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12 Claimis. 

This invention relates to the analysis of fluid 
Inixtures and more particularly to the quantita 
tive measurement of combustion components of 
gaSeous mixtures of the type of flue gases which 
ai'e produced in combustion operations. 

It has been heretofore proposed to analyze 
qualitatively the gaseous products of a furnace 
combustion operation for the purpose of ascer 
taining the presence therein of an element of 
Coinbustion, by withdrawing a current of flue gas 
from the furnace, dividing the current into two 
branches or streams, adding a combustion-sup 
j20rting reagent such as oxygen or air to one 
bra. Encil and a combustible reagent, to the other, 
inducing flow of the branch streams over wires 
electrically heated to the ignition temperature of 
any combustible mixture in either stream, and 
utilizing the change in electrical resistance set 
up in the respective wires by the differential 
heats of combustion of Said Streams to unbalance 
a. Wheatstone bridge and to actuate mechanism 
for automatically controlling the Supply of an 
element of combustion to the furnace. 
A primary object of the present invention is to 

provide improvements in methods and apparatus 
heretofore proposed for analyzing fluid mixtures 
Whereby to adapt same to a quantitative meas 
lurement of the excess of one of two mutually re 
active components of the mixture. 

Methods of the type above referred to for 
qualitatively analyzing gaseous products of con 
bustion, have not made adequate provision for 
adjusting all of the variable and mutually re 
lated factors affecting the analysis So as to in 
Sure that any change in the temperature of the 
Wires forning the active legs of the Wheatstone 
bridge which is not due to the presence of an 
element of combustion in the fue gas, must not 
unbalance the bridge. The temperature of each 
of the wires changes With a change in the ten 
perature of the Surroundings, or in the voltage 
of the SoU l’ce of electrical energy, Or With the 
thermal conductivity of the gas bathing the 
Wires, or with the heat capacity of the gas bath 
ing the wires, or with the rate of flow of the gas 
over the Wires. Moreover, the air or other com 
ustion-supporting agent Which is added to one 
3ranch strealm has a thermal conductivity differ 
eit, that that of the flue gaS and also different 
than that of the corinbustible reagent, Such as hy 
drogen, which may be added to the other branch 
stream. The cooling effect of hydrogen is greater 
than the cooling effect of air at any particular 
temperature, and Such cooling effect varies With 
the temperature. Thus hydrogen has a thermal 

(Cl. 23—255) 
conductivity which is 7.35 times that of air at 
Zero degree C., but only six times that of air at 
100° C., and the heat capacity also changes With 
the temperature. Therefore when the amounts of 
combustible and combustion Supporting reagents 
which are added to the respective gas streams are 
proportioned in accordance with their respective 
therinai conductivities and heat Capa CitieS SO aS 
to insure a balancing of the bridge at a given 
temperature of say 800° C., current will never 
theiess flow through the galvanometer element 
of the bridge if the average temperature of the 
wire changes for any reason, and the amount of 
current flow will be greater the greater the 
change of average temperature in the Wire. 
However, a definite minimum current is required 
to make the galvanometer needle move over to 
the contact through Which the combustion con 
trol mechanism is actuated. Therefore there 
will always be a definite temperature range in 
which the compensation between the thermal 
properties of the added combustible and Combus 
tion-supporting constituents, though not perfect, 
Will be close enough to keep the control mecha 
nism fr0m functioning. 
An important feature of the present invention 

resides in passing. Sample streams of flue gas or 
other fiuid mixture to be analyzed for combus 
tion elements, respectively over identical wires 
connected in Series and similarly disposed in : 
identical Surroundings or combustion cells, and 
in adding Small substantially therinally balanced 
increments of combustible and air or oxygen to 
the respective streams on the up-stream side of 
the cells. 
increments of combustible and oxygen relative 
to the flow rate of the flue gases, the greater the 
temperature range through which their respec 
tive cooling effects are practically balanced. The 
amount of added combustible or oxygen is pref- 4 
erably limited to that required to get an indi 
cation. With the Smallest amount of combustion 
element in the flue gas Which it is desired Will 
operate the instrument. Since methane causes 
the Smallest galvanometer deflection per unit of 
heat content of the combustion elements Which 
are commonly present in flue gas, it is usually 
satisfactory to adjust the flow rate of the added 
air or other combLIStion-Supporting element rela 
ive to the flow rate of flue gas Sample so as to 5 
cause the instrument to indicate When the fue 
gas contains the maximum permissible percent 
age of methane, at the same time adjusting the 
flow rate of the added hydrogen or other com 
bustible to balance the cooling effect of the added 

The Smaller the Volunes of the added : 
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to a hydrogen-oxygen mixture then to a meth air at the most probable operating temperatures. 
If the method is designed to respond to small 
percentages of methane, i.e. hundredths of a per 
cent, it is advantageous to use oxygen and car 
bon monoxide respectively, as the combustion 
supporting and combustible reagents. 
By using identical combustion cells (including 

wires) and adding small quantities of combusti 
ble and air or oxygen to the respective streams of 

10 flue gas on the up-stream side of the cells, the 
present invention is rendered independent of. 
changes in average wire temperature, So long aS 

... the normal operating temperature is maintained 
somewhat higher than the ignition temperature 

l3 of combustion components in the flue gas sam 
ple, but not so high as to approach the temper 
ature which causes rapid volatilization of the 
wire. The galvanometer needle will remain in a . 
neutral position between the two contacts so long 

20 as the fue gas sample contains neither combusti 
ble gas nor oxygen. When combustible gas ap 
pears in the sample, it reacts with the added 
oxygen on the surface of one of the wires. This 

