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THE APPLICATION OF PARAMAGNETISM TO ThE MEASUREMENT OF 

OXYGEN IN ENGINE EXHAUST GASES 

INTEODUCT ION 

In recent years, use of the diesel engine as a prime- 

mover has become increasingly important. The diesel has 

practically replaced steam power on the nation's railroads. 

Most largo trucks and inter-city busses are now exclusively 

diesel powered. Even in the power generating field, the 

modern diesel plant can operate at a greater efficiency than 

a steam plant of corresponding cost. A unit composed of a 

gas turbine and a free-piston compressor (which operates on 

the diesel cycle) has an over-all cycle efficiency of 

greater than 1 per cent. The high efficiencies possible 

from the diesel engine are riot accidental. As with any item 

of mechanical equipment, much study and work has been done 

to increase the efficiency of the diesel. When testing a 

diesel engine, or any internal-combustion engine, an anal- 

ysis of the components in the exhaust gas is very helpful 

in determining both efficiency and performance. 

Obert (16, pp.320-321) states that tests of usual 

compression-ignition engines indicate that the concentration 

of CO, in the exhaust gas, Is always less than 0.12 per 

cent. (Normally, such engines are never operated at the 





regardless ot wear or other engine irregularities. Such an 

instrument is available for the spark-ignition engine, It 

is a combustion indicator of the thermal conductivity type 

and operates by virtue of the fact that the thermal conduc- 

tivity of exhaust gas varies in a predictable way with fuel- 

air ratio. This instrument is relatively accurate for rich 

mixtures, those of 114 to 1. air-fuel and lower, the range in 

which spark-ignition engines operate. 

For mixtures leaner than theoretical, the range in 

which compression-ignition engines operate, the thermal 

conductivity type of instrument is worthless. This is 

because this instrument depends primarily upon the thermal 

conductivity of CO2, which is approximately 14o per cent 

less than that of air and the other exhaust gases, and the 

thermal conductivity of H2 which is approximately 6 time8 
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conductivity of the exhaust gas actually Increases which 

causes the instrument to reverse and read richer than 

theoretical. This limitation of the thermal conductivity 

type instrument is impossible to overcome, so it becomes 

necessary to employ a different operating principio if lean 

mixtures are to be analyzed by instrumentation. 

Since the oxygen content of the compression-ignition 

engine exhaust gas varies as the fuel-air ratio varies, a 

device which would make use of this characteristic could 

be calibrated to read the fuel-air ratio directly. Such 

an instrument is rtianufactured by the Cambridge Instrument 

Company (14, pp.1-3) but it has three definite disadvan- 

tages. It is heavy (27 pounds), it is expensIve (well over 

U3oo), and it needs constant attention as it uses reagents 

that must be replenished. 

The Arnold O. Beckman Company (i, pp.ló) manufactures 

an instrument for the measurement of oxygen in boiler flue 

gases that could be adapted to diesel engines but it is 

very delicate and its cost is well over lOOO. 

An instrument is manufactured by Leeds and Northrup 

Company, (13, pp.l6) that uses the principle of infrared 

radiation. This instrument could be used on diesel engines 

but its cost of more than 3OOO makes it prohibitive. 

The three instruments mentioned previously could no 

doubt be used to measure the oxygen content of diesel 
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exhaust gas very accurately, but their disadvantages 

(prinarily cost and fragility) indicate the need for a 

simple instrument of rugged construction and low cose. The 

purpose or this investigation was to study the possibilities 

of applying the principle of paramagnetism to the measure- 

ment of oxygen in combustion gases and to develop, if 

feasible, an accurate, simple, and inexpensive instrument 

which would give a reliable indication of fuel-air ratio 

through the medium of the oxygen content of such gases. 



THEORETICAL CONSIDERATIONS 

A. Principle of partisrn 
A known characteristic of oxygen which could be uti- 

lized as an operating medium is its paramagnetic property. 

Bozorth (2, p.5) explains pararnanetisrn by saying that 

materials which have similar magnetic properties to iron 

are called ferromagnetic. In another class are the mate- 

riais with permeability (specific conductivity for magnetic 

flux) only slightly greater than unity, usually between 

1.000 and 1.001. These materials are classed as paramag- 

netic, which means only slightly magnetic. They are at- 

tracted toward the poles of ari electromagnet or permanent 

magnet and tend to move to the strongest portion of the 

magnetic field, Ferric oxide is an example of a paramag- 

netic substance. 

Bozorth (2, p.li67) further states that most gas 

molecules are diamagnetic, which means they have permea- 

bilities slightly less than one, because these molecules 

contain an even number of electrons whose magnetic momenti 

neutralize each other. There are two well-1iowii exceptions 

to this rule, oxygen °2 and nitric oxide (NO). These 

gases are paramagnetic or attracted to a magnetic field. 

Van Vieck (20, p.670) offers an explanation of why 

oxygen and nitric oxide are paramagnetio while all other 
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gases aro ãiarnagnotic. ±ii thoory, briefly, is that In most 

gas olecu1es, the internal forces within the nlecule ordi- 

narily (except in highly excited states) predominate over 

the external field of the molecule. By the quantum theory 

of matter he is able to prove that it is possible for the 

external field to predominate over the internal forces which 

produce a molecule that is j:aramagnetic instead of dianiag- 

netic. Van Vieck states that 02 and NO are evidently in 

this unusual state. 

B. ?aramagnetic principle as applied to diesel exhaust 

gas composition 

Obert (16, p.319) states that in the compression- 

ignition engine, the mixture ratios are invariably lean. 

Unfortunately, charts of exhaust gas composition versus 

measured air-fuel ratio are not available. However, charts 

are available which give exhaust gas composition versus 

computed air-fuel and fuel-aìr ratios. Since the computed 

and measured ratios for the spark-ignition engine are 

essentially the same and since the compression-ignition 

engine operates with excess of air, it seems reasonable to 

conclude that the computed ratios can be considered to 

represent measured mixturo ratios. For want of other data 

this liberty will be adapted. Figure 1 shows the relation 
of exhaust gas composition to the computed fuel-air ratio 
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for several diesel engines. 

Prom Figure 3. and the magnetic susceptibility, or 

permeability, of the various exhaust gases, obtained troni 

The Handbook of Chemistry and ?hysiøs (11, pp.2017-2027), 

the over-all volumetric magnetic susceptibility of the 

exhaust gas sample for various fuel-air ratios may be 

computed. Figure 2 shows the graph of these computations. 

