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I. INTROBGTION

Analysis of the products of commustion is a method

which has been used successfully for a number of years to

determine the ocmbustion efficiency and the optimum air-fuel

ratio of steam generator furnaoes. It is logical, therefore,

that attempts should.have been made to apply the same prin-

ciples to internal combustion engines. This idea was first

promulgated by Br. Dugald Glerk, an Englishman, as early as

1907 and was rapidly adopted by others.
At the present time there are at least a dozen

companies in the United States who produce some type of

exhaust gas analyzer intended specifioally for use in con-

; nection with gasoline engines. If reasonably dependable,

these devices could be a very useful tool to the engine

”tune-up“ mechanic, to the automotive research engineer,

and to the airplsne pilot by enabling them to tell quickly

and accurately when proper carburetor adjustment is secured.
1

Obviously, if this type of equipment is dnaeeurate its use

is not only wasteful of time and money but may result in

lowered efficiency and actual damage to the engine.
1 The average user of these instruments lacks the

« q technical knowledge and the laboratory facilities necessary

to determine for himself the characteristics of the varlous

T types and makes and is, therefore, a likely subject for

é extravagant advertising claims. It was in an effort to
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supply some reliable information regarding the limitations

~ of this type of apparatus that the investigation herein

described was conducted•

This thesis reviews the five important phases of

the problem of determining air•fuel ratio by exhaust gas

analysis: (1) the correlaticn between the chemical compo-

X sition of the oxhaust gases and the air-fuel ratio: (8) the

accuracy of the theories upon which the principles of anal-

ysis by different methods are based: (5) the fidelity with

which representative instruments actually indioate the true

( air-fuel ratio; (4) details of construction which are neces-

sary for continued reliability under service conditions, and

(5) the adaptability of the different types to various

usages.
Ihile it was, of course, impossible to investigate

thoroughly in the time available all of the factors_relating
to the entire subject, it is believed that this thesis will

Y
be of interest to a great many of those who may have occasion

to employ gasoline engine exhaust gas analysis methods. ·



II. REVIEW OF LITERATURE

Historical

The science of gas analysis is almost as old as

chemistry itself, but it is only within the last century
‘ that attempts have been made to replace ehemical methods ·

with the simpler and faster physical principles. It

isthoughtthat the basis of the thermal conductivity method,

which is the method most widely used in automotive work, was

discovered in 1840 by an Ehglißh physicist, Andrews, who

' notioed that the glow of a red-hot wire, electrically heated
y I

and stretched along the center of a cylinderical tube, was

considerably reduced when the air in the tube was replaccd

by hydrogen (4).

Apparently the potentialities of Andrews‘ discovery

were not realized for some years because the first known ap-

plication of this principle was by Leon Somzee who, about

1880, suggested the utilization of a hot-wire instrument for

measuring the thermal conductivity of gases (12). Soon there-
· after various other investigators developed improved devices

for determining the thermal oonductivity of gases by this
' method. '

Probably the first instrument designed to employ

the thermal conductivity principle to gas analysis was made

by the Vereinigte Maschinenfabrik of Augsburg, Germany, and
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was patented there end in England in 1904.
The World War gave added impetus to the development

of this type of instrument for the determination of the con-

centration of hydrogen used in balloons, and various modifi-

oations of the thermal conductivity type of analyzer were

g developed in rapid suceession by Koepsel and by the Siemens {

·
& Halske Company in Germany, by s professor of physics named

Shakespear in England, and by the Sperry Gyrosoope Company
A

and by the University of Galifornia in the United States (12).
[

A11 of the work described so far was directed toward

the analysis of oomercial gases, though Koepsel did suggest

the possibility of the application of his instrument to the

. determination of the carbon dioxide ooncentration in flue

gases. So far as is known, Dr. Dugald Clark was the first

person to suggest (in a paper presented before the Institut-

ion of Automobile Engineers in 1907) that exhaust gas analysis
\

might be used as a guide in adjusting the carburetors of

internal combustion engines (9). Another British engineer,

W. Watson, furthered Dr. C1erk's idea and at a subsequent

meeting of the SGEB Institution advanced definite proposals

for a study of the matter. The idea was rapidly investigated

by a number of other workers in the field, both from the

standpoint of improving engine efficiency and from that of

limiting the carbon monoxide content of exhaust gases to a

point where they would not endanger human life or health.
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The early investigators in this field were hampered,

however, by the lack of practicable equipment and by a dearth

of information on the interrelation between air-fuel ratio

3 and exhaust gas composition. Both of these impediments have
) been overoome to a considerable extent in subsequent years.

The Cambridge Instrument Company of New Yorkclaimsthat

it developed in 1924 the ”first successful and accurate

instrument for the measurement of air-fuel ratio by thermal

oenductivity analysis of the exhaust gases of gasoline engines

..,.., oonsiderably before the market was ready for it' (11).

Relation of Exhaust Analysis to Air-Fuel Ratio

Exhaust gas analysis is obviously valueless unless

a definite relation exists between it and the ratdo of the

air and fuel supplied to the engine, and unless this relation

is accurately known. Huch work has been done on this funda-

mental phase of the problem and no treatise on the subject

would be complete without a résumä of the results achieved.

Outstanding work in this field has been aocomplished

by the United States Bureau of Mines (5), (15), the National

Advisory Committee en Aerenauties (6),(7),(18), the Univers-

ity of Illinois Engineering Experiment Station (8),(13),(l4),

the Perdue University Engineering Experiment Station (1),

the Research Laboratories Division of the General Motors

Corporation (5), and others.
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Since it ie not the purpose of this thesis to exam-

ine in detail the chemistry of oombustion in gasoline engines,

only a summary of this work will be given. The data of pre-

vious investigators have been thcroughly and ably examined

and oorrelated by Graf, Gleason, and Paul in the Oregon State

College Engineering Experiment Station Bulletin entitled,

‘Interpretation of Exhaust Gas Ana1yses” (9). Their con- ,

clusions are of such importance that they will be quoted

verbatim:
.

~
1. Although very evident correlation exists

between the various constituents of exhaust

gas from gasoline power plants, such data es

are available show marked deviations which

probably result from several possible causes -
namely, poor distribution, air leakage, type

and condition of engine, or method of sampling

gases.

2. By far the greater pcrtion of complete

tests as reported in literature have been con-

ducted upon engines that were in no respect

modern according to present ideas.

5. Many cf the assumed oorrelations or rela-

tionships expressed in literature are only

approximate and then only within a restricted
·

range.

„„„„___________________________________________________________________________.„4
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4. Exhaust gas analysis as a test procedure

is well on the way tc universal adoption.

5. Instrument manufacturers have made avail-
able various instruments that operate upon
exhaust gases to indicate directly air-fuel

ratlos, ccmpleteness of combustion, or both.
6. Here satisfactory oorrelations from

‘ accurate analyses are desirable to enable the
construction of more accurate charts cr graphs

for routine testing.

7. There are still many unsolved problems

connected with exhaust gas analyses, chief
among which are the equilibrium considerationsinvolved. U
These authors a1=o point out the fact that dis-

Y association is considered to be a function of maximum combus-
tion temperature, and that the exhaust analysis reflects the

effects of disassociation. They add, however, that there has
been little correlation between theory and experience regard-

ing the effects of this phencmenon.
The work of Graf, Gleason, and Paul was followed in

1935 by somewhat similar investigations by B. A. D'A1leva and

W. G. Lovell of the General Hotcrs Research Laboratories
staff (5). This research was conducted with three different
sizes and types of multi-cylinder engines, both in the above-
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mentioned laboratories and in those of the Ethyl Gasoline

Corporation in Detroit. Air flow measurements were made

with a special type of positive displacement meter and by

means of an accurately calibrated orifice. Gas samples

were oollected over mercury, and were carefully analyzed

with a Standard-Burrell (ohemical) gas analysis apparatus.

The analyses of the various samples formed under different

conditions show a close agreement when plotted against air-

fuel ratio, the maximum variation in any case being in the

order of one per cent. These experimental analyses also

checked fairly well with theoretical values computed by

D'A1leva and Lovell.
From the evidence presented, it would seem that a

reasonably well defined relationship does exist between the

air—fuel ratio supplied to an engine and the chemical com-

position of the exhaust gases resulting therefrom. This fact,

then, provides a sound theoretical basis for mixture ratio

_ determination by exhaust gas analysis, provided great aocu-

racy is not expected.

Methods of Analysis

A gcnerous supply of literature, ranging from the

highly technical to the patently commercial, is available on

the several types of instruments used for automotive exhaust

gas analysis. All of the reliable information, however,
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oarefully avoids mention of the degree of accuraoy which may

be expected of the various instruments commercially available.