: causes the temperature of that wire to increase, 
: 25 thus increasing the total resistance in the cir 

cuit. The current in the circuit then decreases, 
which decreases the temperature of the other 
wire. Thus the wire on which combustion takes 
place becomes hotter, while the other wire be 

30 comes colder. If the difference in temperature 
is greater than a certain minimum value depend 
ing on the operating temperature and the instru 
ment constants, sufficient current will flow 
through the galvanometer to cause the needle to 

35 make the appropriate contact, which will set the 
combustion control actuating mechanism into 
operation. The sample of flue gas may contain 
a large proportion of air or a large proportion of 
combustible without causing an excessive tem 

40 perature rise in the wire, since when the propor 
tion of combustible in the Sample exceeds a cer 
tain value, the temperature rise is limited by the 
rate of addition of oxygen, which being small is 
safely below the danger point at which rapid 

45 volatilization of the wire-takes place. Because 
of this protection against excessive temperature 
rise which results from using no more reagent 
than is required to indicate the maximum per 
missible departure of the flue gas from inert 

50 ness, it is possible to operate in the temperature 
range of 1600°F. to 2000. F., in which range the 
Sensitivity to methane is highest. 
Methods heretofore proposed for determining 

the presence of a combustion element in gaseous 
55. combustion products are not reliable when ap 
... plied to combustion products containing both 

combustible and oxygen or air. Thus, if the flue 
gas contains high percentages of both oxygen 
and combustible by reason of an inefficient com 

60 bustion operation, the rise of temperature which 
occurs in the wires of the Wheatstone bridge an 
alyzer may be sufficient to destroy the wires. If 
both combustible and oxygen are present in the 
flue gas, but one is present in large excess, the . 

65 galvanometer may function to show the excess. 
But if the excess is small, the galvanometer may 

... show the excess, may show nothing, or may give 
the wrong indication. For example, the instru 
ment may be adjusted so as to operate when the 

70 sample contains 0.1% methane, the balance be 
ing inert. But if the sample contains 2% oxy 
gen and 1.1% methane, which is a 0.1% excess 
of methane, and if the reagent added is hydro 
gen, the galvanometer may indicate an excess 

75 of oxygen, since the wire is much more sensitive 

ane-oxygen mixture of the same total potential 
combustion energy content. 
A more particular object of the present inven 

tion is to provide methods and means for making 
reliable qualitative analyses of gas mixtures of 
the type of flue gas containing variable quanti 
ties of either or both combustible and combus tion-supporting constituents. 
Another important object of the invention is 

to provide method and means adapted for mak 
ing reliable quantitative analyses of gas mixtures 
of the type of flue gas-containing variable quanti 
ties of either or both combustible and combus 
tion-supporting constituents. 
Other more specific objects of the invention 

are: To provide in connection with analyses of 
the combustible constituents of gas mixtures, for making accurate analyses independently of the 
rate of flow of the gases over an igniting element; 
to provide a combustion type gas analyzer, which 
Will have a substantially permanent calibration 
throughout its period of use; to provide a com 
bustion gas analyzer employing a heating ele 
ment in an electric circuit in connection with 
which the need for current balancing means has 
been eliminated; to provide for maintaining the 
accuracy of a combustion gas analyzer independ 
ently of the presence of unburned hydrocarbon 
Vapors or Water vapor in the gases being: an 
alyzed; to provide in novel manner for prolong 
ing the effective life of a catalytic element asso 
ciated With a gas analyzer operating under com 
bustion principles; and to provide a novel con 
bustion gas analyzer apparatus which is com 
pletely reliable and operative over a relatively 
wide temperature range. 
with the above and other objects and features 

in view, the invention consists in the improve 
nents in fluid mixture analysis which are here 
inafter described and particularly defined in the 
claims. In its broadest aspect, the invention con 
templates both - the qualitative and quantitative 
analysis of a fluid mixture such as flue gas which 
may contain both combustible and oxygen. Al 
though in the following description the gas mix 

...ture undergoing analysis is described as compris 
ing flue gases from a furnace, it will be under 
stood that the invention is broadly applicable to 
the analysis of fluid mixtures generally, and con 
templates analysis of engine exhaust gases. In 
the practice of the invention as applied to quali 
tative analysis, a measured sample of the flue gas 
to be analyzed is passed through a combustion 
Zone which is maintained at a temperature at 
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55 which reaction will take place between combust 
ible and oxygen components of the flue gas. The 
said flue gas sample is then cooled and divided 

proportions. To one of the said portions there 
is added a relatively. Small regulated amount of 
a combustible such as hydrogen, and to the other 
portion there is added a relatively small propor 
tion of a combustion-supporting fluid such as air. 
These two portions of the gas are then simulta 
neously passed into contact respectively with sep 
alrate highly heated wires similarly disposed in 
separate identical combustion cells. The added 
portions of hydrogen and air should substantial 
ly balance each other with respect to their cool 
ing effect on the wires. Combustion of any com 
bustion element present in excess in the flue gas 
sample takes place in one of the cells, generat 
ing heat unequally in the cells. Visual evidence 

into two streams which preferably are equal in 
naSS or at least maintained in the same relative 60 
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4 
fue gas sample in chambers 4 and 6 are rela 
tively small, and may for example be from 0.5% 
to 5% by volume of the flue gas portions intro 
duced into these chambers respectively through 
orifices 26 and 28. The quantity of added hydro 
gen should be adjusted to substantially balance 
the cooling effect of the added air. This balance 
can be secured by calibrating the air and hydro 