Figure 2 indicates that in the range of fuel-air ratios 
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PRACTICAL CONSIDERATIONS 

A. !revious paramagne tIc instruments 
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greatest flux density. The. durnbell bells are displaced by 

the gaa aìid rotate around the quartz fiber. The amount of 

rotation is proportional to the oxygen content of the saniple 

gas, A light beam IB reflected from a mirror attaehed to 

the suspension. This beani is divided between two phototubes. 

The output of the phototubes is amplified and the potential 
is measured and recorded on a standard potentiometer, The 

readings obtained are proportional and strictly linear to 

the oxygen content of the sample gas. 

i1agnet out Magnet in 

Fig. 14. The Hays Magno-therm Oxygen Recorder 

The Hays Magno-therm Oxygen recorder (10, p.14) Figure 

14, operates in a different manner than the Beckman instru-. 
mont. A sample of the gas to be analyzed flows through a 
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gas passage block. A portion of the sample diffuses upward 

to the lower portion of both the asuring and comparison 

cells. Without the magnetic field, the measuring and com- 

parison cells are identical. Gas diffuses into both cells 

and cools the heated resistors equally by means of thermal 

convection and other paths of heat loss. 

During the regular operation of the instrument, the 

magnet is "swung in" creating a strong magnetic field in tl* 

measuring cell only. The oxygen-bearing gas is attracted 

into the magnetic field where it cools the resistor. In so 

doing, the oxygen loses its magnetism very rapidly (in pro- 

portion to the square of its temperature rise). The heated 

demagnetized gas is moved out of the magnetic field and up- 

ward along the resistor by cooler, more magnetic oxygen 

bearing gas from below. The moving gas continues to absorb 

heat from the resistor and, in its downward path along the 

walls releases heat to the cell block. A continuous flow 

of the gas sample is thus magnetically induced, causing a 

flow rate and cooling effect in definite relation to the 

magnetism of the gas entering the measuring cell. 

The cooling of both the measuring cell and comparison 

coli resistors causes their electrical resistance to be 

reduced, To isolate and measure the magnetically induced 

resistance changes taking place, both resistors are con- 

nected to a bridge circuit within the analyzer. The 



resultant resistance measurement is, therefore, due only 

to the oxygen content of the cas. The bridge circuit is 

connected to the recording section where it is amplified, 
indicated and recorded. 

B, Selection of parauagnetic instrument design 

Considering the two types of instruments Just de- 

scribed, the Rays type is the more rugged and the least 

expensive of the two. It was therefore decided to use this 

general principle and adapt it to use with the diesel engine 

instrument. lt was desired to change the principle of 

operation slightly so that the finished instrument could be 

patented if it showed economic possibilities. 

To determino th actual design that would be used for 

the finished instrument, several thermal conductivity type 

exhaust gas analyzers were examined. This led to the 

selection of similar resistance units and other component 

parts for the initial investigations, 

A test cell, with a plexiglass wthdow, was constructed 

and it was determined that a stream of gas containing 
oxygen, could be deflected with a permanent magnet. A 

mixture of air arid smoke was passed through the cell and 
the magnet deflected the stream slightly from its normal 

path of flow. 
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CONSTRUCTION AND OPERATION 

A. D6tails of construction 

These investigations led to the construction or the 

cell which was to b6 used in the finished Instrument. A 

cross section at this cell is shown in Figure . It was 

reasoned that f the oxygen-bearing gas would rove into the 

strenge st magnetic field, a cell could be designed which 

would divide the flow of the gas sample more or less equally 

when no magnetic field was present. 1hen a magnetic field 

was applied, the majority of the oxygen-bearing gas would 

flow toward the strongest part of the field. If this field 

were then centered around one resistor, or set of resistors, 

the increased gas flow should cool them while the decreased 

3aß flow around the other set should allow their tempera- 

tures to increase. By connecting the two different sets of 

resistors through a standard Wheatstone bridge circuit, the 

temperature difference could be determined as a change in 

resistance. Thus varying amounts of oxygen would allow more 

or less gas to pass the measuring set of resistors and the 

bridge circuit could be calibrated to indicate the por 

centage of oxygen in the exhaust gas sample, or objectively 

to indicate directly the fuel-air ratio. 

The filter, shown before the celi in Fignre , was 

constructed to prevent moisture and unburned carbon from 
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Fig. 5. Gas Analysis Cell 
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entering the celi. These undosirtb1e partic1e would cause 

corrosion or coating of the resl2tancs elements and after 

a time a 1a or inaccu.rate reading would result. Thermal 

conductivity type instrunnts, without filters, must be 

cleaned occasionally with carbon tetrachioride to remove 

these deposits. 

The flow and operation of the instru.nt is as follows 

(referring to Figure ): The gas sample is taken into the 

filter at point (1). The filter removes any unburned carbon 

or other undesirable matter and the gas leaves the filter, 

point (2), and enters the cell. At this point, the gas flow 

will split, part of it going the direction indicated by (a) 

and part the direction indicated by (b). Without the mag- 

netic field in place or with a non-magnetic gas (no oxygen), 

the gas flow will split approximately equally, half of it 

moving through passage (a) and half through passage (b). 

This cools both resistors equally. With the magnetic field 

around one set of resistors, and with paramagnetic oxygen 

in the gas sample, more of the gas will flow in direction 

(a) than in direction (b). This cools the resistors located 

within the magnetic field more thaxi the other resistors, 

which are not located in a magnetic field, causing the bridge 

circuit to be slightly out of balance. The degree of un- 

balance of the bridge circuit is related to the amount of 

oxygen in the gas sample. The gas flow rejoins at point (3) 



and loaves the cell, point (Ii.), to enter the blower. The 

purpose of the blower is to ereate a slightly reduced 

pressure within the system which facilitates the flow of 

gas through the celi. 
The wiring diagrari used in connection. with the cell is 

shown in Figure 6. The resistance units were made from a 

size I.O nickel wire to give & high resIstance chance with 

change of temperature. The resistors R1 and B were located 

in the side of the cell where the magnetic field was 

applied, while resistors R2 and R3 were located on the other 

side of the cell. This gave an effective resistance change 

of nearly twice as much as it only one of the resistance 
units of the bridge circuit were used on each side of the 

cell. 
The potentiometer, P, was constructed of manganim wire 

to eliminate the effect of resistance changes with tempera- 

turc. A small O-20 ohm variable resistor, R,, was used to 

control the input ourrent to the circuit. 
To obtain the gas flow through the instrument, a Sun 

exhaust gas analyzer was connected to the outlet tube with 

rubber tubing. The blower of the Sun instrument then drew 

the sanpie through the cell. 