It is in hopes of partly alleviating this deficiency that

this thesis is being written.

p An unusually comprehensive treatise on gas analysis

by the thermal conduotivity method was written by Palmer and

Weaver of the Iatienal Bureau of Standards in 1924. lwhile

this report (12) is not very up·to-date, and hardly mentions

the subject of internal combustion engine exhaust analysis,

it does give a thorcugh discussion of the principles and

probleme involved. Two statements made by these scientists

are of especial signifieance as regards this thesis, namely,

(1) that reasonable variations in pressure (about one atmos-

phere) do not appreciably affect the thermal eonductivity of

a gas and (2) that this type of instrument is relatively

insensitive to small variations in the rate of flow. As will
Abe

shown later, experimental data obtained by the author

would indicate that such is not the case. A paper entitled

*Pressure Error in Gas Analysis by the Thermal Gcnductivity

Method' by Dr. J. G. H. Bullowa (B) also offers certain

evidence to the contrary. It is also pertinent to note that

several manufacturers of this type cf apparatus specifically

mention the fact that their particular instruments are so

designed as not to be affected by variations in pressure and.

rate of flow (4),(l6).
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The hot·wire catalytic and the relative density

principles of gas analysis are much less frequently emplcyed
~

in instruments intended for automotive work than the thermal

conductivity method, and correspcndingly less has been

written about them. Very good descriptions of the catalytic

type are given by Hiller Reese Hutchison (10) and by L. T.

White (1*7), however, and certain commercial bulletins (4),

- (16) contain good comparisons cf the different methods if

due allowance be made for the prejudice of the companies

publishing them.
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III. EXEERIHEETAL

Pugpose

The ultimate object of this investigation was to
determine the limits of accuraoy of the several types of

exhaust gas analyzers used in automotive work under various
conditions likely te be enoountered in crdinary service, and
to suggest ways in which these instruments might be made to

‘
render greater satisfaction.

Plan of Investigation

The fundamental aim stated above may ba broken down
v

into several more·or•less basic problems which served as a

guide for the following steps in the investigation:
1. A review of the relations which have been found

to exist between the ratio of air and fuel supplied to an

engine to the ohemical oomposition of the resulting products

p of oombustion. This was necessary in order to determine the ·

dependableness cf the underlying principle upon which each

type of instrument is based.
2. A study of the operating principles of each of

' the several types of instruments in an attempt to establish

their inherent limitations and applicability to the problem

involved.
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3. An investigation as tc the teasibility of ap-

plying the underlying theoretical principles to the construc-

tion of commercial instruments without sacrtficing acouraoy
or durahility.

(

4. Actual tests cf one or more cf each type of
instrument under carefully controlled conditions in order to

determine their range, accuracy, and general operating char-
acteristics under various conditions normally enoountered in

service.

§9.922S1:
instruments, representing five different manu-

·
facturers and four different operating principles, were
tested. Two of the instruments utilised the thermal conduc--
tivity method, one the hot-wire catalytic principle, one the
relative density prinoiple, and two were cf the Orsat (selec-
tive ahsorpticn) type. Detailed descripticns and explanations_

of these several pieces of apparatus are given in a later
section of this thesis under "Apparatus" (page 21).

It should he pointed out at this time, however,

that there are sight or ten makes of thermal oonductivity

exhaust gas analysers on the American market today and that

the particular makes tested were of the low and medium price e

classes and presumably were not representative of the best
that can be obtained. This statement does not apply tc the

other types under discussion.
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Ls regards the scope of the actual tests performed

on this equipment, both time and material facilities available

limited the investigation to the most important phases önly.

_ Tests were confined to one (single•cyl1nder) engine, to one

speed, to one compression ratio, to one brand of gasoline,

and to a single engine temperature, mixture temperature, and

exhaust temperature. All runs were made at full throttle

only, and no effort was made tc regulate the humidity of the
F air oonsumed by the engine. However, as wide a range of

mixture ratios as possible were employed and the effect of

spark advance and of exhaust pressure were investigated rather

thoroughly. It was Judged from the results thus obtained that

the small variations in readings which might possibly have

been secured under other conditions would not have been de-

teotable, so large was the range of error of the instruments.

Apparatus · General
H

Figure l(a) (next page) shows two views of the

equipment used in these tests. It consisted essentially of

a test engine direct-connected to an electric dynamometer and
(

provided with the necessary accessories and control apparatus.

The fuel burette and controls can be seen on the panel above

the dynamometer, Just to the right of the engine. It will be

noted that the air intake of the right-hand oarburetor is

connected to a large surge chamber located above the fuel

E
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control panel. From the surge tank a pipe led to the gas meter

(not shown) plaoed at the right end of the dynamometer. The

o function of the surge chamber was, of course, to suppress the

pulsations in the intake air, thus insuring operation of the

meter under conditions the same as existed when the devicewas calibrated. ·
im The exhaust pipe is connected to the rear of the

engine oylinder and extends parallel to, and behind, the

dynamometer. Hear the end of the exhaust pipe may be seen

_ the nipples to which the analyzer hoses were connected. A

length of three-eights-inch water pipe was run inside of the

exhaust pipe to permit regulation of the temperature of the

exhaust gases. The thermometer used to measure this temper-

ature (not shown) was inserted in the exhaust pipe near the

sampling nipples, and the exhaust pressure manometer was con-

nected in the same vieinity.

The rheostat used for adjusting the mixture heater

may be seen on the front of the engine stand. The inlet man-

ifold vacuum was indicated by the U-tube manometer to the w

right of the fuel burette, and the mixture temperature was

measured by the thermometer inserted in the intake pipe just

in front of the cylinder.

The small tank above and to the left of the engine

is the jacket water condenser, and valves for controlling

both cooling and make·up water may be seen just above it.
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Apparetus - Accessory Egudggent

Engine
Enke: Ghristie Variable Compression ägginez

uid. by the Christie Hachine I ks,
San Francisco, Cal.

Type: Vertical, single-cylinder, water-cooled,
valve—1n•head, four-stroke-cycle gasoline
engine with cylinder and head movable axially
as a unit to permit varying compression ratio.

Bora: 3-1/16 in.
’ Strcke: 4•1/2 in.

C8Yb· Two Schebler Model DIL 87 single-venturi com-
uretionz pensating jet type with adjustable needle

valve in main jet and one in idling jet.
Carburetors connected to inteke pipe by means
of a three-way valve permitting use ot only
one carburetor at a time. Intake pipe

· electrically heated.
Ignition: Conyentional jump-spark battery system with

manual spark advance, Autc·Lite siägle-arm
breaker geared to camshaft, and du -sccondary
ignition coil. One seccndary winding of coil
connected to spark advance indicator dial.
Breaker point gap 0.022 in., spark plug gap

, 0.025 in.
Valves: Poppet type, one inlet and one exhaust, set

vertically in top ot cylindrical combusticn
chamber.
Tappet clearance (cold) · Exhaust 0.012 in. »

- Inlet 0.010 in.

Valve Single overhead camshait driven through gear
Gear: train and vertical splined shaft (to permit

movement ct cybinder head): rocker arms with
ball bearing cam followers and adjustable
cams.

Valve Exhaust clcses 0 deg. t.d.c.
Timing: Exhaust opens 35 deg. b.b.d.c.

Inlet opens 5 deg. b.t.d.c.
Inlet clcses 30 deg. a.b.d.o.
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Cooling
System: Water—jacketed cylinder barrel and head;

foroed eireulationz evaporative type with
water—eooled condenser.

Dynamometer: Four horsepewer d.o. electric cradle—type,
manufactured by Diehl Electric Co., equiped.
with Fairbanks beam balance and necessary
control equipment.

Gas Meter: (Used fer measuring air flow), positive° displaeement type, manufactured by John J.
Griffin s Co., Philadelphia, Pa. Type 30A,
Serial Ho. 922380, Roanoke Gas Go. meter
Ho. 2923.

Calibra-
tion: (By Roanoke Gas Co. on National Bureau of

Standards certified gascmeter)
Before test 0.4% error at rated capacity

-0.4%·error at 180 cu.ft./hr.
After test 1.0% error at rated capacity

1.4% error at 180 cu.ft./hr.

Fuel Burette: Conventional fuel measuring type with 50
and 150 e.e. bulbsg individually calibrated.

- Tachometer: Electric tachometer manufaotured by the
(Panel) Westen Electric Instrument Co., for the

Bristol Co., Iaterbury, Conn. -
Indicator Hßäél 18252, Serial No. 436·
Magnete Model 44, Type A, Serial Ho. 8501.

Taehometerz Multi·range eentrifugal type manufactured by
(Hand) The Foxboro Co., Foxboro, Mass.,

Model S 7/6 30000, Serlal No. 155901.
Thermometers:

Bxhaust: 0 · 400°F. standard etehed glass stem, total E
immersion type, mercury and nitrcgen filled,
graduated to two degrees.

Zuixturez
0”·

300°F., same as above.
Water
Outlet: ·0 — 220°F., same as above.
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Thermometers:' (cc¤e·d>
' Water

”
Inletz 0 · 840°F. industrial type, mercury filled,

6 in., graduated to two degrees.

Atmos-
phere: Part of Tyoos hygrometer, praotically same

o as water inlet thermometer.

Fuel: Easo gasoline (regular grade). Produced by
the Standard 011 Co. of N. J.; specific
gravity 0.730 at 80 °F.

Lubrioants Engine eraekeeee oil Essolube SAE 30, produced
by the Standard 011 Co. of N. J.

Stop Watch: Manufactured by the R. J. leylan Co.: graduated
to one•tenth second.

Apgaratus - Analyzers

Instrument
"A”:

Name: Hixture Master Combustion Indicator

lfd. by: Electro Products Co., New York, N. Y.