10 

20 

gen flows when passing through the analyzer a 
flue gas which contains neither combustible nor combustion-supporting components. The gas 
mixtures then flow through the respective cells. O 
and 12, where they come in contact with the 
highly heated resistance elements 32 and 34. 
The elements 32 and 34 are heated to a temper 
ature well above the ignition temperature of any 
combustion elements in the gas mixtures flowing 
through the cells, thereby insuring combustion 
WheneWel: 
Thus the wires are heated to a temperature which 
will hold wires 32 and 34 in the operating range 
of 1400° to 2000°F. under calibrating conditions 
when air, alone is flowing therethrough. Any 
difference in energy developed in cells O and 2. 
is measured by a thermocouple circuit 94 having 
hot and cold junctions, mounted respectively in 
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opposed E. M. F. relation within cells 0 and f2. 
Any difference in temperature developed in cells 
0 and f2 will set up flow of current in circuit 

94 through a galvanometer 96, thus causing the 
galvanometer needle to swing to the left or right. 
If the galvanometer needle Swings to the right 
it will indicate for example, the presence of an 
excess of combustible in the flue gas sample un 

5 der test; and when the Swing is Substantial the 
needle may close the circuit of a power relay 98 
which in turn actuates through another relay 
99 a switch f OO closing the circuit of a motor 
valve O2, whereby the valve is opened and addi 
tional air supplied to furnace 50 through an air : 
supply line if 04. When the supply of air to the 
furnace has thus been increased, the amount of 
excess combustible in the flue gas sample corre 
spondingly drops; at which time the galvanom 
eter needle may swing to the left and break con 
tact with power relay circuit 98, whereupon the 
combustion control mechanism will cease to func 
tion until a sufficient excess of either air or con 
bustible again develops in the flue gas Sample to 
again close the power relay circuit and actuate 
the combustion control mechanism. For the 
purpose of notifying an operator of the general 
qualitative characteristics of the flue gas under 
test, small light circuits may be connected as 
shown for closure by means of the relay switches 
O and f O3, to apprize the operator when the 

gas is neutral and when it contains an excess of 
oxygen or an excess of combustible. 
One of the outstanding advantages of the quali 

tative combustion analyzer hereinbefore described 
and illustrated in Fig. 1, is the wide tempera 
ture range within which it. Will operate. While it 
is preferred to have the temperature of the heat 
ing wires 32 and 34: in the range of 1800° F. to 

65 

70 

5 

2000° F., particularly in cases where smal con 
centrations of methane are to be detected, never 
theless the analyzer, will operate satisfactorily 
anywhere within a temperature range between . 
1400° F. and 2400° F. The arrangement of the 
qualitative analyzer of Fig. 1 can be modified as 
illustrated in Fig. 2, to adapt it for quantitative 
analysis, by substituting a calibrated galvanome 
ter in place of the galvanometer 96 of Fig. 1, 
and by including mechanism for maintaining 
constant temperatures in, and rates of gas flow 

combustion elements are present. 
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through, the analyzer device. One big advan 
tage of the qualitative: analyzer of Fig.1 resides 
in the fact that it operates, independently of 
changes in current flow through the heating coils 
32, and 34, and independently of changes in rate; 
of flow and inlet temperature of gases entering 
the analyzer cells 0 and 2. The control of the 
rate of gas flow which is afforded by the flow 
regulators 82 and 84 of Fig. 1 is qualitative only, 
to insure that the sample flow rate be large as, 
compared to the flow rate of the added air and 
combustible gas. reagents. So long as this rela 
tive flow relation is maintained between the flue gas samples and the added reagents, relatively 
large fluctuations in the flow rates of the indi 
vidual gases through the analyzer cell will not. 
affect the reliability of the analyzer readings. In 
other words, the regulators 80, 82 and 84 need 
maintain only approximately constant back pres 
sures, and any fluctuations in flow rate which are caused by changes in the speed of motor 62 or 

20 

by changes in flow resistance through the catalyst 
bed 90 will not adversely affect the readings of the 
analyzer any more than will changes in tempera 
ture of the gases delivered to the analyzer. It is 
convenient, however, to have the three back pres 
sure regulators 80, 82, and 84 set to deliver gas, 
at the same pressure in order that there may be: 
no back flow of any of the gases into 
line of one of the other gases. 

Referring now more particularly to the quanti 
the supply 

30 

tative continuous analyzer which is illustrated in 
Fig. 2, it will be noted that the cells 0 and 2 and 
the orifices 26, 28, and 78, together with the 
mixing chambers 4 and f 6 and the connecting 
conduits 8 and 20, are all mounted in a thermo 
stat i t0 provided with an electric heater fi í 2 hav 

35 

ing an automatic thermostat switch. 4, by means 
of which the temperatures of the gas entering 
each of the analyzer cells are kept constant at a. 
temperature higher than that of the surround 40 

ing atmosphere. In order to maintain the rates. 
of flow of each of the gases entering mixing 
chambers 4 and 6 constant, quantitative pres 
Sure regulators 80, 82 and 84 are in each case 
directly connected with the chambers 30, 68 and 
f6 on the upstream side of orifices 26, 28, 70. 
and 18. The pressure regulators 80, 82, and 84 
must be more accurate and precise in operation 
than those used in the corresponding analyzer of 
Fig. 1, and in addition the speed of motor 63 
of Fig.2 must be very nearly constant, for which 
reason a synchronous motor is preferred. Elec 
tric current is preferably supplied to coils 32 and . 
34 of Fig. 2 from a source 36 through a step 
down transformer 16 having constant current 
characteristics, and through ballast resistances 
f 8. As previously indicated, the quantitative 

55 

analyzer of Fig. 2 employs a calibrated galva 
nometer f20 in the thermocouple circuit 94. 