A eston galvanonoter, type 424O, was connected across 

the bridge circuit to measure the difference in current 

riowing in the branches of the circuit. This galvanometer 
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Fig. 6. Instrument Wiring Diagram 
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had an internal resistance of 3.5 ohms and a scale cali- 

brated at 3.5 microamperes per division. The scale of the 

galvanometer read 30-O-30. 

Fig. 7. Apparatus Used for Initial Tests 

A sensitive milliameter was inserted in the input lead 

of the bridge circuit to determine the input current. 

The finished test cell with the galvancmetor, mliii- 
arneter, Sun analyzer, and magnet is shown in Figure 7. 

B. Initiai tests 

The first tests were conducted to determine what values 

of galvanometer deflection could be expected with atmos- 

pheric air flowing through the cell. Air contains 2]. per 

cent oxygen by volume and it WS desired to have full scale 

deflection of the instrument with air only. The input 

current was varied to determine what value was necessary 

to give full scale deflection. 
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At this point a problem developed. If th iflu 

current excedod 0.20 amperes, at which the gaivaometsr 

deflection was only 28.5 divisiois, tthe needle of the a1- 

vanometer waivered. This condition became so bad that at 

an input current of O.3S arnperøs, the needle waivered 6 

divisions of the galvanometer scale. A 8eareh of the liter- 

ature concerning Wheatstone bridge circuitB and thermal 

conductivity type instruments was made to attempt to correct 

the trouble, 

In Hamilton' s pamphlet, The Continuous Measurement of 

Gas Compositions (8, pp.10-lI) a table is given whichlists 

the variable factors that influence the readings of thermal 

conductivity cells, In this table he states that turbulence 

within the eel]. must always be avoided. Since the blower 

used did draw a considerable quantity of gas through the 

instrument, it was determined that turbulence within the 

instrument was possibly the cause of the trouble. 

To correct this, a restriction was made and inserted 

in the line between the 

tion was drilled with a 

small volume of gas to 

would flow at a reduced 

held to a minimum. 

The test procedure 

full-scale galvanometer 

cell and the blower. This restric 

number 76 drill to allow only a 

now through the cell. Thus the gas 

velocity and turbulence would be 

of varying input current to obtain 

deflection was then continued. The 
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needle of the galvanometer remained steady no niatter how 

uiiueh the input current was increased. The input current wa 

varied from 0,25 amperes to o.Io amperes in 0.05 ampere 

incremente and the corresponding a1vanometer deflection 

recorded. The data obtained are shown as Table 1. It can 

be seen that the values are nearly linear. Two points lie 

slightly off the straight line, but only by an aniount equal 

to 0.3 of one galvanometer division whioh is too small an 

amount to be read on the galvanometer scale. 

TABLE i 

Instrument Deflection with Air 

Input 
V1ts 

Input 
Arnperes 

Galvanometer 
Reading 

No Magnet 

Galvanometer 
Reading 
Magnet 

Deflection 

6.00 O.2S0 - 25.0 8.0 33.0 
6.00 0.300 25.0 13.0 ?8.O 
6.00 O.350 - 2).0 19.0 L.4.0 

6.00 0.L00 - 25.0 2L.0 149.0 



COM2LETED INSTRUMiNT 

The first teste indicated that the instrument could 

detect the presence of oxygen in a gas sample and that a 

practical Instrument was possible, It was therefore decided 

to attempt the building ot a practical instrument using the 

same principles and circuit. 
The cell which was constructed for the test instrument 

was used, but it was decided to increase the resistance of 

the measuring and comparison resistances located in the 

cell. By doing this, a less expensive panel type gal- 
vanorneter could be used. The following method of reasoning 

was used to determine thich galvanometer could be sub 

stituted, 
The galvanometer used had an internal resistance of 

3.5 china and a scale calibrated at 3. niicroamperes per 

divi8ion. Since the galvanometer Beale was 30.-O-30 or 60 

divisions for full scale deflection, a total current of 

(3.)(ÓO) or 210 microamperes was necessary for full scale 
deflection. 

The cell resistance units were checked and found to be 

i.ß3 ohms each, By replacing these straight wire rcaist- 
anees with coiled wire resistances, their resistance was 

raised to 16.Oo oirns each. This was an increase of 16,00 

divided by 1,83 or 8.7 times. This increase should then 



theoretically give (8.7)(21O) or 1836 tnicroarnperes through 

the a1vanoLneter for the same inpì.t eurrerit to the bridge 

cirouit. Thua a ßa1var1omter of 60 ca1e divisions wo1d 

have to have 1836 divided by 60 or 30.6 rnicroaiaperes per 

division. 
A search for an inexpensive, reiÍab1, a1vanoiieter bd 

to the selection of a Weston, Model 375 instrument. This 

galvanometer had a. senaitivity of 22 microamperes per divi- 
sien and an internal resistance of 23 ohms. This meter was 

installed in the eircuit. 

Other refinements wore made to the circuit and instru- 
mont to improve its practicality. The manganini wire peton- 

tiometer was replaced with a Mallory I ohm wire-wound 

potentiometer. The macnet was changed to I. GE Carboboy 

Amico raagnets, number 71 D 933 P2. These magnets were 

fastened in a bolder and arranged to cive a strong, local- 
ized, magnetic field. The rheostat was replaced with a 

Mallory 20 ohm variable rheostat, because it was a standard 

ava1abbe model. 

A blower was constructed using a 6-volt Delco, number 

;O)47733, automobile heater motor. This was a centrifugal 
type blower designed to operate with a small weight flow of 
gas. 

The entire circuit was re-wired with number 16 stranded 

copper wire. All connections were soldered. The circuit 



was kept absolutely symmetrical to elininate any serious 

initial unbalance. 

A single throw, double pole, toggle switch was in- 

stalled between the battery and the blower and instrument 

circuits. The revised instrument is shown in Figure 8. 

Fig. 8. Pararnagnetic CombustIon Analyzer 
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FINAL TES? AN!) RSULT& 

The first test of the finished in$trunient was made to 

determine the input current .necesaZ7 to give full scale 

deflection with air flowing throu1 the cell. Results of 

this test are shown in Table 2. 