Type: Thermal conduotivity

Serial lo.E3652

Range: 10 to 16 air·fuel ratio
53 to 100% ocmbustion efficieney

Index: Adjust current 13 a.f.r.
Balance meter 10 a.f.r.

Instrument “B*:

Name: Allen Combustion Analyzer

lfd. by: Allen Electric & Equipment Co.,
Kalamazoo, Mich.

N Type: Thermal conductivity
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Instrument ”B”
( Gont · ar _

Ibdelz G38
Serial No.l68299
Range: 10.7 tc 16 air-fuel ratio

60 to 100% ccmbustion efficiency

Index: Adjust current 16+ (ctt scale)
, . Balance meter 12.8

Instrument '0'
·

Name: Stromberg Precision Exhsust Gas Analyst

NEd„ by: E. A„ Strcmberg Go., Ghicagc, Ill.

Type : KON-•I11‘I catalytic

Medal: E11
_ Serial §¤•14$6 •

Range: 9.5 to 15 air-fuel ratio
_ 50 tc 100% combuation etticiency

Index: Adjust current 9.5
r · Balance meter 13.1

Instrument “D'

Name: Ranarex
lid. by: Ranarex Instrument Ddv. ot The Permntit 00.,

New York, N. Y.
6 Type: Relative denaity

_ lodelz Bendix Ranarex
Serial No.?-1517
Range: 8 to 17 a1r—£uel ratio

eg;

50 to 100% ccmbuaticnettioiencyIndex:

A1r·check ll.5
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Instrument
*E”

Name: Hays Improved Gas Analyzer

ltd. by: Ehe Hays Corp.,1I1eh1gan Ggty, Ind.
S Eype: Orsat (selective chemieal absorptionl

Model: 3-unit 'Engineers' Hodel“

ser1a1 No.462980•l
Capacity: 50 e.o. gas sample

Least _
Reading: e.z$

p Reagents: Hays Cardisorber (for 602)
Hays Seezo (tor 0 )
Hays ouproäs chloräde (for so)

I
Instrument 'F*

Name: Hays Orsatomat

lfd. by: Ehe H8}! Corp., Michigan City, Ind:

Eype: Automatic Orsat, tor 008 and CB
Hmdel: Catalog No. 6007

·

Serial No.908850 L 7

Range: 0 to 20% too, + 02)

Least ,‘ Reading: 0.5%

Reagentsz Hays Cardisorber (tor 002)
Hays Seezßg (tor 02)
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’ 5
— Apparatus - gperation _

W
” The operation of the thermal ccnduetivity type of

_ W exhaust gas analyzer is based upon the fact that all elemen-

.
’ ' tary gases have a slightly different coefficient of thermal

I
W conduetivity. The thermal ccnductivity coefficient of a

°J mixture of gases thus varies with the composition (both qual-
‘

itative and quantitative) of the mixture.
A

W It has been found that the composition of the gases

'— _ resulting from the combusticn of gascline in an engine cylin-

der is aecurately governed by the ameunt of air supplied to
j·‘_

burn a unit of fuel. Since this is true, it would seem log-

ieal that the thermal ccnduetivity of the ethauet gases

· should also bear some definite relation to the air·fuel ratio,
5)

and such has been found to be the case.

g Ordinarily, exhaust gas analyzers of the type under
‘

_ discussion de not actually measure the thermal conductivity

'
ä of the exhaust gas but compare it with the thermal conductiv-

· ·‘ ity of some reference gas, generally air. It is thus pos-
V

sible to calibrate the instrument in such a manner that the
U

readings are directly in terms of air-fuel ratio, percentage

W of completeness of combustion, or both.

Y ‘ Basically, the operation of the instrument is as

follews: An electrical circuit comprised ef four resistances,
”,

W a galvanometer, and a battery is arranged in the form of the
Ä”W

well-known Wheatstone bridge. ¤•1err1¤g to Figure 2, it can
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‘ be seen that two of the arms of the bridge are eneased in

”.
holes A and E in the metal cell block. cell A is filled with

„ Ä
~ the reference gas (air) while the ga= to be analyzed is al-

Ä
_ lowed tc diffuse through cell E from gas passage P. The

h other two resistances, R1 and R2, are fixed resistances and
may er may not be encloeed in the cell block. When the

proper switches are closed and the necessary adjustments made,

_ x R1,·R2, RA, and RE will all have the same resistance and

, current from the battery will be evenly divided between the
‘ two sides of the bridge, resulting in no deflection of the

/ ) galvanometer. The flow of current through coils RA and RE
'.” — will cause them to heat up (generally to about 100 °C•) and

their resistance will thus be increased appreciably because

_
( Ä‘ they are made of platinum, nickel, or other metal having a

high temperature ooefficient cf resietance. There will still

. Ä be no current passing through the galvanometer, however, if

h
) U

the temperatures of both coils are the same.
Xd,

If, as is often the case, the thermal conductivity

r , of the gas in cell E is different from that of the air in A,

· then the two wires will not attain the same temperature

"
(because one will be ccoled by the surrounding gas more rap-

Ä
— A idly than the other) and thus will not have identical resist-

ances. Thiä inequality in reaistance between R; and RE will

unbalance the bridge (R1 and R2 are still at the same temper-

atures as they are both exposed to air), thus causing a
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' deflecticn of the galvancmeter. The movement of the needle

will be proportional to the difference between the thermal
U

conductivity of the reference gas and that of the sample
·‘

being tested, and since this was shown to be a function cf

mixture ratio, the scale on the instrument can be graduated
[ in terms of thelatter.In

order for the readings of the analyzer to be
[

consistent, the circuit must be balanced and the current

flowing through it must always be the same. THBBB adjust-

ments are achieved by means of two rheostats, Eb and H6.
/ First, the current is adjusted to a fixed value by moving

switch S1 to position l (as shown), and placing the other

switch, Sg, in position 2. (Both switches are gsnerally

made as a single unit to simplify this procedure). The gal- ‘

vancmeter is now in parallel with fixed resistanee (Rg 4”Rg)

and acts as a millivoltmeter to measure the FRI drop” across

this resistance. The deflection cf the pointer is thus pro·

portional to the current flowing through Rg, and this current

‘ can be regulated by means ef rheostat Rc. On all instruments
h there is an index on the galvancmeter scale to which the

pointer is brought to adjust the current to the correct
‘”

value. When the current is thus adjusted, it will not change

g except as the battery voltage decreases through use, provided

the temperature cf R2 remains substantially constant and

equal to that of R1 (as is usually the oase). however, this
‘

.,..,



29
ß

adjustment should be checked at fairly frequent intervals

when the instrument is in use, especially if the batteries

are small or if they are nearly ”run down".

When the current is properly adjusted, the bridge

may be balanced after first reversing the position of the
( o switches (moving S1 to point 2 and 82 to point l) and

blowingfreshair into gas cell, E. These conditions having been met,

rheostat Rh is adjusted until the deflection of the galvan-

ometer is zero. This point is indicated on the scale by

_ another special index mark. After this adjustment the instru-

— ment is ready for operation and the bridge should remain in

balance as long as the temperatures of resistances R1, R2,
. iand R! are equal. Frequently, however, (especially in the

cheaper instruments) Bl and.R8 are not mounted in the cell
block and therefore will not attain as high a temperature as

R;. For this reason, the balance of the bridge, as well as

the current adJustment,_should be checked frequently, at least

until the apparatus has thorcughly warmed up.

In construction and operation, the hot-wire cata-

lytic type of instrument is almost identical to the thermal
‘ _ conductivity type just described. The only difference lies

in the fact that in the catalytic type the resistanoes are

so designed that ooils RA and RE operate at red heat instead

of at relatively low temperatures. Platinum, the material

of which these wires are generally made, has the property of
;ü’”

ass1st1ng cr causing combustion which would not OGGHP if no
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catalyst were present. Therefore, when exhaust gas containing

combustible const1tuents such as hydrogen, carbon monoxide,

er methane is mixed with a small amount of air and passes

over the glowing platinum wire, combustion ensues on the sur-

face of the wire, thus raising its temperature considerably.
A‘f!A

The resistance of coil RE is thereby greatly increased and w

the bridge becomes unbalanced, the deflection of the galva—

nometer indicating the relative quantity of the unburned

gases in the exhaust. These quantities, like thermal conduc-

' tivity, bear a certain relation to the air·fuel ratio sup-

plied to the engine and hence the scale can be graduated in ·

terms of air-fuel ratio and completeness of eombustion as

before.‘
lt is apparent that the catalytic method is also

affected by the thermal oonductivity of the gases to some

, extent. The effects of variations of this property have a

negligible effect on the temperature of the hot wire, however,

as oompared with the temperature rise caused by combustion.