6) The operating temperature range of the cali- : 
brated quantitative analyzer of Fig. 2 is neces 
sarily very narrow. The qualitative analyzer of 
Fig. 1 operates over a wide temperature range for 
the reason that the amount of combustible re 
agent which is added to the gas entering one com 
bustion cell, and the amount of air or oxygen 
added to the gas entering the other cell, is rela 
tively small as compared to the volume of the gas; 
and the amounts of added combustible reagent 

öö 

TO and oxygen should substantially balance with re 
range. When the method is adapted to quantita 
spect to cooling effect over a wide temperature 
tive analysis, the amounts of added reagent can 
not be very small, since the amount of added 
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oxygen must be equivalent to the highest con 
centration of excessfuel which will be at any time 
present in the fue gas Sample, or otherwise the 
galvanometer would not deflect proportionally 
With an increase in fuel Content of the sample. 
Likewise sufficient combustible must be added to 
the sample to react with the highest concentra 
tion of excess oxygen which may be present in 
the sample. Moreover', the galvanometer needle 

l0 should remain at its zera position when the sample 
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contains neither excess oxygen nor excess com 
bustible. Therefore the cooling effect of the 
added air or oxygen must balance the cooling 
effect of the added combustible. This limits the 
operating temperature of the instrument within 
a narrow range, since the cooling effect of each 
of the added reagents changes with the operating 
temperature, and the changes arc not propor 
tional. Moreover, the operating temperature 
range is further limited by the fact that the sen 
sitivity of the instrument, as well as its calibra 
tion, changes with the tenporature. Thus the 
instrument might be calibrated to give a scale 
reading of 100 for 1% CO in the flue gas sample 
at 500° C. If for any reason the wire temperature 
should increase from 500° C. to 600° C., the scale 
reading would drop to about 76 for 1% CO. Con 
versely, if the temperature should drop to 400° 
C., the Scale reading would rise to about 133. 
Therefore the quantitative analyzer of Fig. 2 can 
be depended upon for leasuring the conceitra 
tion of excess cornbustible or excess oxygen only 
When operating in a limited teriaperature range. 
The nature of the combustible must not change 
and the nature of the inert gases must not 
change. For Satisfactory operation, it is necessary 
to maintain substartially constant the supply of 
current to the analyzer heating elements, the rate 
of fioW of the Sample, the ra, te of foW of the added 
combustible reagents, the rate of floW of the 
added combustion-Supporting reagent, and the 
Cººperating tenperature of the corinbustion cell. 
The apparatus illustrated in Fig. 3 represents 

a quantitative analyzer which is a practical im 
provement over the analyzer shown in Fig. 2. 
The quantitative analyzer of Fig. 3 is designed for 
Operation on the titration principle of continu 
ous quantitative gas analysis, which underlies the 
invention described in my Copending application 
Serial No. 650,133, filed January 4th, 1933. The 
method of analysis for which the apparatus of 
Fig. 3 is adapted, is entirely independent of 
changes in current supply to the analyzer heating 
element, and is also independent of changes in 
operating temperature of the analyzer cells and 
of changes in rate of flow of gas sample and of 
combustible and combustion-Supporting reagents 
through the instrument. In principle, the method 
of analysis which is practiced in the apparatus 
of Fig. 3 consists broadly of adding to a fille gas 
sample the quantity of air required to exactly 
combine with any excess combustible in the Sam 
ple, or the quantity of combustible required to 
exactly combine with excess oxygen in the Sam 
ple. This titration is carried out automatically 
and the percentage of excess oxygen in the Sam 
ple is determined by measuring the amount of 
hydrogen, for example, which must be added. 
to a unit quantity of the Sample, in order to 
neutralize the sampie. The method, and appa 
ratus of the qualitative analyzer illustrated in 
Fig. 1 affords a reliable determination as to 
whether the flue gas sample is neutral or con 
tains excess oxygen or excess combustible. This 
determination is then used as a basis i for a ti 

5 
tration determination of the amount of such 
excess. The titration method of analysis for 
which the apparatus of Fig. 3 is adapted is of 
particular utility for analyzing a gas such as the 
ordinary furinace fue gas, the composition of 
which is likely to change frequently from hav 
ing an excess of oxygen to having an excess of 
combustible. . . . In the operation of the apparatus of Fig. 3, 
a sample of flue gas is drawn from the furnace 
through conduit 48, filter 46, pump 42, and thence 
is forced through combustion chamber 86 into 
a Supply chamber 30, from which equal portions 
påSS through: orifices 26 and 28 into mixing 
chambers 4 and 6, and thence through identi 
cal analyze cells and 2. Simultaneously, air 
is forced by pump 60 through orifice 70 into mix 
ing chamber 4 fircini whence it passes in admix 
ture with one portion of the flue gas sample 
through cell 20. At the same time a combustible 
gas reagent such as hydrogen is forced by pump 
58 through orifice 8 into mixing chamber 6, 
and thence in admixture with the other portion 
of fille gas Sample through combustion chamber 
2. If the temperature developed in cell f O is 
greater than the temperature developed in cell 
:2, the flue gas sample contains excess combus 
tible, and the needle of galvanometer 96 Will 
indicate the presence of such excess by Swinging 
to the right.: The contact made by the galva 
nometer will close the circuit of power relay 98, 
and Will thereby energize one of the solenoids 
it of a reversing mechanism 22. In addition 
to the Solenoids 2 which are energized by power 
relay 98, the reversing mechanism 22 embodies 

0. 