TABI1E 2 

Inotrument Deflection With Air 

Gs.lyanome ter - Galvaiiome ter 
Input Reading Reading Deflection 

Ampares No Maet Mawet 

0.200 27 - 3 30 
0.210 27 B 
0.220 30 U Ll 
0.230 30 - 18 148 

0.2140 30 2 

0.2147 30 .30 60 

This test proved that, with the new components in the 

circuit, the instrument would indicate a full scale detlec- 

tion with air through the cell arid a reasonable amount of 

current through the circuit. All compone nt parts were 

capable of carrying 0.2O amperes without darnage. 

it was desired to test the instrunt, with &z oxygen- 

free atmosphere flowing through the cell, to verify the tact 

that the deflection was due to the presence of oxygen in the 

gas sanple. A spark-ignition engine exhaust gas is relass 

tivoly tree of oxygen at very rich air-fuel ratios., so Lt 



was decided to use a saniple of this gas. The instrument was 

connected to the exhaust line of a 19S3 Ford. L-cy11rider 

tractor engine and adju8ted to cive full scale defìecton 
with air, The engine wa then started and operated ori 

very rich mixture With no load. The gas sample taken from 

the exhaust caused no noticeable deflection of the gal.- 

vanorneter. When the engine was operated at a lean air-fuel 
ratio, the galvanometer deflected 2 divisions indicating a 

small aniount of oxygen in this exhaust sarnple The ability 

of the instrument to detect small axnounts o oxygen in a 

gas sample was proved with this test. 

As the instrument appeared to indicate accurately the 

amount of oxygen in a as 8aruple, a test was made using a 

6-cylinder Caterpillar, D 3L.00 engine. The purpose of this 
test was to secure information concerning the trend of the 

instrument reading as fuel-air ratio was varied. No special 
attempt was made to hold all condition8 exactly constant 

during the run. The air supply of the engine was piped 

through a Durley dx'wn to measure the weight flow, while the 

weight flow of the fuel wa obtained by timing the rate of 

flow of a fixed volume, Figure 9 shows the Caterpillar 
en3ine as instrumented for this work. 

The paraniagnetic instrument was connected to the ex- 

haust line as shown in the following photograph. Data 

necessary to determine the weicht flow of air arid fuel flow 



Fig. 9. Paramagnetic Instrument Test With a 
Caterpillar D 3t.O0 Engine 

were taken at constant speed (1100 rpm), variable load 

conditions. At each run, the instrument deflection due to 

oxygen in the ethaust was determined. The results of this 

test are shown as Table 3 and are lotted on Fiure 10. 

The test results plotted linearly for the instrument 

deflection against fuel-air ratio. This test also served 

to point out two shortcomings of the instrument. 

The first shortcoming showed that as the load on the 

engine increased it was impossible to keep the galvanometer 

deflection entirely on the scale by adjustment of the poten- 

tiometer. This was because an increase in load increased 
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TÂBL$ 3 

Instrument Test on Caterpillar, D 310O Engine 

EnEine Measured Galvanometer 
Output Fuel-Air Ratio DeflectIon 

Brake hp lb/lb Divisions 

0.0 0.0]il t2 
5.5 0.0172 37 
9.1 0.0200 31j. 

2O.I 0.0298 25 
29,Ii, 0.0387 15 
37.8 o.ot88 5 

the temperature of the gas sample. The circuit of the In- 

struinent should have compensated for a temperature rise of 

the saiiple gas if it were exactly symmetrical in all re- 

spects. Because the resistance units within the cell were 

handmade, a slight varIation In resistance was inevitable. 

The potentiometer could balance these variations at ambient 

or slightly higher temperatures, but as the gas temperature 

rose considerably above ambient, the out of balance condi- 

tion became more exaggerated. Since the values of gal- 

vanometer deflection versus Input current were nearly linear 

in the operating range of he instrument, this condition 

was easily corrected. The input current was reduced by the 

rheostat until the deflection remained on scale. The de- 

flection was then determined by moving the magnetic field 
from outside the cell to around one set of resistance units. 

The sampling tube was then disconnected and the deflection 

determined with air flowing through the instrument cell. 
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GMC-RUN I 

RUN 2 

o 
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Fig. 10. Instrument Check on Caterpillar, 
D 31j.00 Engine and GMC, 3-71 Engine 
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The adjusted deflection was then equal to the ga sample 

deflection rnultipied b the ratio, 60 over the air deflec- 

tion. (Adjusted deflection deflection with exhaust gas 

times 60 divided by deflection with air.) 

The second shortcoming was inherent in the design of 

the instrument and was more difficult to overcome. When 

the air-fuel ratio was held constant, the deflection of the 

galvanometer varied with the amount of flow of the sample. 

Because the weight flow increased, a proportionately greater 

amount of heat was transferred from the resistors in the 

magnetic field than from the other set of resistors, result- 

ing in a greater galvanometer deflection. The only way to 

correct this, without installing a flowneter in the line, 

was to throttle the sample to the desired flow before it 

entered the cell. This was in part accomplished by in- 

stalling a number 6o drilled orifice ahead of the cell and 

partially by throttling the sampling tube. The correct 

throttling was arbitrarily obtained by holding the end of 

the tube (i/It, inch inside diameter) in a beaker of water 

and adjusting the flow to obtain about bubbles per second. 

This method, although rather crude, gave good reproducible 

results. 

Since the test of the Caterpillar diesel showed 

excellent potentialities, it was decided to test the 

instrument on a two-cycle diesel engine. A GMC, 3-71 

engine was chosen for this test and was instrumented with 



to meaaure fuel flow. The GMC, 3-71 erie me prepared for 

test is i11ustrated in Figure 11. 

Pig. Il. Paramagnetic Instrument Test 
on GMC, 3-71 Engipe 

The gas sample was taken just ahead of the valve whiøh 

eparated the engine exhaust system from the building's 
exhaust manifold. flecessary data to determine air flow and 
fuel flow were taken at constant speed., variable load con- 

ditions. The instrument deflection at each condition was 
also read and recorded. The results are plotted on Figure 
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lo (GMC - run 1) and tabulated in Table 14.. 

TABIß 
14. 

Instrument Test on GE, 3-71 Engine - Run i 

Engine Measured Galvanometer 
Output Fuel-Air Eatlo Deflection 

Brake hp lb/lb Divisions 

0.0 o.008i 14.8 

14,2 0.0102 
9. 0.0133 

13.8 o.oi6 60 
17.3 0.0193 61 
21.6 0.0220 61 

2S.1 O.02S2 61 
26.9 0.0271 62 
29.9 0.0300 62 

When comparing these data with the data taken from the 

Caterpillar test, a definite discrepancy is evident. While 

the curve of deflection versus fuel-air ratio for the Cater- 

pillar rises linearly as the mixture becomes leaner, the 

curve for the 0MG rises non-linearly as the ftel-air ratio 

becomes richer, Does some inherent characteristic of the 

GMC engine cause the instrument to reverse Its trend? Thi8 

phenomenon may be explained by examining the fundamental 

principles of operation of the two-cycle diesel engine (the 

GMC, 3-71 engine operates on the two stroke cycle). 