It is equally obvious that this type of instrument

is of no value whatsoever for analyzing gases which contain

no combustible constituents. Thé significance of this lim-

itation in connection with engine exhaust analysis is dis·

oussed in detail in a later section of thisthesis._

A third type of analyzer utilizes the density of

the exhaust gases as an indication of air·fuel ratio. Thé

computed relation between density and mixture ratio is shown
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· in Figure 4 on page 47. Thus, if the density of the gases

w can be accurately determined, the air-fuel ratio can likewise

be found, provided it is not greater than 14.7 tc 1.
{ {

The principles of operation and the essential con-

struction features of the Ranarex analyzer (the only Ameri-

can-made instrument employing this method for engine exhaust
‘. gas analysis) are shown in the cut on the preceding page. The

instrument consists of two cylindrical chambers, each con-

taining a set of two impellers. One impeller of each pair

rotates at constant speed, driven by an electric motor. The

second wheel in each set is free to rotate except as con-

strained by the linkage outside of the housings which con-

· nect these wheels to each other and to the pointer of the e
{ {{

instrument. The two rotating fans, which turn in opposite

directions, impart a whirling motion to the gases surrounding

them. Thlß motion of the gas exerts a tcrque on the opposite

impellers. Because the torques on the two 1nter—connected

{wheels are in opposite directions, however, they will rotate

only until an equilibrium point is reached, this point de-

~ pending on the density of the gas in each roter casing and
{

- also on the design of the linkage connecting the two stator *
— wheels. Once the lay-out of the linkage is properly fixed,

{
the device becomes an instrument for measuring the density

of one gas as compared with another. This principle is ap-
{ ‘ plied to the problem of gas analysis simply by drawing air

am„W„M„.„„....________________________________________________________________.n
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into one chamber and the gas to be analyzed into the other.

Both are presumably at the same temperature and pressure

(approximately atmospheric), and both are saturated with

moisture by means of humidifiers incorporated in the instru-

' ment; therefore the relative dcnsity should always give an

indication of the air-fuel ratio, regardless of slight

changes in surrounding conditions.

Of course, the cldest and most reliable way of

analyzing gases of any kind is by one of the established

chemical methods. The Orsat apperatus was used periodically

/
·1n

this investigation as a check on the other instruments,

but since chemical analysis is not within the scope of this

work, it will not be discussed in any detail. The Hays

Orsatomat, which was used in some of these tests, is simply

a modification of one of the several forms of automatic

instruments operating on the Orsat principle which are to

be found in most steam generating plante.

ProcedureThe

procedure followed in this experimental work

was quite simple. Basically, it consisted of maintaining

constant every factor possible during a given run and vary-

ing only the air-fuel ratio.
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These various elements might be itemized more specifically

as follcwsz

1. Factors maintained as nearly constant as

possible:
” a. Engine compression ratio (6.0 te 1)

b. Engine speed (1400 5 10 r.p.m.)

. c. Engine Jacket water temperature (195 *,5 °F.)

d. llixture temperature (140 e 5 °F.)

e. Exhaust temperature (130 1: 10 °F.)

_ f. Exhaust pressure, except where intentionally

varied

g. Throttle opening (full)

h. Spark advance, except where intentionally

varied
4

1. Brand and grade of fuel used

3. Quantity of fuel used per run (150 c.c.)

B. Factors beyond control, but presumably fairly

constant:

a. Barometric pressure

b. Room temperature

g c. Humidity of intake air 1

3. Iaptors automatically varied by ohangine air-

1 fuel ratio:

a. Specific fuel consumption

b. Power developed by engine
A
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The ”standard” runs were made with a spark advance

uof 25 crankshaft degrees before top dead center (approximate—

ly the spark setting for maximum power) and an exhaust pres-

sure (meaeured at the analyzer taps on the exhaust pipe) of

about 0.9 inches of_marcury above atmosphere. Three separate

runs were made at different times under these identical con-

ditions in order to give a thorough check on the cbservations

^ and results. Three other series of runs were made under con-

ditions the same as before except with a spark advance of l5°,

Z5° and 40°, respectively. Another series of four runs was

made with a spark advance of 25° but with an exhaust pressure
‘of

approximetely 0.25 inehes of mercury instead of 0.9 inohes.

In each of these series one basic run was made in which the

mixture ratio was varied from the leanest on which the engine

would run without missing excessively, to the riehest, in the

smalle=t possible inorements (approximately 0.02 turns of the

carburetor needle valve). In the check runs, larger steps

were used, and in some cases not so wide a range was covered.

In all of the series of runs so far described the

gas analyzers were attached to nipples on the exhaust pipe

by means of hose supplied by the manufacturers, and no attempt

was made to regulate the pressure of the gas at the instru-

ments, nor its rate of flow, other than by maintaining a con-

stant pressure at the source as previously mentioned. A

final series of observations were made, however, 1n which the g
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pressure of the gas was reguleted separetely at each instru-

ment, and this pressure was varied through the total avail-

able range in order to determine more eccurately the effect

of the rate of flow cn the accuracy of the instruments.

Ho provision was made for drying or filtering the

gases before they entered the analyzers because it was de-

sired to simulate actual service conditions as cloeely as

' possible. Gare was taken, however, to prevent the accumu-

lation of appreciable quantities cf water in the hoses lead-

ing to the instruments. After about half of the tests were

completed (et end of Run Ko. 618), instruments 'A", ”B” and
”G' were flushed with alcohol to clean the gas celle (as

instructed by one manufacturer) and a check run was made to
‘

determine the effect of this cleaning. No change could be

obeerved so the procedure was not repeated.

In all cases, the manufacturers' instructions were

followed explicitly in the manipulation of the gas analyzers,
L

and every precaution was observed to see that these instru-

ments were handled properly. Prior to making any reading,

all of the analyzers were disconnected from the gas source,

thoroughly aspirated with air, and balanced or otherwise

adjusted as specified. Immediately after the readings were

taken, the instruments were again disconneoted, cleared of

exhaust gases, and rechecked for balance. Readings were

taken of all analyzers as nearly simultaneously as possible,
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but only after the indication became steady. These cbser·

vation= were re-checked after approximately one minute had

elapsed.
— Air and fuel consumption were measured for practi-

cally the same period of time so as to obtain corresponding

values, and the duration of the measuring period was suffic-

_ ient to insure obtaining average values. One hundred fifty

oubic centimeters of gasoline and 35 cubic feet of air were

consumed during each test period, the time required for each

of these quantities to be used being measured independently

with stop watches. The time required averaged about five

minutes. Exhaust gas =amples for analysis were obtained at

approximately the middle of this period, enfficient time

having elapsed since conditions were last changed to insure

the presenoe of *fresh” gases in the exhaust pipe.
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ata and Results

Although it is believed that the tables and curves

which appear on the succeeding pages are for the most part
‘ self·explanatory, it may be well to make a few comments re-

garding them. v
A

The following key to the system of run numbers used

in identifying the various observations might be helpful:

The first digit of the number is an indication cf the date

on which the run was made. The second numeral identifies the

series or group of runs, and the third (and fourth, if any)

figure(s) is simply the observation or run number.

It will be noticed that the tables are crganized so

that each contains the data secured under certain similar

gconditions, though possibly in different series of runs.

The tests shown in Table l(o) were conducted under practically
R

the same conditions as the tests of Table l(a), but are not

included in the latter because they were check runs made near

the end of the investigation to determine whether the results

obtained earlier could be duplicated.
The term Tneedle valve setting' which appears in

several of the tables refers to the carburetor adjustment by

means of which the air—fuel ratio was changed. It is useful

chiefly for purposes of comparison, and may be considered

purely as a relative number. I
Air·fue1 ratio is, cf course, expressed in pounds

of air per pound of fuel at room conditions.
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’ E TableI(a)DATA

ABD RESULTS BY EXHAU8! GAS ANALYZERS
_ Spark Advance 25° Exhaust Pres. 0.8 "Hg

Run Ieedle Air- Inatrument Read. air—£ne1 ratie E
v•1v. Fuel

: 111 9 15.8 14.8 15.6 15.6 15.6
· ' 112 9 17.7 14.7 15.4 15.7 15.6

_ 115 10 15.7 15.0 15.7 15.9 15.7
114 11 14.5 15.1 15.8 15.9 E 15.8

. 115 12 15.2 15.8 15.0 15.4 15.1
116 15 12.5 12.5 12.5 12.6 12.8
117 14 11.5 11.5 11.5 11.512.5_

· ' 118 15 10.9 10.6 11.5 10.9 12.0
119 16 10.4 ··-· 11.0 10.1 11.5

* 1110 17 , 9.8 -··· --·· ---· 11.2 ”
1111 20 8.6 -·—- --•· --·• 9.6
1112 25 6.5 ··--

-•·• ·•·· 8.5

211 9 16.9 14.9 15.6 15.7 12.8 °
4 212 10 15.6 15.2 15.7 · 15.9_ 15.1

215 11 14.4 15.5 15.7 15.7 15.2
~ 214 12 15.5e 15.8 15.2 15.5 15.0

215 15 ,~12.5„ 12.7 12.5 12.5 12.2
216 14 11.7 11.5 11.9 11.7 11.5
217 15 10.9 10.5 11.2 10.7 11.0’ 218 16 10.4 •-•- 11.0 10.1 10.7
219 17 9.9 ·-·— 10.5 ··•- 10.1 ·
2110 22 8.5 •-·- ~-•• T •••• 8.8

.° Qegetgt gta
\

. Engine Speed 1400 1•.p.¤. Ave. water Temp. 198 °1*.
ccnpreeeien Ratte 6 to 1 lixture Temp. 140 °1•.
Beae Gaecline (regular) Exhauat Temp. 130 °l'..
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table Ifb)

