ K/MWM 

Referring now to Figs. 1 and 2, I show therein a 
gas analyzer embodying my invention. A housing 
I includes a pair of similar coil mounting plates 
2 spaced, by a closed magnetized ring 3 01 Alnico 
metal. Each'platel has mounted thereon eight 
coil windings 4 equall spaced about a center. 
The mounting plates are-of soft iron and each 
coil is supported by a soft irheore s. The coils 
of ‘the two sets are aligned and the aligned pole 
pieces are spaced approximately one~eighth inch. 
In this air gap is a rotatable disc 6 having eight 
equally spaced elongated ?ngers 1. Provision is 
made for rotating the disc at a relatively high 
velocity by a motor 8 (Fig. 4) which may be di 
rectly connected or belt connected. The housing 

I is preferably gas tight and provided with a gas 
inlet 9 and outlet (0. The necessary ?lters. 
cleaners and pump are provided to supply a con 
tinuous ?ow of gas mixture (such as combustion 
?ue gases) through the housing I. 

If the permeability of the disc is unity, it can 
be shown that the voltage generated in the coils 
is a direct function of the oxygen content of the 
gas. ' 

Let ' 

e=generated voltage per coll 
E=total voltage generated by coils in series 
F=magnetomotive force across the gap 
ao=permeability of plastic disc=1 (assumed) 
pg=permeability of gas being analyzed 
N=number of coils 
P=number of poles=no. slots=N/2 
1l=number of turns per coil 
f=frequency of generated voltage 
t=time 
s=speed of disc in R. P. M. 
¢=?ux linking coils 

a 

4% 
By fundamentals 

‘ e = n g? 10“ ( 

and 

E== N" 3-‘? 10-5 I ‘ also 

Pa-£%‘5 where,‘ ’ 

Pa=permanence oi’ the gap with .slot or hole disc in line with poles 

A=e?ective cross section of pole taco 
G=eiiective length oi gap 
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P0=permeance of the gap with ?nger or sciid 
porti of disc in line with poles 

W=t ckness of disc 

The total variation in permeance from’ slot in 
line with poles‘ to ?nger in line with poles Ls 

AP=Pg-Po 

~~€ubstituting i’or Pg and Po in (8) yields 

G W (my-n0) +MG= 
Since ,u-?-pO is very small Equation 9 can he Writ~ 
ten in simpli?ed form “ 

AP 

The change in ?ux linking the coils cor-re.» 
ing to this change in permeance is Slurp , 

The time in seconds required for the change is 

29. 
' 28!’ 

The average voltage generated in a coil is. 

Ai= (12) 

and 

If the permeability of the disc is unity, the 
generated voltage is proportional to the suscepti 
bility of the gas and is consequently a direct 
measure of the oxygen content. 

If the variation in gap permeance is assumed to 
be sinusoidal, the effective value of the generated 
voltage as read by a r. m. s. voltmeter is: 

Kg=susceptibility of the gas». 
.It may be noted here that the magnetic 

susceptibility of the gas is proportional to the 
mass or number of molecules of 02 present lira 
cubic cm. and not the percent by volume of the 
02 in the gas. / 

% 0, by volume=e , 

guns. of 0, per cu. cm. vin ghslnixtura 
density of O, at test press. and temp; 
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The frequency of ‘the generated voltage is made 
as high as possible to permit efficient ampli?ca 
tion and easy ?ltering of extraneous voltages pro 
duced by pickup and vibration. The equation 
for frequency is: 

#50- (16) 
As an example I will now calculate the output 

of the generator shown in Figs. 1 and 2. 

N=16 coils 
n=6000 turns 
P=8 poles 
F=1200 gilberts (approximately) 

B=10,000 R. P. M. 

For 100% 02 at standard press. and temp. 

Kg=1.95X10‘6=6n, if ao=1 
Substituting these values in Equation 15 yields 

1.27 X 1.95X 10-°X8 X 10,000=.0155 volts 
and by Equation 16 

__8X10,000 
1' _ 60 

Since the energy output of the generator is 
quite small, it cannot be measured accurately 
with commercial instruments. However, the out 
put is far greater than the minimum voltage 
which can be successfully ampli?ed by com 
mercial vacuum tube ampli?ers of the audio fre 
quency type. Certain well known arrangements 
such as regulated voltage supply and inverse feed 
back can be used to make the amplifier output 
a stable function of the input. The schematic 
diagram of a complete measuring system is shown 
in Fig. 4. . 