Assume that the cycle starts with the piston on top 

dead center, just starting the power stroke. As the piston 

moves downward on the power stroke, the combustion gases 

expand. At approximately 120° after top dead center, the 



exhaust valves open and the exhaust ¿ases flow out into the 

manifold, About 11400 after top center, the piston uncovers 

the intake ports and fresh air, at blower pressure, is 

forced through the cylinder to scavenge all the residual 

gas, The exhaust valve and intake ports close after bottom 

dead center and the cylinder is on the compression stroke. 

Considering the manner in which the residual gas leaves the 

cylinder, the flow of gas in the exhaust line is a charge of 

exhaust gas (at high temperature) followed by a volume of 

mixed exhaust gas and air, and finally a charge of air (at 

relatively low temperature). The entire exhaust line is 

then full of a very stratified mixture of hot exhaust gas 

and relatively cool air. 

If a sample of cas is drawn into the instrument cell, 

the gas is attracted toward the magnetIc field proportion- 

ately to the amount of oxygen it contains. Since the air 

is richer in oxygen than the exhaust gas, most of the air 

will flow to the niagnetic field, while most of the exhaust 

gas will flow toward the other set of resistors. The air 

is therefore cooling the resistance units in the magnetic 

field much more than the warm exhaust gas is cooling the 

other set of resistance units. 

As the load increases, the amount of oxygen in the gas 

sample decreases so the resistors in the magnetic field 

should become warmer. However the exhaust temperature in- 

creases with load so the opposite set of resistors becomes 



considerably warmer. The over-all effect is a greater un- 

baLance of the circuit, giving a larger galvanometer 

deflection as load increases. Near the full load condition, 

the oxygen content decrease and the exhaust temperature tri- 

crease tend to offset each other and the curve levels out. 

It seemed logical to conclude, from the foregoing 

explanation, thatif mixing of the exhaust gas and air could 

be improved the instrument would tend to read in the same 

manner when used on a two-cycle engine as on a four-cycle 

type. To improve this mixing, the sampling connection on 

the GMC was moved to a position below the shut-off valve. 

The valve was partially closed to ïncrease turbulence in the 

exhaust line. 

Another test was then made on the GMC engine. All 

conditions were identical with those of the first test 
except that the sample was taken further downstream, from a 

more turbulent region. The test results appear on Figure 

10 (GMC - run 2) and are tabulated in Table 5. 

An improvement in mixing is noted at light load, as 

the curve starts to follow the curve obtained from the 

Caterpillar engine. As the load increased, however, and 

the exhaust temperature stratification inereasod, the 

temperature difference of the gas and. the air again became 

the predominate condition within the cell and the unbalance 

became greater, causing more galvanometer deflection. If 
honiogenecus mixing of the exhaust gas and scavenging air 



could be accomplished, the instrument would probably cive 

the aarne galvanometer deflection for a two-cycle engine as 

for a four-cycle. 

TABLIî 5 

Instrument Test on GMC, 3-71 Jngine - Run 2 

Engine Measured Galvanometer 
Output Fuel-Air Ratio Deflection 

Brake lip lb/lb Divisions 

0.0 0.0080 148 

2.14 0.0090 
14.6 0.0102 144 

10.0 0.01140 147 

11.6 0.01145 148 

15.9 0.0182 147 

18.5 0.0200 148 

20.8 0.0220 148 

23,3 0.02)40 147 

2.5 0.0261 47 
28.0 0.0283 48 
28.9 0.0294 48 

The difficulty of mixing the gases homogeneously would 

pose another new and complete problem. Therefore, it was 

decided to limit the application of the paramagnetic instru- 

ment to tour-cycle engines only. 

From all the four-cycle engines available for operation 

in the laboratory,the Caterpillar was chosen for obtaining 

the data for the calibration of the instrument. Excellent 

control could be maintained at all speeds, and loads, and 

the engine was relatively simple to operate. 

Two tests were de, one at 1100 rpm and another at 



800 rpm The speod wa.s held eonstant, whii the lo&d was 

varied from zero to maximum. This gave a wide range of 

fuel-air ratios. Read1rigs were taken only after equilibrium 

conditions were reached for each load. Two sets of readings 

were made at each load. All instrumentation ot the engine 

was identical with that used for the check run described 

earlier A summary tabulation of the data appears in 

Table 6. 

The data taken during the calibration tests were 

plotted as galvanometer deflection versus fuel-air ratio, 
Figure 12, and galvanometer deflections versus air-fuel 
ratio, Figure 13. ßach. point plotted is the average of two 

runs at identical load conditions. Considering that the 

instrument may be read correctly to only one division, a 

reasonable degree of accuracy was obtained. No sIngle point 

taken as test data lies further than one galvanometer divi- 
sion from the curve, Using the calibration curve to deter- 

mine air-fuel ratio, the largest error of an of the 

measured points is 3 divided by (78 - 22) or .3 per cent 

of the range covered in this test. An accuracy of per 

cent for a thermal conductivity air-fuel ratio instrument 

is considered excellent. 
it was desired to test the validity of the calibration 

curve by checking it ø other four-cycle diesel engines. 

The first check was made on a two-cylinder Superior diesel 



TABLE 6 

Calibration curve on Caterpillar, D 31i.00 Engine 

Engine Fuel-Air Air-Fuel 
Speed Output Eatio Ratio Deflection 

rpm Brake hp lb/lb lb/lb Divisions 

1110 0.00 0.0132 76.0 146 

1100 8.93 OOl88 3.2 i4. 

1100 13.61 0.0231 b3.3 13 
1090 l7.I.Lj 0.0268 37.3 14 
llO 22.00 O.O29I 314.0 37 
1095 2Ö.50 0.0328 3O. 31. 

1100 30.80 0.0376 26.6 3]. 
1100 35.50 0.01423 23.6 29 
1110 38.tS o.oLói 21.7 27 

790 0.00 0.0138 72.3 
s 79 7.9S 0.0210 147.6 L2 

8O 12.88 O.O2 39J. 
805 17.70 0.0308 32. 37 
810 22.65 0.0380 2ó.L 31 
805 25.90 0.01435 23.0 27 

again with speed constant and variable load. The data are 

tabulated in Table 7, pase 142. 

A further test was made on a one-cylinder Witte engine 

Table 8, page 142. 

Figure 114 W9S plotted from the data of Tables 7 and 8 

and illustrates where the measured points lie wIth respect 

to the calibration curve for the instrument. Again, a good 

degree of accuracy is apparent. 