5 

25 

as elements a rocker crank 124 which is jour 
naled on a shaft 26 and which is powered from 
shaft. 56 of pump motor 62 through a pinion f 28, 
meshing with a gear crank 39, from which a 
reciprocating motion is imparted to crank 24 
through connecting rod 32. When the proper 
solenoid 2 of reversing mechanism 22 is ener 
gized by the needle of galvanometer 96 SWinging 
to the right, an arrnature member 34 which is 
pivotally mounted on the solenoid frame is ro 
tated in a counter-clockwise direction about its 
pivotal support by the attraction of the electric 
field of the Solenoid. A pawl 36 is rotated 
clockwise on its pivotal support on locker arm 
$24 and thereby brought first into and then out of 
engagement With the ?teeth of ratchet gear 38, 
each time crank arm 24 reciprocates. A coil 
Spring 50 normally holds armature 34 and pawl 
f36 in the disengaging position illustrated, ex 
cept when the solenoids of mechanism f 22 are 
energized through power relay 98. 
When the galvanometer needle swings to the 

right, as previously described in response to the 
presence of an excess of combustible in the flue 
gas sample, mechanism 22 operates through 
ratchet gear 38 to slowly rotate shaft 26 in a 
clockwise direction, thereby opening a valve 42 
in a cross connection 44 between air supply pipe 
56 and gas sample supply pipe 54 on the up 
stream side of catalyst combustion chamber 86. 
This results in the addition of air to the gas 
sample entering the combustion chamber 86, and 
the air thus added combines with excess com 
bustible in the sample during the passage of 
the sample through catalyst chamber 86, So that 
when the thus modified sample reaches cell it 
there has been a decrease in the amount of con 
bustible in the Sanjpe equivalent to the amount 
of air added by the opening of valve 42. When 
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the amount of air added to the gas sample by 75 



6. 
the opening of valve (42 is just sufficient to burn 
cut any excess combustible in the sample, the 
thus modified sample entering mixing chambers 
4 and 6 will be neutral, and this neutrality. 

will act through galvanometer 96 and the power 
relay 98 to disengage pawl 36 from ratchet, 38, : 
thereby arresting further opening of valve f42. 

... It will be noted that the adjustment of valve 
42 is a step by step adjustment effected by 

the intermittent motion imparted to shaft (26. 
and ratchet f 38 by the mechanism f 22. A spring 
brake 46 operatively connected with shaft f26 
serves to prevent rotation of the shaft except 

2 

2 5 

40 

45. 

55 

60. 

65 

when actuated through ratchet (38. The slow 
5 intermittent step-by-step motion imparted to the 
shaft. 26 and valve 42 is preferred in order to 
avoid over-control and hunting. 
The quantitative analysis of the fue gas sample 

is made by a titration principle previously re 
0 ferred to. According to this method, the volume 
of air which valve 42 must pass in order to neu 
tralize the excess combustible content of the gas 
flowing into combustion zone 86 is metered by a 
differential flow meter 48 connected across ori 
fice 50 in the air conduit 44 on the up-stream 
side of valve 42. The opening of valve 42 is 
effected through the medium of a cam S2 which 
on clockwise rotation of shaft 26 raises the stem. 
of valve? 42. Counter-clockwise rotation of the 

0 cam 52 allows a valve spring 54 to close valve 
42. Flow meter 48 measures the amount of air 
or oxygen required to neutralize excess combus 
tible in the fue gas sample, the meter being pref 
erably calibrated in terms of ratio of flow of air. 

5 passed by orifice f 50 to ratio of flow of gas sample 
passed by orifice f 56 in the gas sample Supply line. 
Thus, if the rate of flow of the sample past orifice 
(56 is 10 cubic feet per hour, and if the equilib 
rium rate of flow of air past orifice S0 is one 
cubic foot per hour, the air demand of the flue 
gas sample to bring it to neutrality is 10%. This 
is an air demand of a fue gas sample containing 
4% carbon monoxide or 4% hydrogen, or 1% 
methane. , 

The flow rate of the gas sample through the 
crifice 56 is maintained constant by maintaining 
a constant pressure ahead of the orifice (56 in the 
discharge line of pump 42 by means of pressure 
regulator 80, and by maintaining a constant pres 
sure drop across the orifice by means of a pressure 
regulator 58 actuating a relief valve 60 on the 
downstream side of the Orifice. The pressure 
regulator 84 acts to maintain a constant air pres 
sure on the upstream side of air supply orifice 
(50. All that is necessary in the operation of this 
apparatus is to maintain a relatively constant 
ratio between the flow rate of fue gas sample and 
the flow rate of the added reagent. In this re 
spect the apparatus of Fig. 3 differs from that of 

be maintained between the flow rates of the fiue 
gas sample and the flow rate of the added air or 
combustible. No temperature control is required 
other than that of keeping the temperature of the 
fue gas sample and that of the reagent the same 
at the respective orifices 50, and 56. This is 
automatically accomplished for the reason that 
the gases at this point are both substantially at 