6 NMEI IND RESULEB BY EIHIUST GAS ANALYZERB

Ben Needle Air- atrament Read. air-·£u•1 ratio
Valve Fuel

Spark Advance 15° Exhanat Pres. 0.8 'Hg

131 9 17.4 14.6 13.4 13.5 13.3
132 11 14.4 15.2_ 13.7 13.8 13.3
231 9 17.3 14.8 13.5 13.6 13.4
232 10 15.8 14.9 13.6 13.8 13.5
233 11 14.6° 15.0 13.8 13.7 13.3
234 12 13.4 13.8 13.2 13.3 13.0
235 13 12.5 12.4 12.4 12.4 12.1
236 15 10.9 10.3 11.2 10.5 10.9

Spark Advance 35°
I

Exhaust Pres. 0.8 "Hg

121 9 17.0 14.8 13.4 13.8 13.3
122 9 17.0 14.8 ’ 13.4 13.5 12.9
123 11 14.4 ,” 15.3 13.8 14.0 13.2
124 13 12.4 12.9 12.6 12.6 11.9
125 15 10.9 10.8 11.4 11.2 11.8
126 17 9.9 •-—— 10.8 9.7 10.2
Spark Advance 40° Bxhauat Pres. 1.0 "Hg

311 8 19.0 14.7 13.7 13.7 13.1
312 9 16.5 14.8 13.9 13.8 13.3
313 10 15.2 15.3 14.0 14.0 13.5
314 11 14.2 15.0 13.9 13.8 13.7
315 12 13.0 13.8 13.2 13.0 12.7
316 13 12.5 12.6 12.8 12.6 12.0
317 14 11.5 11.25 11.8 11.8 11.49 318 15 10.8 10.3 11.3 10.9 10.9
319 16 10.4 •-•· 11.0 10.3 10.5
3110 17 9.8 -··- 10.9 9.7 10.1
3112 19 9.0 ·b-· •--• •„-- 9,2

Gonstant data cn preceeding page
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Table I(e)

NATA AND EESULTS BY EXHAUBT GAS ANALYZERS

(Final Gheek Run)

Spark Advanee 25° (Erkennt Pres. 1.2 ”Hg

Run Needle A1r• Instrument Reed. air-fuel ratio
. Valve Fuel

No. Setting Ratio

811 10 18.8 14.7 15.7 15.4 15.8
812 12 15.0 15.5 14.0 15.7 14.0
815 14 12.8 12.8 12.8 12.5 12.5
814 16 11.1 10.8 11.5 10.8 11.2

g 815 18 10.2 --•- 11.0 -•-- 10.1 ’

Senetent Data

Engine Speed 1400 r.p.m. Ave. Water Temp. 197 °F.
Gempreesien Rette 6 te 1 Kixture Temp. 140 °F.
Esso Gaaeline (regular) Exhauat Temp. 160 ¤F.
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Table II

DATA AND RESULTS BY EXHAUST GAS AHALYZERS
Spark Advance 25° t

‘ Exhauat Pres. 0.2
”Hg

Run 7 Needle, Air- Inatrument Read. air-fuel ratio
Valve Fuel

Ho. Setting Ratio

' 511 9 18.7 13.2 12.5 13.3 13.0
512 10 16.7 14.2 12.4 13.5 13.1
513 11 15.4 14.3 12.5 13.7 13.4
514 12 14.5 13.7 12.5 13.6 13.6
515 13 13.6 13.7 12.5 13.3 13.1
516 14 12.5 12.7 12.4 12.8 12.4
517 15 11.7 11.8 12.3 12.4 11.9

T 518 16 11.2 11.0 12.3 11.8 11.5
519 17 10.6 10.2 12.2 11.4 11.1

·5110 _18 10.2 -··· 12.2 10.9 10.8
611 9 19.9 13.2 12.4 13.2 12.9
612 10 18.1 13.2 12.4 13.4„ 13.1
613 12 15.0 13.4 12.4 13.5 13.6
614 14 13.1 13.0 12.4 12.9 12.7
615 16 11.7 12.4 12.3 11.9 11.6
616 18 10.5 11.9 12.1 11.4 11.0
617 19 10.0 11.7 12.1 10.6 10.6
618 20 9.8 11.3 12.1 10.4 10.4
711 10 18.5 13.3 12.3 13.3 13.1
712 12 15.7 13.4 12.4 13.6 13.6
713 14 13.4 13.2 12.4 13.0 12.9
714 16 11.9 12.4 12.3 11.9 11.6
715 18 10.6 11.9 12.2 11.0 11.1
716 20 9.8 11.4 12.1 10.1 10.5
717 22 9.1 10.8 11.9 --—- 10.1
721 10 18.7 13.3 12.5 13.3 13.1
722 15 12.6 12.8 12.3 12.5 12.1

conatant Data
Engine Speed 1400 r.p.m. Ave. Water Temp. 197 °F.
Gompression Ratio 6 to_1 Kixture Teup. 140 °F.
Esso Gaeoline (regular) Exhauet Temp. 130 °p,
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p Table III

I DATA ANDIRESULTS BY EXHAUST GAS ANALYSIS
Spark Advance 25° Exhaust Pres. Varied

Run A1r· Exhauat Instrument Read. air·fue1 ratio
Fuel Pres.,

Needle Valve Setting 11 ·

751 17.0 0.75 14.1 15.1 15.7 15.8
752 17.5 1.5 14.8 15.1 14.0 15.9
755 17.8 5.0 15.0 14.6 14.1 14.0

Needle Valve Setting 10

821 18.2 0.5 14.5 15.2 15.8 15.9
822 18.4 1.5 15.0 15.2 14.0 15.7
825 18.1 5.0 15.1 14.2 14.1 15.6
824 18.1 5.0 15.0 14.2 14.1 15.5

Needle Valve Setting 14

851 12.8 0.5 15.5 15.2 12.9 12.7
852 12.8 1.5 15.2 15.2 15.2 .12.6
855 12.7 5.0 15.5 15.1 12.9 12.4s' 854 · 12.8 « 5.0 15.2 15.2 15.1 12.5

A ‘ Conatant Data
Engine Speed 1400 r.p.m. Ave. Iater Temp. 197 °F.
Compression Ratio 6 to 1 Mixture Temp. 140 °F.

· Esso Gasoline (regular) Exhaust Temp. 150 °F.

Notes- Exhaust preseures shown in this Tßblß are different
_ from those in Tables 1 and II in that the above

pressures were measured at the instrument instead of
at the exhaust pipe.



44

Table IV(•}

BETA AND HESULTS BY CHEKICAL AHALYSIS GF EXHAUST GASES
Spark Advanee 25° Exhaust Pres. 0.8 ”Hg

Run Air- Ana1~sis ¢ bv volume en dr· basis
Fuel Crset Orsatemat

111 15.8 10.6 4.2 1.2 11.5 1.5
112 17.7 10.4 4.6 1.2 11.4 5.1
115 15.7 12.0 5.0 1.0 15.0 1.0
114 14.5 15.0 1.6 0.8 15.0 -1.4
115 15.2 11.4 1.6 1.8 12.2 -1.0
116 12.5 10.6 1.0 2.6 11.2 -1.0
117 11.5 10.0 0.7 2.5 10.0 -1.4

- 118 10.9 o 7.8 1.0 4.4 9.1 -1.2
119 10.4 7.6 0.8 4.6 8.0 -0.5
1110 9.8 6.6 1.4 5.0 6.5 -1.0
1111 8.6 4.4 1.6 7.0 5.1 -0.7
1112 6.5 5.8 1.2 7.4 4.6 -0.6

211 16.9 12.4 4.0 0.2 15.0 -1.5
212 15.6 15.4 1.7 0.0 15.1 -1.1
215 14.4 15.2 1.6 0.0 14.7‘ -2.5
214 15.5 12.0 1.4 1.2 12.7 -0.8
215 12.5. ---- --- --- 11.7 -1.7
216 11.7 10.2 ·1.2 5.6 10.5 -1.6
217 10.9 ---- --- --- 9.1 -1.4
218 10.4 8.2 0.8 5.4 8.2 -1.5 ~
219 9.9 6.2 1.0 6.8 7.2 -1.0
2110 E 8.5 4.2 1.4 8.0 4.5 -0.7

Ccnstant Data
Engine Speed 1400 r.p.m. Ave. Water Temp. 198 °F.’ Compression Ratie 6 to 1 Eixture Temp. 140 °F.
Esso Gasoline (Regular) Exhaust Temp. 150 °F.