The purpose of the wave ?lter is to eliminate 
the frequencies produced by vibration of gener 
ator poles, pickup, etc. and to pass only the band 
of frequencies generated by the disc 6. The 
purpose of the inductor L in series with the 
output meter is to make the output insensitive 
to ?uctuations in generator speed. That this is 
so can easily be shown as follows: 
Assume that the reactance of the inductor is 

high compared to the meter resistance. Then 
the current flow through the meter will be a 
function only of the voltage output and the in 
ductor reactance. 

= 1330 cycles per second‘ 

where 
K1=constant 
=speed'as before 

6,u=,ug-p0 as before 
E=voltage output 
and 

X, @L K,SL K,SL (L) 
where 

I=current 
S=speed of generator 
L=inductance . . . henries 

xi=21rfL=reactance . . ohms . 

K1, K2 and K0 are constants 

In the present discussion it has been so far " 
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assumed that the material of the disc 6 has ex 
actly zero magnetic susceptibility, or unity 
permeability, so that the voltage generated by 
the rotating disc would be zero in a vacuum and 
substantially zero in a gas containing no oxygen. 
Actually the material will be either paramagnetic 
or more probably diamagnetic which will result 
in a generation of voltage with no oxygen present 
in the gas passing through the gap between poles. 
There are many insulating materials either 
plastic or ceramic which have a mass suscepti 
bility far less than oxygen, but being solid they 
may have a corresponding volume susceptibility 
considerably greater than oxygen. The following 
table illustrates this: 

Table 2 

Mass Suscepti Volume Suscep Matel'ial blgty DEEIICSRY “bum, 

106Xl0" @ 20° 0.. .00142' +.l5>(l0'i' 
_ —.l3><l0-° _______ .. 1.4 —.l82Xl0“ 

~ 90Xl0-° ....... .. 2. 6 —2.34XlO-¢ 
Quartz S102- . — 493x10-1 ...... _. 2. 65 —l.3l X10“ 
Ferric 0xide_. +20.6X10-6 ______ -_ 5. 24 +108 

' Std. 

This shows that if a celluloid disc were used, 
the voltage generated with zero oxygen in the 
sample gas would be 

of the voltage generated with 100% oxygen at 
standard pressure and temperature. There are 
a number of ways to compensate for this effect 
and obtain zero reading on the output meter for 
zero oxygen. . 

Fig. 5 illustrates what I believe to be the 
simplest method. It consists in introducing a 
compensating voltage of opposite polarity into 
the output of the ampli?er in order to exactly 
cancel the ampli?er output at zero oxygen. 

Fig. 6 illustrates the application of a compen 
sating generator operating in a vacuum or inert 
gas such as nitrogen. The compensating gener 
ator I I being identical and synchronized with the 
test generator I will have an output exactly equal 
to generator I at zero oxygen. ‘ I 

My preferred method of compensation is to 
compensate the rotor itself to reduce its effective 
magnetic susceptibility to zero. Refer to Fig. 7 
A laminated disc rotor I2 may be used made up 
of a section of paramagnetic material banded 
with a section of diamagnetic material. The 
thickness of the sections are proportioned to 
produce zero total susceptibility. 

.55 

_K131"“K2i2 
K°_ t1+tz (18) 

where Ko=equivalent susceptibility of laminated 
rotor 

K1=susceptibility of paramagnetic section 
Ka=susceptibility of diamagnetic section 
t1=thickness of paramagnetic section 
tz=thickness of diamagnetic section 

Inspection of Equation 18 shows that 

_ Z 

Note: ILo=1+41rKo=1 when Ko=0 

In the arrangement of Fig. 7 a thin coating or 
painting of a substance on the disc may be suf 
?cient if the susceptibility of the substance is 
considerably greater than that of the disc. An 

Ko=0 when g-h 



examplev would be 'a- lacquered coating of ferric 
oxide (K_=+108><10-§) on a Celluloid disc 

In this way a single disc could be made up of a 
mixture of paramagnetic and diamagnetic mate 
rials to produce a resultant susceptibility of zero. 

If the disc has a very high electrical resist 
ance, electric charges may be produced on the 
surface of the ?ngers which will induce voltages 
in the coils by electrostatic induction. Such volt 
ages will have the same frequency as the volt 
age generated by the magnetic ?ux pulsation and 
hence cannot be eliminated by electrical ?lters. 
A solution for this problem is to paint the sur 

face of the rotor with a very thin coating of 
semi-conducting paint such as colloidal graphite 
and to wipe off the charge with a brush made of 
?ne copper wire. The disc itself might also be 
made of a semi-conducting material. 