70 atmospheric temperature. 
When the flue gas sample carries excess oxygen 

rather than excess combustible, the needle of 
galvanometer 96 will swing in the opposite direc 
tion thereby actuating through power relay 98 

is the other solenoid 2 of reversing mechanism 

Fig. 2, in which an absolute constant ratio must 
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122, thereby rotating shaft 26 step-by-step ín - a 
counter-clockwise direction. The counter-clock-, 
wise rotation of shaft 126 acts through cam 52 
to first close valve 42, and then through a cam 
f82 to open a valve 64 in a pipe connection 66 
between combustible reagent supply pipe 74 and 
flue gas conduit 54. The amount of combustible 
gas such as hydrogen which it is necessary that 
valve 64 shall pass in order to neutralize excess 
oxygen contained in the fue gas sample, is then 
measured by a differential flow meter 68 con 
nected across an orifice ITO in pipe 66. The 
valves which control the supply of air and fuel to 
the furnace from which the flue gas sample is 
taken, may be automatically controlled by means 
Such for example, as the reversing mechanism 
22 acting through an extension of shaft. 26. (not . 
shown). In other words, the reversing mecha-. 
nism may be made the connecting link whereby 
combustion in the furinace is automatically con 

0. 

15 

20 
trolled in accordance with the analysis of the fue : 
gas which is made by analyzer cells O and 2. 
The speed reduction ratio between shaft 56 and rocker arm 124 is preferably so adjusted (as by 

varying the speed ratios of pinion f28 and gear 
30) that the rocker arm reciprocates once during 

the period consumed in passing a unit volume of . 
the gas or other fluid sample under test from 
orifice 156 through the analyzer, and in complet 
ing the analysis. Thus, if after - analysis has 
shown that a sample of the flue gas contains 4%. , 
excess CO the composition of the flue gas should 
change so that the CO content drops to 3%, the 
analyzer Would almost immediately, indicate the 
presence of an excess of oxygen in the gas stream 
leaving combustion chamber 86 resulting from 
the addition to the gas stream through valve 42 
of more air than that necessary to combine with 
the CO, now present in the sample. The higher 
temperatures developed in cell 2 would now cause 
the galvanometer needle to swing to the left and 
thereby actuate the reversing mechanism 22 to 
rotate shaft f26 counterclockwise. The rotation 
of the shaft would be so slow, as to arrest the 
closing of valve 42 at the point where the air 
passed thereby will substantially balance the re 
duced CO content in the flue gas delivered to 
combustion chamber 86 through orifice f 56. It 
will be understood that cam: 162 does not operate 
to open valve 64 until valve 42 has been en 
tirely closed by rotation of shaft 26 acting 
through cam 52. 
In place of the two differential meters or pres 

4) 

sure gauges 48 and f68, a single differential 
pressure gauge may be substituted having two 
pressure taps, one connected to the up-stream 
Side of valve 42 and the other to the up-stream 
Side of valve 64. ''' - 

By subjecting the gas sample to temperatures 
favoring combustion in combustion chamber 86, 
the intensities of any reactions which may later 
take place in cells to and f2 may be more ac 
curately measured without the possibility of in 
jury to the heating elements or thermocouples by 
development of excessively high temperatures. . . 
The invention as described is also adapted for 

the measurement of reactive components of fluid. 
mixtures by the addition thereto of fluid react 
ants which produce endothermic instead of exo 
thermic reactions, ' : '.' 

It is not essential that wire heating elements: 
be employed within the cells. O and f2, nor is it 
essential that catalytic material be employed in 
combustion chamber 86. All that is necessary is 
that conditions favoring combustion be main 
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tained by some means in chamber 86 and in cells 
fi) and 2. 

It Will also be understood that only a part of 
the gas passed through combustion chamber 86 
need go to the analyzer cells. and 2; and that 
the flow meters if 3 and 68 of the apparatus of 
Fig. 3 are the only elements thereof which need 
be calibrated, and this calibration need not be a 
made in place if the proper type of differential 
Inetter is used. The titration method of analysis 
underlying the apparatus of Fig. 3 not only op 
erates independently of fluctuations in all oper 
atting factors except the composition of the fluid 
mixture being measured, but it is also advan 
tageous in that there is no great time lag between 
the operation of the combustion analyzer and the 
moment that the indicating mechanism is ac 
tuated to record the composition of the fluid 
mixture under examination by the analyzer. 
The invention having been thus described, 

What is claimed as new is: 
1. The method of determining which one of 

tWO mutually reactive components is present in 
eXceSS in a gaseous mixture, which comprises 
Subjecting a continuously flowing sample of Said 
mixture to conditions under which reaction takes 
place between said components so as to increase 
the ratio of the excess component to the deficient 
component, dividing the resulting reaction mix 
ture into tWO uniformly proportional Streams, 
adding a Small increment of a gas reactive with 
One of Said components to one stream, adding a 
Small increment of a second gas reactive with the 
other component to the other stream, employing 
a sufficient volume of the increment gas which 
reacts With the excess component of the gas mix 
ture to give an indication of the presence of said 
exceSS component, proportioning the volumes of 
Said added incrementS With relation to each other 
so as to balance said increments with respect to 
their thermal capacities and heat conductivities, 
passing the thus modified Streams through iden 
tical reaction zones while Subjecting the streams 
to uniform conditions under which reaction takes 
place between the components and the gases reac 
tive thereWith, and indicating any difference in 
the intensities of the resultant reactions in the 
respective gaseous streams. 