Hetoz- These analyses eorrespend to data shown in Table I(a).
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DATA AND RESULTS BY GHEMIGAL ANALYSIS OF EXHAUST GASES 9

Run Air- A¤al~s1s b- volume cn dr~ basis.„..«„„„.«„¤ EE E
Spark Advance 15° Exhaust Pres. 0.8 *Hg

151 17.4 11.0 4.4 0.4 12.2 1.5
152 14.4 15.4 1.6 0.2 15.0 -5.1

251 17.5 11.8 4.2 0.0 11.0 5.2
252 15.8 --—- --• ·-· 12.8 -0.5
255 14.6 14.4 0.4 0.0 15.8 -1.0
254 15.4 15.2 0.0 0.9 12.5 -1.0
255 12.5 12.0 0.0 2.4 11.5 -1.5
256 10.9 9.1 0.5 4.8 8.9 -1.1

Spark Advance 55° Exhaust Pres. 0.8 ”Hg

121 17.0 10.4 5.6 1.8 10.4 5.1
122 17.0 11.2 5.0 0.0 · 11.8 5.5
125 14.4 15.4 1.4 0.0 14.8 -1.4 ‘
124 12.4 11.2 0.9 2.0 12.0 -0.5
125 10.9 9.0 0.8 5.4 10.2 -1.7
126 9.9 7.0 0.8 4.9 7.5 -0.7

Spark Advance 40° Exbaust Pres. 1.0 "Hg '

511 19.0 10.4 6.0 0.4 10.7 5.7
512 16.5 12.2 5.4 0.2 12.4 2.4
515 15.2 15.6 1.2 0.0 15.8 0.5
514 14.2 14.5 0.7 0.4 14.8 -1.7
515 15.0 12.8 0.0 1.4 12.5 -1.2
516 12.5 11.4 0.4 2.5 11.4 -1.2
517 11.5 10.4 0.6 5.7 10.0 -1.2
518 10.8 9.2 0.0 4.2 8 .7 -1.2
519 10.4 8.2 0.0 5.4 8.0 -2.0
5110 9.8 7.8 0.4 6.5 6.8 -1.1

5112 9.0 5.8 0.0 12.0 ·-- ---
0enstant_aata on preeeeding page

Hotez- These anslyses ccrrespcua te data shown in Table 1(b).
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Table V

GOHPUTED VALUES 0F THERHAL GONDCTIVITY AND DEHSITY
0F

EXHAUST GAS AT VARIOUS AIR·FUEL RATIOS

Air- Ana1·s1s < b— volume cn dr· basis Density, ThermalFuel 5 Ccnduct-
Ratio 008 H2 GH4 lb./ft. ivity

Gomputed Theeretical Analyses

8.0 5.8 0.2 17.5 11.5 0.4 0.0712 0.01556
9.0 5.4 0.2 14.8 8.9 0.4 0.0756 0.01509

_ 10.0 7.0 0.2 12.0 6.4 0.4 0.0764 0.01285
11.0 8.6 0.2 9.5 4.5 0.4 0.0785 0.01265

— 12.0 10.2 0.2 6.8 2.7 0.5 0.0805 0.01241
15.0 11.9 0.2 4.2 1.4 0.5 0.0822 0.01227
14.0 15.5 0.2 1.7 0.6 0.5 0.0855 0.01212
14.7 14.7 0.2 0.2 0.2 0.5 0.0842 0.01205
15.0· 14.4 0.5 0.2 0.2 0.5 0.0842 0.01205‘ 16.0 15.4 1.8 0.1 0.1 0.2 0.0840 0.01212
17.0 12.6 2.9 0.1 0.0 0.2 0.0859 0.01218
18.0 11.9 5.9 0.0 0.0 0.2 0.0857 0.01224

E 19.0 11.5 4.= 0.0 0.0 0.2 0.0855 0.01228
Experimental Analyeee

11.0 8.7 0.2 8.6 4.0 0.4 0.0787 0.01259
11.0 8.7 0.5 8.9 5.7 0.5 0.0790 0.01257
11.0 9.0 0.2 8.8 5.4 0.4 0.0795 0.01256

14.6 15.6 0.4 0.8 0.0 0.4 0.08580.0121114.6
14.0 0.7 0.5 0.0 0.1 0.0845 0.01209

,_ “* Hetes:·
E
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(l) All exhaust gas analyses by D'Alleva and Lovell

1 (2) Thermal eenductivity values of component gases from” ”Internat1onal Gritical Tables"
(3) Thermal conduetivity in B.t.d./sq.ft./ft./hr./°F.

(4) Thermal conductivity and density computed for gas at
:62°r. ana 14.7 1‘¤./aq.1¤. abe.
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General Observations

Inetrumnt "A"
Under certain conditions this instrument gave

a very unsteady reading, the pointer fluctuating

through a range of about five·tenths of one air-

fuel ratio. It was also exoeptionally hard to

keep adjusted and balanced, frequently returning to

a point one-half of one air-fuel ratio from the

*balanced meter* index after one minute's use. If

sufficient time were allowed, however, this error

q, would generallydecrease.Instrument

*3* ·
1

4
This analyzer maintained its adjustment very

_ well, required balancing very seldom, and would

, generally return to the balance index imediately

after aspiration with fresh air.

Instrument *0*
f

The catalytic analyser would remain in adjust-

· ment for long periods, but requ1red_considerable

time to return to the balanoed state after use.

· Under certain conditions, it was rather unsteady,

the pointer slowly fluotuating over a range of

several tenths of one air-fuel ratio. It also

required a longer warm-up period than either of

the thermal conduetivity meters.
U
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Instrument
”D”

This apparatus was more sluggish in action

than any of the other types previously discussed,

but gave a steady reading when the proper indi-

cation was reached. It was likewise slow in

» returning to the ”air check' point after being

disoonnected from the gas supply. It would return
A

to this point unerringly when warm, but required

about an hcur's operation to attain normal con-

ditions. It was also subject to flooding with
A water from the humidifiers if the gas pressure

much exceeded atmospheric.

Instrument
'I”

The automatic Great anslyzer performed very

pocrly in these tests. The oxygen determination

was generally badly in error, the action of the

apparatus was considerably slower than that of any

cf the other types, and the indication never
A

became entirely steady. This instrument is also

adversely affected to a considerable extent by

slight jars or vibration. It is believed, however,

that this particular unit was improperly adjusted

at the factory. A
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IV. DISCUSSION OF RESULTS

Method

Although the scope of this investigation, and the
methods employed in conducting it, gave a considerable quan-
tity of reliable data of importance, the writer feels that ‘

there is still much additional work which might be done in

this field.

Perhaps the greatest shortcoming of the work as a

whole is that only a limited number of makes of instruments

were tested. Furthermore, it was impossible to obtain a

Cambridge analyzer, which is generally conceded tc be the

best instrument of its type on the American market. Undoubt-

edly, information secured as to the performance of medium and

low-priced instruments cannot be applied in full to the

better makes without danger of refutation.

Experimental methods and apparatus used in these

tests were sufficiently accurate and reliable for the work

in hand, but as the tests progressed a number of small items

were observed which might be refined or improved. The more

important changes which might be incorporated in future tests
E ,of this nature are as followsz (a) Provide better speed reg-

ulation of engine by loading with an alternating current gen-

erator; (bl Employ means of heating the mixture which would

permit faster and closer regulation and give a wider
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temperature range: (c) Provide better means of controlling

exhaust temperature (automatically, if possible):

(d) Provide a means of controlling and measuring the rate of

flow of gas through the instruments without changing exhaust

pressure at the engine; (e) Eliminate pulsations in exhaust

gas supplied to instruments: (1) Provide means of washing

and/or filtering exhaust gas supplied to analyzers;

(5) Gontrol hnmidity of exhaust to analysersg (h) Accurately

analyse gas chemically for all five major components;

(1) Pack engine inlet valve stems and throttle-valve shaft

to insure against air leakage.

As regards increasing the scope of the investiga-

tion, the following suggestions are offered: (a) Test_a

wider variety of instruments: (b) Oonduct tests on several

different engines, both single- and multi-oylinder types;

(c) Use a w1de variety of fuels: (d) Conduct tests under a

wider range of operating conditions as regards temperatures,

speed, compression ratio, throttle opening, etc.: (e) Employ

a wider range of temperature, pressure, and rate of flow of

gas through analysers.

To carry out all of the above reeommendations in a

I satisfactory manner would, of course, entail the expenditure

of a oonsiderable sum of money and an imense amount of time

without any guarantee of a commensurate return in the form

of useful information. If the instruments as used under
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service conditions are so lnacourate es not to be notlcably

affected by minor lnfluenoes (as seems llkely), highly re-
’

fined test procedure would be a waste of time. This unser-
A talnty can only be settled, however, by oareful tests.

Results

It appears obvlous upon examlnatlon of Figure 4

(page 47) that the usefulness of both the thermal oonductlv-

lty and the relative denslty types of analyzers ls limited

to the range of alr-fuel ratlos below the ohemlcally correct

one. For instance, the theoretlcal thermal conduotlvlty of

the exhaust resultlng from a mlxture ratlo of 14 to l ls

f exactly the same as that resultlng from a 16 to 1 mlxture

ratio, and there ls no way ln whlch the lnstrument can pos-

slbly dlstlngulsh between the two. The same characterlstlc

is llkewlse lnherent ln an instrument aotuated by the den-

=lty of the gases. As was noted above ln the descriptionof(

the oatalytlc type of analyzer (Pßse 29), lt also ls llmlted

to alr·fuel ratlos below the chemloally correct one. Above

this value there ls little or no oombustlble material ln the

exhaust (lf all oyllnders are flrlng properly) and therefore

the lnstrument neoessarlly becomes lnoperatlve.