I have illustrated and described a. preferred 
embodiment of my invention. Another form or 
arrangement is shown in Fig. 3. Therein the 
cores I3 and I4 supporting the coils may them 
selves be of Alnico metal. - 
In addition to its usefulness in the analyzing 

of gaseous mixtures I contemplate that my in 
vention is valuable in analyzing plastics and 
other substances for the presence of iron or other 
ferromagnetic materials. Since the magnetic 
susceptibility of iron is several million times that 
of the disc material, extremely small traces will 
generate substantial voltages. The instrument 
would ?rst be calibrated by rotating a disc 6 of 
known composition in the atmosphere. Dimen 
sionally similar sample discs of the material to 
be tested would then be rotated in the atmos 
phere at the same speed or speeds. 
While I have illustrated and described certain 

preferred embodiments of my invention it will 
be understood that they are by way of example 
only and that I am notgto be limited thereto ex 
cept as de?ned in the following claims. 
What I claim as new, and desire to secure by 

Letters Patent of the United States, is: 
-1. The method of determining the percentage 

‘of an element in a mixture of elements which 
includes, passing the elements free of the con 
stituent element through a magnetic ?eld, vary 
ing the permeability of said ?eld at a relatively 
high frequency, generating an electrical poten 
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tial by the magnetic ?eld while its permeability I 
is varied, introducing an electrical potential 
which balances out the potential generated, pass 
ing the elements with the constituent element 
through said field during continued variation of 
its permeability, and then measuring the electri 
cal potential generated. _ 

2. The method of determining the percentage 
of a constituent gas in a gaseous mixture which 
includes, passing a gaseous mixture which is free " 
of the constituent gas through a magnetic ?eld, 
varying the permeability of said ?eld at a rela 
tively high frequency, generating an electrical 
potential by the magnetic ?eld while its perme 
ability is varied, introducing an electrical poten 
tial which balances vout the potential generated, 
passing the gaseous‘mixture including the con 
stituent gas through said ?eld during continued 
variation ofits permeability, and then measur 
ing the electrical potential generated. 

3. The method of‘ determining the percentage 
of a substance in a mixture with a known sub 
stance. which includes, passing the known sub 
stance intermittentlythrough av magnetic ?eld 
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8 
to vary the permeability of the latter at a rela 
tively high frequency, generating an electrical 
potential by the magnetic ?eld while its perme 
ability is varied, introducing an electrical-poten 
tial which balances out the potential generated, 
passing the mixture intermittently through said 
?eld at the same frequency, and then measuring 
the potential generated as an indication of the 
percentage of the substance to be determined. 

4. The method of determining the percentage 
of a constituent gas in a mixture with a known 
gas which includes, introducing the known gas 
-in amounts varying in a predetermined manner 
into a magnetic ?eld, generating an electrical 
potential by the magnetic ?eld while its perme 
ability is varied, introducing an electrical poten 
tial which balances out the potential generated, 
introducing the gaseous mixture in amounts vary 
ing in the same manner into the magnetic ?eld, 
and then measuring the electrical potential gen 
erated as an indication of the constituent gas 
present, 

5. The method of determining the percentage 
of free oxygen‘ in a mixture with known gases 
which includes, introducing into a magnetic ?eld 
the known gases in ?xed'percentage amounts but 
varying in volume in a predetermined manner so 
as to vary the permeability of the ?eld, generating 
a voltage by the ?eld which changes in intensity 
as a result ‘of its varying permeability, introduc 
ing an electrical potential which balances out 
the potential generated, introducing said gaseous 
mixture in amounts varying in the same manner 
into the magnetic ?eld, and then measuring the 
electrical potential as an indication of the free 
oxygen present. 

6. The method of determining the presence of 
a gas of high magnetic susceptibility with gases 
of low magnetic susceptibility which includes, 
passing the gases of low magnetic susceptibility, 
with possible traces of the gas of high magnetic 
susceptibility, through a magnetic ?eld, varying 
the permeability of said ?eld at a relatively high 
frequency, generating an electrical potential by 
the magnetic ?eld while its permeability is varied, 
and measuring the potential generated as an in 
dication of the gases present. - 

7. In a gas analyzer in combination, a housing, 
means for ‘ circulating a gas to be analyzed 
through said housing, a plurality of opposed pole 
pieces mounted in the housing in the path of 
the circulating gas and spaced from each other 
to provide a gap therebetween, a rotatable ?n 
gered disc of non-magnetic material located in 
the gap between said opposed pole pieces, means 
for establishing a magnetic ?eld between said 
opposed pole pieces, means for rotating said disc 
to pass the ?ngers thereof through said ?eld and 
e?ect a variable ?eld intensity, means in which . 
a voltage is induced by the varying ?eld intensity, 
and means for measuring said induced voltage. 