2. The method of determining the amount of 
excess of one active component in a continuously 
flowing measured stream of a gaseous mixture 
Which may contain two mutually reactive con 
ponentS Which comprises, adding to said mix 
ture a reagent reactive With Said one active com 

5 ponent, reacting Said reagent and said compo 
nent, dividing the reaction mixture into two uni 
formly proportional portions, adding to one por 
tion a Small increment of said reagent, and si 
multaneously adding to the other portion a small 
in Crenent of a second reagent which is reactive 
With the first reagent adjusting the volumes of 
said added increments so as to balance their 
thermal capacities and heat conductivities, con 
currently subjecting the thus modified portions 
of the reaction mixture to conditions under which 
reaction takes place between the reactive com 
ponents and the added reagents, measuring the 
difference in the intensities of the resulting reac 
tions in the respective gaseous portions, adjusting 
the amount of first-named reagent added to the 
Original gaseous mixture So as to balance the in 
tensities of the last named reactions, and meas 
uring the amount of said first named reagent 
thus required. 

3. The method of determining the amount of 

excess of one combustion element in exit gases 
from a combustion operation which may contain 
another combustion element reactive With the 
former, which comprises adding a measured 
aimount of a fluid reactive With said first named 
combustion element to a continuously flowing 
measured sample stream of said exit gases, heat 
ing Said streann to a temperature faVOIring reaC 
tion between said fluid and Said element, cool 
ing the reaction mixture and dividing it into 
two uniformly proportional portions, adding to 
one portion a small increment of combustible 
and simultaneously adding to the other portion a 
Snail increment of a combustion Supporting gaS, 
the voiumes of said added combustible and Con 
bustion supporting gas increments being Sub 
stantially balanced with respect to their ther 
mai capacities and heat conductivities Within the 
reaction temperature range, concurrently Sub 
jecting the thus modified portions to tempera 
tures favoring combustion reactions, measuring 
the difference in the intensities of the resultant 
reactions in the respective gas portions, adjust 
ing the amount of reactive fluid added to the orig 
inal gas sample so as to balance the intensities 
of the final reactions, and measuring the amount 
of fuid reactant thus added in terms of the 
amount of said combustion element With which 
it reacts. 

4. The method of measuring the amount of 
a reactant in a fluid rnixture which comprises 
adiding to a contin LOU?Sly filowing, mea SUL red 
stream of the mixture a second reactant, Sub 
jecting the resultant mixture to conditions under 
which said reactants become mutually reactive, 
dividing the resultant reaction mixture into two 
uniformly proportional portions, adding a Small 
fixed increment of a fuid reactive with One of 
said reactants to one of the Said portions, add 
ing to the other portion a small fixed increment 
Of a fluid reactive with the other reactant, pro 
portioning the volumes of said added increments 
so as to balance said increments with respect to 
their thermal capacities and heat conductivities, 
concurrently reacting the respective portions in 
separate reaction zones thereby producing heat 
of unequal intensity in the respective zones, ad 
justing the amount of the second reactant added 
to the fluid inixture so as to balance the tem 
peratures developed within the said reaction 
Zoines, and measuring the amount of second re 
act3nt thus required. 

5. The method of measuring the extent of an 
incomplete chemical reaction which comprises, 
mixing a continuously flowing measured stream 
of a fluid product of the reaction with a regul 
lated annount of a Second fluid reactive With a 
comp3nent of the fluid product, reacting the 
fluid mixture under conditions substantially to 
reduce the amount of one of the reactive com 
ponents and form a residual reaction mixture, 
dividing the residual reaction mixture into two 
uniformly proportional portions, adding to one 
of the said portions a small increment of said 
second reactive fiuid, adding to the other por 
tion a Small increment of a fluid reactive With 
Said Second reactive fluid, proportioning the vol 
umes Cf Said added increments sol as to balance 
Said increments with respect to their thermal 
capacities and heat conductivities, thereafter 
cC3 currently subjecting the said fluid portions 
to Conditions producing reactions therein, meas 
uring the intensities of the last-named reactions 
in the respective fluid portions, adjusting the 

7 

10 

5 

20 

3 5 

40 

45 

55 

60 

65 

amount of the second reactive fluid added to the is 



S ... . . . 2,083,521 

chemical reaction product so as to balance the 
intensities of the last-named reactions, and 
measuring the amount of second reactive fluid 
thus required. . . . . . . . 

6. The method which comprises mixing a con 
tinuously flowing measured stream of a fluid 
with a regulated amount of a second fluid re 
active with the former, reacting the fluid miX 
ture thus formed under conditions substantially 

10 to reduce the amount of one of the reactive 
fluids and to form a residual reaction mixture, 
dividing the said reaction mixture into two uni formly proportional portions, adding to each of 
said portions a small fixed increment of Cne of 

15 two mutually reactive fluids, each of which is 
reactive with one of said first-named fluids, 
thereafter concurrently subjecting the said fluid 
portions to similar conditions, producing reac 
tion therein, developing opposed electromotive 

20 forces varying respectively in response to varia 
tions in the intensity of reaction in the respec 
tive portions, noting the direction of the result 
ant electromotive force, adjusting the amount of 
the second reactive fluid so as to balance the 3. 

25 intensities of said reactions, and measuring the 
amount of the second fluid thus required. 

7. Apparatus adapted for analyzing a continu 
ously flowing Sample stream of a fluid which 
may contain two mutually reactive components 

80 for the purpose of measuring the amount of ex 
cess of one of said components which comprises, 
means for mixing with said: first-named fluid a 
second fluid reactive with the component which 
is present in excess, a reaction chamber in which 

85 said mixture is subjected to temperatures favor 
ing reaction between said second fluid and said 
component, means for dividing the resultant re 
action mixture into two uniformly proportional 
portions, a device for modifying one of the said 

40 portions by introducing thereto, a small fixed 
increment of a fluid reactive with one of said 
active components, a device for similarly modi 
fying the other portion by introducing thereto 
a Small fixed increment of a fluid adapted to 

45. react with the other active component of said 
mixture, two reaction cells, means for directing 
One of said modified portions into one cell, means 
for directing the other modified portion into the 
other cell, means for indicating any difference 

50 in temperature developed in the two cells, and 
calibrated means for regulating and measuring 
the amount of Second reactive fluid which is 
added to the first-named fluid stream in order 
to balance the temperature developed in the cells. 