In regard to the plot of thermal conductlvlty vs.

alr-fuel ratlo, the wrlter has seen similar relations com-

puted by others. rhe shape of the curve in Figure 4 ls, for
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staff of the hesearch L§b0T8ÜOIi6S Division of the General

Motors Corporation. The chief difference lies ln the slope

of the curve fer mlxture ratlos rlcher than 14.1 to l. Thls

slope was somswhat less ln the General Motors curve than in

the one shown herein, but the same effect was manlfest.

Such dlfferenoes as exlst are probably attrlbutable to the

use of sllghtly different gas analyses and basic thermal

‘ oonductlvlty values.

The experimental results obtalned ln these tests

bear out the theoretlcal llmltatlons just dlscussed to a re-

markable degree, as can readlly be seen by lnspectlon of

Figursß 6 to 10, inclusive. lt will be notlced, however,

that most of the instruments beoome valueless at a mlxture

ratio of about 14 to 1 instead of the theoretlcal 14.1 tc 1.

The fact that all of the physleal methods of

engine exhaust gas analysis so far developed become lnopera-

tlve for lean mlxtures does not mean that such instruments

are useless. As a matter of fact, the mlxture ratlos gener-

ally desired ln automobile or alrcraft engines range from

14 to 1 to about 18 to 1. Mlxtures leaner than 14 to 1 con-

trlbute little, lf anything, to economy, and are llable to

cause serious overheatlng of the exhaust valves.
f

Hereln lies the danger of lncorrect exhaust analy-

sls, however. ·It ls qulte concelvable that a mechanic
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attempting to obtain an economy mixture ratio of 14 to 1,

say, would be misled by the analyzer reading (which presum-

ably would not greatly exceed this value, regardless of the

actual lean-ness of the mixture) and might adjust the carb-

uretor to supply an air-fuel ratio so lean that serious
damage to the valves would result.

This potential danger on the part of exhaust gas

analyzers could be minimized by the manufacturers of these
instruments if they would notify their users ef this limi-

tation and if they would not graduate the scales of the

instruments above the point of reasonable accuracy - say

14 to l. This latter precaution is observed by certain

companies but others, apparently fearing that an admission

of any limitaticn on the part of their prcduct will discour-

age sales, previde a scale range up to 16 or 17 to 1, thereby

inferring that the instrument will operate up to that limit.

Reference to the specifications of the instruments tested

(pages 2l·25 ) will bear out this point.

Figures 6 through 9 give a general idea as to the

accuracy of each type of instrument in the usable range. It

may be said that none of the instruments can be depended on

for an accuracy greater than one-half of one air·fuel ratio,

and that there is little difference among the several types

and makes as regards accuracy.

The points on the charts mentioned above indicated
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by heavy dots were all obtalned with a fairly high exhaust

pressure and those indicated by circles were all obtained at

a low exhaust pressure. It is clear from an inspecticn of

these figures that none of the analyzers were at all reliable

under the latter condition, though some were affected to a

much greater extent than others by decreasing the rate of

(gas flow. Thß reason for this is not altcgether clear if

the statement made by Palmer and Weaver (page 12) is correct

because they maintained that reasonable variations in pres-

sure and rate of flow did not effect the readings of thermal

conductivity analyzers. There are two possible explanations

for this phenomenon: ID the first place, it is quite likely

that the variaticn in the rate of flow attalned in these

tests was greater than what Palmer and Weaver term "reason-

able". Seccndly, it is possible that with low rates of flow

considerable quantities of moisture might collect in the

analyzer cell instead of being blown cn through, thereby

causing the meter to partly measure the thermal conductivity

cf water instead of that of gas.

This last argument could not apply to the hanarex

instrument, however, because it was provided with a device

for saturating the gas with water vapcr•under all conditions,

thus eliminating the effect of moisture condensing from the

exhaust. On the other hand, this instrument was only

slightly affected by the variations in exhaust pressure.
(
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This might be expected, not only for the reason just men-
)

tioned, but also because this analyzer employed a fan which

draws gas into the instrument at a fairly constant rate,

regardless of fluctuations in external conditions.
Ihatever may be the cause, it seems evident that

all of these analyzers except the Ranarex are subject tc

serious error when the exhaust pressure reaches a low value.

This fact is of espeeial significance under service conditions

because then the sempling tube is generally inserted into the

exhaust pipe in such a manner that the only motivating force

tending to cause gas flow through the analyser is the veloc-

ity head of the exhaust as it is directed up the sampling

tube. Furthermore, the velocity of the gas passing through

the instrument will vary many-fold, depending on the speed

and throttle opening of the engine. Some manufacturers at-

tempt to remedy this difficulty by providing a sampling tube

with a baffle or other arrangement which completely restricts

the exhaust pipe. A spring·loaded by·pass valve in the

_ baffle permits the excess gases to esoape and allegedly main-

tains a constant pressure in the sampling tube, regardless

of the rate of flow of exhaust from the engine. Most ana-

lyzers also employ a cell block in which the gas supposedly

‘diffuses through the gas cell (see Figure 2, page 26) in

such a manner that the rate of flow of exhaust through the

main gas passage will have no effet on the circulation of
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gas through the analyzing cell proper. The ineffectiveness

of this design feature seems apparent from a study of the

results achieved, however.

In this connection, it is interesting to note that

obstructing the outlet of the analyzers would often cause

the pointer to swing viclently, sometimes entirely off the

scale. The Allen analyzer (Instrument
”B”l was sc sensitive

to the effect of back pressure that an error of approximately

one air·fuel ratio could be caused simply by connecting a

two-foot length of 1/4 inch 1.d. drain hose (supplied with

the instrument to carry off moisture exhausted from the gas

cell) tc the gas outlet. The manufacturer speeifies that

this drain hose be connected to the instrument at all times,

but it was found that under the conditions of this test its

use caused considerable error at the higher exhaust pressures.

However, the fact that it was not used may partially account

for the excessive error of this device at the lower pressures.

One group of runs was made for the express purpose

of determining the effect cf small changes in gas pressure

cn the instrument reading, and the results are those shown

in Table III. Apparently, small variations in pressure and

rate of flow did not appreciably affect the readings. It

should be noted, however, that the maximum pressure range

obtainable in this particular series cf runs was less than

*

one-half an inch of mercury, compared with approximately
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seven-tenths of an inch difference secured at other times.

While this subject of the effect of pressure cn

instrument performance demands a lot more investigation

before definite conclusions can be drawn, it seems that large

pressure variations do unquestionably affect the operation

of the thermal conductivity and oatalytic types of analyzers.

The reason for this, however, was not definitely established.

The various points shown cn the calibration curves

of the several instruments were obtained with the engine op-

erating with a wide range of spark advance. A preliminary

plot of the various runs, each with a different spark advan-

ce, showed no correlation whatsoever between the runs; hence

it was concluded that the effect of spark advance on gas

analysis, if any, was not measurable. Ho attempt was made,

therefore, to separate these points on the graphs shown here.

It should be mentioned that the top row of points

shown in Figure 9 for Instrument
”D” are the result of a

single series of runs (Runs Ho. lll - 1112}. Apparently,

some unknown error (such as moisture in the impeller oham- ,

. bers) existed in this particular run, and it would seem ad-

visable to disregard these points. They were plotted only

because no sound justification could be found for omitting

them entirely.
Figure 10 represents an attempt to show the compar-

ative average acouracy of the several analyzers. lt should



65

be borne in mind that these curves are approximate only, and
A

give no indication of the deviation from the average reading

which might be expected from a given instrument under various

circumstances. It is significant to note, however, that these

curves could be properly aligned by aocurate calibration of

the resistances and the scale cf the analyzers. lnstrument
'C”, for example, seemed to be in almost perfect adjustment.

Definite data regarding such factors as respon-

siveness and constancy of adjustment would be extremely

difficult to cbtain, and hence they are included only as

General Observations. lt is thought that some explanation

can be given regarding these characterfstics, however. ln

the first place, it is believed that the trouble experienced

with the Ranarex analyzer when direct-connected to the ex-

haust pipe resulted from the high gas velccity blowing water

from the humidifier into the impeller chamber. whis theory

was pretty well proved by the fact that the trouble could be

removed by drying the instrument for an hour er so on a hot

radiator. Also, no further difficulty was experienced after

a loose connection was made between the sampling hose and

the exhaust pipe, thus decreasing the gas pressure cn the

instrument.
It is also noted that continual adjustment of the

Hanarex instrument was required until it had been in opera-

tion for at least an hour. It-seems likely that this might
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have been caused by the fact that the exhaust gas chamber

warmed up faster than the air chamber because the exhaust

was, of course, somewhat warmer than the air. The whole

instruent eventually attained a uniform temperature as a

result of the heat oonducted from the motor.

The other types of analyzers also required a certain

warm-up period, though not so long a one as the Ranarex.

This was manifest by need of more frequent adjustment at the

beginning of the operating period.

Quite a difference existed between the several in-

struments as regards their ability to return to a balanced

condition after use, followed by aspiration with fresh air.