8. In a gas analyzer in combination, a hous 
ing, means for circulating a gas to be analyzed 
through said housing, a plurality of spaced op 
posed pole pieces each having a wound coil and 
mounted in the housing in the path of said gas, 
means establishing a magnetic ?eld between said 
opposed pole pieces through the moving gas, said 
gas having a magnetic permeability varying with 
its constituent content, means passing intermit 
tently- through ‘said ?eld for lvarying its‘ in 
tensity at a high-frequency to generate an elec- ' 
trical potential in said coils varying with said 
permeability as a determination of the composi 
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tion of the gas, and means for measuring the 
potential generated. 

9. In a gas analyzer in combination, a hous 
ing, means for circulating a gas to be analyzed 
through said housing, a plurality of opposed pole 
pieces each having a wound coil and mounted in 
the housing with a substantially uniform air gap 
between opposed pole pieces, the moving gas 
?lling said gap and having a permeability vary 
ing with the percentage composition of the gas, 
a movable non-magnetic member which is oper 
able when moved to pass periodically through 
said gaps between opposed pole pieces, thus 
presenting to said ?eld alternately a path through 
the gas and a path through said member, means 
for moving said member at a relatively high 
speed whereby an electrical potential is gen 
erated in said coils varying with magnetic per 
meability of the gas and thus with the composi 
tion of the gas, and means for measuring the 
electrical potential generated. 

10. In a gas analyzer in combination, means for 
producing a magnetic ?eld, means for passing a 
sample flow of gas to be analyzed continuously 
through said ?eld, the magnetic permeability of 
said gas stream depending upon the composition 
of the gas, means passed intermittently through 
said ?eld for varying the ?eld intensity at rela 
tively high frequency, means in which an elec 
trical potential is generated by the varying ?eld 
in magnitude depending upon the said permea 
bility, and electrical measuring means sensitive 
to said potential. 

11. In a device for determining the percentage 
of tree oxygen in a continuously ?owing stream 
of gas mixture, in combination, means for direct 
ing magnetic ?ux from a constant source across 
said stream, the resulting magnetic ?eld strength 
varying with magnetic permeability of the stream 
in dependence upon the percentage of free oxy 
gen in the mixture, means for varying the re 
luctance of said ?eld at a high frequency to e?ect 
a variation in its intensity, means in which an 
electrical potential is generated by the varying 
?eld, and means for measuring the potential 
generated. 

12. In a device for measuring a gas which is 
_ present in a mixture 01' gases, in combination, 
means for producing a magnetic ?eld, means for 
introducing consecutively gases free or the gas to 
be measured and the mixture or gases into said 
?eld, means for varying the intensity of said ?eld 
at a relatively high frequency while the gases are 
supplied thereto, means in which voltages are 
induced by the ?eld of varying intensity, means 
for balancing out the voltage induced when the 
gases tree 01' the gas to be measured are intro 
duced into said ?eld, and means for measuring 
the voltage induced in said means in excess of the 
voltage balanced out. 

18. The combination of claim 9 including elec 
tric measuring means tor xthe potential gen 
erated, an electric circuit including said meas 

l0 
uring means, and a compensating electric poten~ 
tial generator connected to said circuit, said com 
pensating generator having a ?eld of ?xed mag 
netic permeability. 

14. The combination of claim 9 including elec 
tric measuring means for the potential gen 
erated, an electric circuit including said measur 

, ing means, and compensating means for said cir 
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cuitiwhereby the measuring means is una?ected 
by susceptibility of the moving members. 

15. In combination, an electrical measuring 
circuit, a pair of electric generators connected 
in said circuit in opposition to each other, each 
of said generators having a magnetic ?eld path, 
means for directing magnetic ?ux from constant 
sources across the ?eld paths of said generators, 
means for introducing into the ?eld path of one 
of said generators a mixture of gases including 
a gas to be measured, means for introducing into 
the ?eld path or the other of said generators a 
gaseous mixture free of the gas to be measured, 
‘means for varying the reluctance of said gen 
erator ?elds at a comparatively high frequency 
to vary their intensities, means in which voltages 
are generated as a result of said varying ?eld 
intensities, and means for measuring the dif 
ferences between the voltages generated in said 
last mentioned means. 

16. In a device for detecting the presence of 
ferromagnetic metals in minute quantities in a 
substance having otherwise substantially zero 
susceptibility, in combination, means including a 
?xed ?eld source for producing a magnetic ?eld, 
means for passing the substance intermittently 
through said ?eld and thereby varying its reluc 
tance and effecting a variation of its intensity, 
means‘ in which a voltage is generated by the 
?eld of varying intensity, and means for measur 
ing the voltage generated. 

17. As an article of manufacture, a ?ngered 
disc made up of layers of paramagnetic and dia— 
magnetic materials of sui?cient thickness to‘ 
produce a total magnetic susceptibility of zero. 

ANTHONY J. HORNFECK. 
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