55. 8. In combination, means for continuously 
forming a regulated mixture of waste combus 
tion gases and a gaseous element of combustion, 
a combustion chamber and means for subject 
ing said gas mixture to temperatures favoring 
combustion reactions therein, means adapted to 
divide combustion gases leaving said combustion 
chamber into two uniformly proportional pOr 
tions, a device for mixing with one of said por 

65 tions a small fixed increment of a combustion 
supporting gas, a second device for mixing with 
the other portion a small fixed increment of a 
combustible gas, two combustion cells, means for 
separately conducting the respective portions to 

60 

70 corresponding cells, means adapted to measure 
any temperature differential between the respec 
tive cells, and calibrated means for measuring 
the volume of combustion element added to the 
waste gases in order to balance the temperatures 

75 developed in the cells, . . ... 

9. The method of determining whether the 
gaseous products of a combustion operation con 
tain an excess of a combustible gas or an excess of oxygen, which comprises subjecting a contin 
uously flowing stream of Said products to a tem- 5 
perature under which combustion reaction takes 
place between Said combustible gas and said oxy 
gen. So as to increase the ratio of the excess con 
stituent to the deficient constituent, dividing the 
resultant products of reaction into two uniformly 10 
proportional streams, adding a Small increment 
of an oxidizing gas Such as air to one stream, 
adding a small increment of a combustible gas 
Such as hydrogen to the other stream, propor 
tioning the volumes of said added increments so lö 
as to balance said increments with respect to 
their thermal capacities and heat conductivities, 
passing the thus-modified streams through iden 
tical combustion zones while subjecting the 
streams to uniform conditions of temperature 20 
under which combustion reaction takes place, and 
indicating any difference in the intensities of the 
resultant reactions in the respective streams. 

10. The method of determining the amount of 
excess of oxygen in the gaseous products of a 25 
Combustion Operation which may also contain 
combustible gas, which comprises adding a meas 
ured amount of a combustible gas to a contin 
uously flowing Sample stream of said combustion 

i products, heating said stream to a temperature at 80 
Which combustion reaction takes place between 
Said oxygen and said combustible gas, cooling the 
stream of products of said combustion reaction 
and dividing the stream into two uniformly pro 
portional portions, adding a small fixed increment 
of an Oxidizing gas to one of said portions, add 
ing to the other portion a small fixed increment 
of combustible gas, proportioning the volumes of . 
Said added increments so as to balance said in 
crements with respect to their thermal capacities 40 
and heat conductivities, concurrently subjecting 
the respective portions to conditions supporting 
combustion in separate identical combustion 
ZOnes, thereby producing heat of unequal inten 
sity in the respective zones, adjusting the amount 45 
of combustible gas added to the original gaseous 
products so as to balance the temperatures de 
Veloped within the said combustion zones, and 
measuring the amount of combustible gas thus 
required in terms of the amount of oxygen with 50 
which it reacts. 

ll. The method of determining the amount of 
excess of a combustible gas in the gaseous prod 
lucts of a combustion operation which may also 
contain oxygen reactive with the combustible gas, 55 
which comprises adding a measured amount of 
oxygen to a continuously flowing sample stream 
of Said combustion products, heating said stream 
to a temperature at which combustion reaction 
takes place between said oxygen and said com- 60 
bustible gas, cooling the stream of products of . 
said combustion reaction and dividing the stream 
into two uniformly proportional portions, adding 
a Small fixed increment of a combustible gas to 
one of said portions, adding to the other portion 65 
a Small fixed increment of oxygen, proportioning. 
the volumes of said added increments so as to. 
balance said increments with respect to their 
thermal capacities and heat conductivities, con- . . currently subjecting the respective portions to 70. 
conditions supporting combustion in separate re 
action Zones thereby producing heat of unequal 
intensity in the respective zones, adjusting the 
amount of oxygen added to the gaseous products 
of combustion so as to balance the temperatures 75 
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developed within the said reaction zones, and 
measuring the amount of oxygen thus required. 

12. In apparatus for analyzing waste combus 
tion gases for unburned combustible, a combus 
tion chamber and associated heating elements for 
maintaining temperatures forming combustion 
reactions therein, means for continuously form 
ing a regulated mixture of Waste combustion gases 
and a combustion supporting gas and introducing 
said mixture to said chamber, means adapted to 
withdraw a stream of products of combustion 
from Said chamber and to cool the same, means 
adapted to divide said stream of products into 
two uniformly proportional portions, a device for 
modifying One of the said portions by adding 
thereto a small fixed increment of a combustion 

9 
supporting gas, a second device for modifying 
the other portion by introducing thereto a small 
fixed increment of a combustible gas, said device 
being arranged to balance the volumes of added 
increment of combustion supporting gas and com-. 
bustible gas with respect to their heat capacities 
and heat conductivities, means for adjusting and 
measuring the relative proportions of the waste 
combustion gases and COmbustion Supporting gas 
flowing to the first named mixing means, two 
combustion cells, means for directing One of the 
said modified portions through each cell, and 
means for indicating any difference in tempera 
ture developed in the two cells, 
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