Instrument
“B” would usually balance immediately, Instrument

*6* required somewhat longer, and Instrument ”D*, the cata-

lytic type, invariably required a much greater period than

any of the others. Thiß factcr is very likely a function of

the thermal capacity and operating temperature of the cell

block. An instrument in which all of the four arms of the

Wheatstone bridge are encased in the cell block presumably

would not experience any lag in reaching an equilibrium tem-

perature. Thiß feature is rather important because unless

an operator was familiar with this oharaoteristic of his

instrument he might adjust the current and balance the bridge

when the temperatures within the apparatus were not stable,

thereby imposing a false calibration on the circuit.
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Thß ability of an instrument to remain in balance

over a period of time is probably dependent upon the ratio

_ of the current consumption to the capacity of the batteries

installed. A very small change in battery voltage is suf-

ficient to throw such a sensitive circuit out of balance,

and obviously a given current drain will decrease the voltage

of a Ho. 6 dry cell less rapidly than that of several rela-

tively =mall flashlight celle. The latter type of battery

is often utilized, however, to make the instrument smaller

and lighter.
( Figure 5 shows actual gas analyses made at differ-

ent intervals throughout the test by the orsat method com-

pared with the theoretical analyses computed by D'Alleva

and Lovell (5). It should be emphasized that these Orsat

analyses are probably not very accurate and not too much

dependence should be placed upon them. lt is unfortunate

that this is the case, but circumstances made it necessary

for this rather delicate operation to be performed by rela-

tively inexperienced personnel. The carbon dioxide analyses

are probably fairly reliable, however, and they compare fa-

vorably with actual analyses obtained by D'Alleva and Lovell

(not shown). lt should be noticed that the points represent—

ing carbon monoxide follow quite closely the theoretical

curve for hydrogen at rich mixtures, and at no time greatly

exceeds one-half of the computed value. This is probably the
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result of allowing insufficient time for the complete absorp-

tion of this constituent.

It would be interesting to compute the thermal con-

ductivity, density, and heating value of each sample of ex-

haust gas and plot the values thus obtained against the cor-

responding readings cf the respective instruments. This pro-

cedure would give some idea as tc whether the errors in the

analyzer readings were caused by inherent inaccuracy of the

analyzers themselves or by deviations of the gas analyses

from the theoretical. Such a procedure was cf course impos-

sible wdth the incomplete analyses obtained with the Orsat

apparatus, even if there were reasonable assurance that these

analyses were correct.
u

Since the idea outlined above could not he ex-

ecuted, another plan along similar lines was used. Several

actual analyses obtained by D'A11eva and Lovell were selected

at identical air-fuel ratiosg the values chosen representing

the widest variations in gas composition obtained at each of

the ohosengmixture ratlos. The thermal conductivity and

density of each of these gas samples were computed and the

results are shown in Table V. It will be noticed that the

maximum difference in either conductivity or density at any

given mixture ratio amounts to little more than one-tenth of

the average change resulting from varying the mixture by one

air-fuel ratio. In other words, it would appear that the
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greatest error in analyser readings which might be caused by

deviation of the composition of the exhaust gas from the av-

erage would not greatly exceed one·tenth of one air-fuel

ratio. It is, of course, impossible to say definitely that

this oonolusion would apply with equal accuracy to the re-

sults of this test because it could be that the gas analyses

secured from this engine varied more than did those obtained

by D'Al1eva end Lovell. This appears unlikely, though, when

it is remembered that the work of those scientists was per-

formed on three different engines.

Little mention has been made thus far of the Hays

Orsatomat. This apparent omission is caused by the fact

that this instrument is not well adapted to automotive ex-

haust gas analysis and therefore its inclusion in this inves-

tigation wasincidental.Tables
IV(a) and IV(b) give the data secured.with

this instrument and compare it with the orsat analyses taken

at the same time. As can be seen from the data presented,

the carbon dioxide determination by the Orsatomat appeared

to be reasonably satisfactory. The oxygen readings, however,

were frequently in error, even being negative in a number of

instances. There is no apparent reason why an instrument of

this type could not be made to give fairly reliable results,

and it is believed that the partial failure of this partic-

ular unit is attributable to improper adjustment rather than
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to any inherent defect. Unfortunately, time did not permit

returning the apparatus to the manufacturer for correotion

prior to continuation of the tests.

The reasons this type of instrument is not consid-

ered particularly suited to automotive work are several:

In the first place, it is neither continuous nor automatic

in operation. Secondly, its care and operation require

slightly more skill and entail more time and expense (for

recharging with fresh ehemioals) than do the other types.

Thirdly, the instrument reads in per cent carbon dioxide and

per cent carbon dioxide plus oxygen, thus necessitating the

use of a chart to convert the readings into terms of air-

fuel ratio. Finally, the apparatus is not adapted to road

testing of vehicles nor to aircraft because it is very sens-

itive to vibration and change of position and is also rather

large and oumbersome.

In a way, the greatest objection to the Orsatomat

is the fact that the pointers never come entirely to rest,

thns making it difficult to tell Just when to take the read-

ings. Complete absorption of the gases takes over a minute,

and after a much longer period of time the pointers begin to

recede gradually towards the zero mark.
One outstanding advantage of this type of analyzer,

however, is that it works equally well for both rich and loan

mixtures. Certain models have a carbon dioxide absorption
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unit only, and of course they suffer the same limitations in
thia,r•spect as do the other types.

Nmch has been written about the effect of unequal
distribution, mis—fir1ng, and similar irregularities upon
the behavior of exhaust analyzers. It is considered advis-

able, however, to emphasize the fact that no type of exhaust

gas analyzer can be expected to give results of any value
whatsoever when used on an engine which is not operating
properly.
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V. OONOLUSIOHS

The results of this investigation, while not as

thoroughly oonclusive in some respects as might be desired,

seem tc indicate the following facts with a considerable

degree of certainty:

1. The data of previous investigators show that

the relation between the air—fue1 ratio supplied to a gas-

oline engine and the analysis of the resulting products of

combustion is sufficiently definite to serve as a basis for

determining, with a fair degree of accuraoy, the air—fuel

ratio by exhaust gas analysis. e

8. Of the three physical methods comonly employed

for measuring air·fuel ratio by exhaust gas analysis, no one

_ of them seems definitely superior, either theoretically or

· practically. The thermal ccnductivity principle, however,

is by far the most commonly used.

5. All of these three types of instruments are ·

limited to the measurement of air·fue1 ratlos of about 14 to

l or less, their readings having absolutely no meaning when
— the mixture ratio is leaner than that.

1 4. The users of these instruments should be aware

cf this limitation so that carburetors will not be
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inadvertently adjusted to give mixture ratios sufficiently

loan to burn the engine exhaust valves. '
6 5. None of the instruments tested can be relied

T upon to give results olosor than one-half of one air-fuel

ratio under ordinary service conditions.

6. All of the exhaust analyzers tested are sub-

. ject to considerable error if the exhaust pressure varies

a great deal from normal unless a satisfactory means of

compensating for this effect is provided.

7. Exceptional care must be exercised to see that

any type of gas analyzer is properly adjusted and balanced

at all times.

8. Prospeetive users of this kind of apparatus

should bear in mind the following points:

a. Some instruments may be subject to error

caused by incorrect celibration at the factory.

· b. Slide—w1re rheostats used as fixed resis·

tances in the Wheatstone bridge oircuit are subject

to contact corrosion which may appreciably alter

the calibration of the oircuit.

o. Thermal conduotivity and catalytic types

of analyzers are likely to become increasingly

inaccurate through use if oil and dirt are allowed
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to enter the gas cell, where they may form an

insulating film on the heating coil.
d. An exhaust gas analyzer should be suitable

for use in mwving vehicles and should, therefore,

be capable of withstanding vibration, jolting, and

p change of position.
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‘ VI. SUMIURY

T

It is quite common practice in automotive and air-

craft engine maintainence, operation, and research to employ

any one of several types of instruments now on the market

for determining the air•fuel ratio by exheust gas analysis.

It was the purpose of this investigation to determine the

most important operating characteristics, especially range

and accuracy, of each of these types of instruments.

The theory underlying the operation of this kind

of apparatus was studied critically, and certain tests were

performed on representative makes in order to observe the

eperation of each type under service conditions. These

tests consisted essentially of connecting the analyzers to

the exhaust pipe of a single-cylinder engine and comparing ·

the analyaer readings with the true air·fuel ratio determined

by accurately measuring the air and fuel supplied to the

engine while the instruments were being observed. This pro-

cedure was repeated for a number of different carburetor

settings, all other factors being kept as nearly constant a=

possible during a given series of runs. The effect of vari-

ations in engine spark advance and the pressure of the gas

supplied to the instruments was also investigated.

The test revealed several interesting facts.

Study of the operating principles of the several instruments
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indicated that they were limited te air·fue1 ratios below
about 14 to 1, and this has been conclusively proved by
these experiments. This limitation applies to thermal con-

ductivity, hot-wire catalytic, and relative density types. W

While the most expensive makes of instruments were not

tested, it was found that, in general, the limit of accuracy
is not greater than one-half of one air·fue1 ratio, regardless

of the operating principle employed. Large variations in

the pressure and rate of flow of the exhaust supplied to the

analyzers were found to cause ocnsiderable deviations in

those instruments which did not employ some kind of device

to insure a steedy and uniform supply.

Gertain features of design and construction which

~ effect the reliability of the various types of exhaust gas

analyzers are also reviewed in this thesis, and some of the

more important chemical methods of analysis are treated

briefly.
”4 ·

_
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