A test was attempted using the instrument with a domes- 

tic type Coleman oil burner. Deflection readings were taken 

at various air-fuel ratios, which were determined with an 
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TABLE 7 

Instrument Check on Superior Engine 

Engine Galvanometer Indicated Measured 
Output Deflection Air-Fuel Ratio Air-Fuel Ratio 

kw Divisions lb/lb lb/lb 

0.0 145 60.5 59.2 
48.3 1.14 43 48.o 

2.7 14.0 38.0 4o.8 

4.5 38 34.0 35.1 
6.3 35 31.2 30.7 
7.9 32 27.7 27.0 

Instrument Check on Witte Engine 

Engine Galvanometer Indicated Measured 
Deflection Air-Fuel Ratio Air-Fuel Ratio 

kw Divisions lb/lb lb/lb 
0.0ç 

f 

67.0 65.0 
0.5) :;7.0 57.8 
1.10 143 14 .5 
1.89 42 144.5 47.2 
2.48 4o 38.0 39.5 
3.00 38 314.5 35.1 

Orsat gas analyzer. The data are tabulated as Table 9. 

These data do not agree with the calibration curve 

obtained from the diesel engine. The discrepancy was as- 

cribed to the very small mass flow through the cell. A 

steady positive pissure would be necessary, ahead of the 

coli, to obtain reliable result8. This would entail the 

redesign of the entire instrument. 
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TABLE 9 

Instrument Cheek on Coleman Oil Burner 

CO2 02 Gvano ter 
Aïr-Fuel Hatio DeflectIon 

lb/lb Divisions 

6.2 18.0 33.14. 58 
7.8 17.6 27.L 57 

11.14 16.2 19.1 56 



INSTIWMNT IMkROVEMENTS 

To completely ønclose the instrument, lt was decided 

to place the components in a metal case. The minimum dimen- 

aïolis possible, to encase ail necessary parts, were 8x)J4.xlQ 

inches. A case, of these nieasurenents, was obtained and the 

instrument was modified to fit. 
The entire instrument is self-contained within the 

case, Operation is extremely simple, since connection to a 

6voit power supply and to the exhaust line of an engine is 
all that is required. The filter unit is placed under a 

plastic window in the top of the case and its condition is 
easily observed. The completed paramagnetic mixture ratio 
instrument is shown in Figure 15 and 16. 

Permanently attached to the top of the case is the 

calibration curvewith operating instructions. These in- 
structions read as follows: 

1. With sampling tubo disconnected at instrument, 

adjust rheostat and potentiometer to give full 
scale deflection when magnet is moved from OUT 

to IN (rheostat controls amount of deflection, 
potentiometer centers deflection); 

2. Throttle sampling tube until a very small amount 

of exhaust gas flows from tube (unnecessary if 
exhaust line pressure atmospheric) and corect 
to instrument; 



Fig. 1. Arrangement of Component karts of 
Pararnagnetie Instrument 

Fig. 16. Completed aramagnetic Instrument 



3 Move maiet from OUT to IN and observe total 

deflection of galvanometer (potentiometer 

setting may have to be changed to keep deflec- 

tion on scale); 

Repeat step number i abo ve occasiozmlly. 
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SUGGESTIONS FOR IMFROVMiNT 

Since the operation and utility of the pararaagne tic 

instrument leave sonie things to be desired, the following 

suggestions are offered for its improvement. 

I, o simplify the operation of the instrument, all 

resistance units should bave exactly the same 

resistance, Machine made resistors would no 

doubt satisfy this condition. This would insure 

a constant reading of the meter without readjust- 
ment es the gas sample temperature changes. 

2. A simple fiowmeter could be installed before the 

point where the gas passes into the cell. This 

would allow the weight flow of sample gas to be 

held constant for use on any engine, or oven an 

oil burner. 

3. If some type of turbulent mixing chamber (similar 
to a supercharger) could be incorporated for use 

with the instrument, it might be possible to 

determine the air-fuel ratio of a two-cycle engine 

using the present paramagnotic instrument. 

14. Any refinements that uld improve the accuracy 

of the instrument would of course be desirable. 



CONCLIJSI ONS 

The paramagnetic instrwnent appears to ft.1f ill, 

reasonably well, the requirements set forth earlier as 

desirable for an air-fuel ratio indicator of diesel engine 

exhaust gas, It is simple, both in design and operation. 

This tends toward not only ease of use, but ease of main- 

tenance. The instrument and all component parts are rugged. 

With tho exception of labor, the total cost of the 

finished instrument was less than $35.00. This price coni- 

pares favorably with that of the thermal conductivity type 

instrument. The total cost, including labor, should be 

about 4SO.00. Some reduction in production cost might be 

obtained by mass production of the unit. 

The instrument is accurate within the limits of ap- 

plication discussed herein. Accuracy could no doubt be 

improved by use of machine made components throughout the 

unit. 

Further improvement of both the design and operaticn 

would increase the utility of the instrument. In Iti 

present form, it is recommended that it be used whever 

possible as a permanent installation with a four-cycle 

engine Under the se o ondi ti ons, the re su lt s wi 11 be 

accurate and can be relied upon for the correct indication 

of air-fuel ratio. 
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SAMPLk? CALGULATIONS 

Caterpillar, calibration test. 

Orifice dia. 1.125 in. 

Corrected barometer 29.69 in. Hg 

Weight of air, lb/hr 1414. 
2 (p pb/T)1'2 

* (4]j4)(o,99)(l.266)(5.145)C6p/T)u/2 

2820 (4p/T)h/2 

Where p pressure drop across orifice, in. absolute 
of water 

T absolute dry bulb temperature, R 

Weight of fuel, lb/hr 
lOml 36Osec 

t 

Where t number of seconds to uso 100 ml 

WN 
Bhp 2OO 

Where W Scale load, lb 

N Speed, rpm 
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DATA SHT I 

De termination of galvanometer de flecti on 
with air flowing through instriment cell 

Input Ga.Lvanometer Galvanometer Galvanometer Total 
current deflection deflection deflection Galvanometer 
amperee no magnet magnet no magnet deflection 

0.250 -25.0 8.0 -25.0 33.0 
0.300 -25.0 13.0 -2,.0 8.0 
0. 50 -25.0 1 .0 -2,.0 
O.L0O -25.0 2Lj.0 -25.0 49.0 

DATA SHEiiT II 
Determination of galvanometer deflection 

with air flowing through completed instrument 

Input Galvanometer Galvanometer Galvanometer Total 
current deflection deflection deflection Galvanometer 
amperes no magnet magnet no magnet deflection 

0.150 -1 -10 -1 9 
0.160 -1 -13 -1 12 
0.170 14 -2 14 16 
0.180 2)4 4 214. 20 
0.190 26 1 26 25 
0.200 27 - 3 27 30 
0.210 27 - 8 27 35 
0.220 30 -11 30 41 
0.230 30 -18 30 48 
0.2140 30 -25 30 55 
0.247 30 -30 30 60 



DJ.TÂ SHE III 

Ixutrurnent check on CaterplUar, D 3LjOO engine - March 29, 19t 
Orifice diameter - 1.259 in, Corrected barometer - 29.62 in. Hg 

Fuel weight - 0.186 lb/lOO ml 

Speed Brake Brake t 4? Air Fuel Fuel F/A Galvanometer 
rpm load, lb hp F in. H20 lb/hr Seo/lOO ml lb/hr lb/lb deflection 

1100 0.0 0.0 76 2.66 251 189.0 3.514. 0.0114 

9 0 1II.S 5.5 76 2.02 217 179.1 3.7I. 0.0172 37 
945 2Li.O 9,1 76 1.98 2l 155.3 L.31 0.0200 3)4 

1100 6. 20.)4 80 2.62 2)46 92.8 7.23 0.0298 25 

1105 Ö6,Li 29.L 80 2.62 2)46 70.)4 9.53 0.0 87 15 

1100 8!,.9 37,U 79 2.65 2)48 55.5 12.09 O.OL88 S 



DATA SiThP IV 

Instrument check on 0MO, 3-71 origine Run i - March 30, i951. 
Orifico diameter 2.125 in. Corrected barometer 29.7L in. Hg 

Speed Brake Drake t 4P Air Fuel Fuel F/A Galvanometer 
rpm load, ib hp lb/hi' 800/0.1 lb lb/hr lb/lb deflection 

Id. 

14 

.1 * 

I 

; , 

.4 

0.0 
0.0 

29.9 
26 9 

21 6 
17.3 
13.8 
9e5 
14.2 

0.0 

83 
33 
83 
83 
8 
8 
814 

814 

814 

814 

814 

I 
i 
i .149 

i .142 
i .39 
1.38 
i .142 
i .52 
1.38 

1470 91.6 
14ó7 914.2 

1465 
1452 29.1. 
)45 31.1, 
1449 3().J4 

1447 14.7 
1451 148.14 

1469 7.Ó 
1447 78.6 
1457 91.8 

3 93 
3.82 

13,9v 
i 2.214 
ii,145 

9.89 
8.6 
7.14 
o .25 
14.58 
3.68 

0.00814 148 

0.0082 148 

0.0300 62 
0,0271 62 
0,0252 61 
0.0220 61 
0.0193 6]. 

o.o165 60 
0.0133 59 
0,0102 57 
0,0081 148 



DATA HEEI V 

Instrument check on GMC, 3-71 engine - Run 2 April 3, 19S14. 

Orifice diameter 2.125 in. Corrected barometer - 29.58 in. Hg 

Speed Brake Brake t 4P Air Fuel Fuel F/A Gslvanometer 
rpm load, lb hp F in. H20 lb/hr Sec/O.1 lb lb/hr lb/lb deflection 

810 0.0 0.0 82 l.8 !63 96,6 3.72 0.0080 L.8 

790 
BOO 

10.5 
20.0 

2. 

14. 

82 
81 

1. 3 
l.'40 

439 
145a 

91.0 3.96 0.0090 14 

78,2 Lkt5O 0.0102 
815 143.o 10.0 81 1,)I4 1457 56.14 6.38 0.0140 147 

805 50.5 11.6 
15.9 

82 
83 

l.!43 1455 14,8 

L14.l 
6.57 
8.16 

O.o11S 148 

795 70.0 l.?9 O.Ol2 147 

805 80. 18.8 8 1.42 1453 39.8 9.05 0.0200 148 

805 90.5 20.14 8t. 1.140 1450 36.? 9,92 0.0220 148 

815 100.0 23.3 814 1.147 14o2 32.L 11.10 0.02140 147 

800 111.5 25.5 814 1.140 1450 30.6 11.76 O,02ó1 147 

815 120.5 28.0 85 1,47 462 27.6 13.04 0.028 48 
810 125.0 28.9 85 x.44 26.8 13.42 O.O29L. 48 

C' 



Calibration of 
Orifice dia' 

Speed Brske Brake 
rpm load, lb hp 

1110 0.0 0.0 
1115 0.0 0.0 
1105 .l 2.2 
110, 14.9 2.2 
1090 10.1 
1090 10.3 4.5 
1100 15.2 6.7 
1100 15.2 6.7 
1100 20.3 8.9 
1100 20.0 8.8 
1095 25.0 10.9 
1095 25.1 11.0 
1110 30,0 13.6 
1110 30,0 13.6 
1100 35.0 15.14. 

1105 35.0 15. 
1090 140.0 17. 
1095 140.0 17.5 

DATA SH&T VI 

intrwnent on Caterpillar, D 3400 engini 
neter - 1.259 in. Corrected barometer - 

Fuel weight - 0.186 lb/lOO ml 

t 4P Air Fuel Fue]. 

F in. H20 lb/br Seo/lOO ml lb/hr 

80 2,71 251 201.6 .30 
80 2.80 255 204.3 3.26 
81 2.71 251 190.2 3.50 
8]. 2.7? 22 l90. 3.50 
81 2.& 2147 173.4 3.814 

81 2.58 244 172.8 3.85 
81 2.60 245 156.5 4,25 
81 2.61 245 156.5 4.25 
81 2.60 245 144.7 4.60 
8]. 2.59 214.4 144.3 4.6i 
82 2.l 214 138.0 4.8.3 

82 2.149 240 136.9 4,86 
82 2,53 242 119.0 5.60 
62 2,56 243 118.3 5,63 
82 2.50 240 109.7 6.08 
82 2.1 24]. 110.1 6.06 
82 2.145 238 104.3 6.39 
82 2.45 238 io4.5 6.38 

- April 7, 19514 

29.65 in. Hg 

F/A Galvanometer A/F 
lb/lb deflection lb/lb 

0.0132 46 76.0 
0.0128 46 78.1 
0.0139 145 71.9 
0.0139 145 71.9 
0.0155 14.5 64.5 
0.0157 145 63.7 
0.0173 145 57,8 
0.0173 57.8 
0.0188 14 53.2 
0.0189 14)4 52.8 
0,0200 14)4 50.0 
0.0202 144 149.5 

0,0231 43 
0.0232 143 143.1 

0.0253 42 39.5 
0.0252 42 39.7 
0.0268 41 37.3 
0,0268 37.3 

-3 



Data Sheet VI Continued 

Speed 
rpm 

Brake 
load, lb 

Brake 
hp 

t 
F 

P 
in. H20 

Air 
lb/hr 

Fuel 
Seo/lOO ml 

Fuel 
lb/hr 

F/A 
lb/lb 

Galvanometer 
deflection 

A/ 
lb/lb 

1110 145.0 20.0 7 2.66 2S0 96.0 ó.9L. 0,0278 39 36.0 
11OS 145.0 19.9 76 2.óo 2 0 95. 6.98 0.027 39 3 .9 
1100 ,O.O 22.0 76 2.6 248 91.3 7.30 0.0294 37 3)4.0 
1110 S0.O 22.2 76 2.64 21j.9 92.2 7.23 0.0290 37 3LJ4 
1110 
1110 

,5.0 2h1114 

214.14 

76 2.61 
2.62 

2L.6 87.!. 

87. 
7.63 0.0310 36 32, 

lO9S 
5,.0 
60.5 

76 2L7 7.62 0.0309 3 32. 
26.S 76 2.Lj. 2L1 83.2 8.0]. 0.0328 3)4 30.S 

1095 60,5 26.S 76 2.53 2I.3 83.2 8.lo 0.0333 314. 30.1 
1110 6S.o 20.8 76 2.62 2t7 7.9 8.78 O.O35 33 28.2 
1110 ó.0 28.8 76 2.62 2Lj7 7ó.0 8.77 O.035 32 28.2 
1100 70.0 30.8 76 2.S6 2)S 72.3 9.22 0.0376 31 2ó.6 
1l0 70.0 31.0 76 2.58 2I.6 72.S 9,20 0.037Lj 31 26.7 
1105 75.0 33.2 76 2.7 21j5 68.7 9.70 0.0390 30 2S.3 
1100 75.0 33.0 76 2.SS 2L 68,7 9.70 0.0 98 30 2!.1 
1110 80.0 3S.S 76 2.9 2)46 6Lj.1 1OJ.jO 0.0423 29 23.6 
1110 80.0 35.5 76 2.5 2L.6 6L.i io.Lo 0.0I423 29 23.6 
1110 8,.5 38.0 7 2.54 2LJ4 Ó0.0 11,10 O.0L.5 28 22.0 
1110 85. 38.0 76 2.50 2L.5 6o.o 11.10 0.01453 28 22.1 
1110 86.6 38.5 76 2.57 2145 58.9 11.30 0.01461 27 21.7 
1100 86.6 38.5 76 2.148 2L1 59.6 11.18 0.01463 27 21.6 



DATA SHEET VII 

Calibration or instrument 
Orifice dtameter 

on. Caterpillar, D 3tOO engine 
- 1.259 In. Corrected barometer - 

Fuel weight 0.186 lb/lOO ml. 

--- 

- April 8, 195I. 
29,69 in. Hg 

- 
Speed 

__t 

BraJce 

s 

Bz"ake t 4? Air Fuel 

-__; 

Fuel F/A Galvanometer A/F 
rpm Iovd, lb 1p F in, HQ lb/hr Seo/lOO ri). 1b/b lb/lb deflection lb/lb 

790 0.0 0.0 73 1.136 18S 260,0 2.6 O.0138 L 72.3 
790 0.0 0.0 73 1.14.9 188 2O.l 2.6 O.OiLj2 145 

805 5.0 1.6 73 1.53 192 236.8 2.81 o.olL 1 68J 
805 
800 

.O 1.6 73 l.2 191 
187 

231.2 
213.3 

2.88 0.0151 
0.0167 

1 

14f. 

66.3 
59.9 10.0 3,2 73 1SLI8 343 

79; 10.0 .2 73 Ì.Í48 187 
1GO 

213.i 
l97. 

3.12 0.0167 
0.0181 

L4 
I4 

59.9 
5).2 795 15.0 4.8 73 l.1t7 3.37 

795 15.0 ,8 73 i.L3 187 197.2 3,38 0,0181 Lj.i 

Ì3 
55.2 

810 20.0 o.5 73 1.53 192 180.0 3.10 0.0193 51.8 
$10 20.0 6,5 73 1.53 192 180.8 3.69 0.0192 L.3 52.0 

795 25.0 8.0 73 l,L7 160 170.5 3.90 0,0210 12 L7,6 

795 25.0 8.0 73 i.L.8 187 170.6 3.90 0,0208 14.3 143.1 

810 30.0 9.7 73 1.53 192 1514.9 L.30 0.02214 142 1414.6 

810 30.0 9.7 73 1.3 192 15.3 14.29 0,0223 142 

Boo 35.0 11.2 73 1.147 186 J39.3 14.146 0.02140 141 141.7 

800 ».0 11.2 73 i.14 186 1149,5 14.5 
L.io 

0.O23 14i 141.8 

805 140.0 12,9 73 l.O 189 138,9 0.025Lj, 40 39.14 
805 
810 

140.0 12.9 73 1.48 187 139.2 14.7e 0.0250 140 39.1 
145.0 114.6 73 1.149 188 129.8 5.iL 0.027? 39 36,6 

Bio 14.o 14.6 73 1.49 183 129.4 5,15 0.0274 39 



Data Sheet VII Continued 

Speed 
rpm 

Brake 
load, lb 

Brake 
hp 

t 

F 
P 

in. H20 
Air 
lb/hr 

Fuel 
Sec/bO ml 

Fuel 
lb/hr 

F/A 
lb/lb 

Galvanometer 
deflection 

A/F 
lb/lb 

79S O.O l,9 73 lJ3 183 l2.2 S.32 0,0290 38 3Li..5 

795 50.0 15.9 73 l.42 102 124.9 5.33 0.0292 38 3L.3 
8oS S5.O 17.7 73 1,!J.6 18S 116.7 5.71 0.0308 37 32. 
80S 17.7 73 1.146 185 116.8 5.70 0.0303 37 32, 
300 

.!:;.o 

60.0 19,2 73 1.14 i8 io8.L. Ó.1S 0.0332 3 30.1 
800 60.0 19.2 73 l.bu l8L. 107.9 6.17 0.0335 35 29.9 
810 65.0 21.0 73 l.Lj9 188 97.8 6.82 0.0362 33 27.6 
610 O.O 21.0 73 l.ì9 180 97. 6,81 0.0362 33 27.6 
810 70,0 22.7 73 1.O 189 93.L 7.13 0.0380 31 26.I. 

810 70.0 22.7 73 l.)49 188 93.9 7.10 O.O?78 31 26.S 
795 7!.O 23.9 73 1.I.S l3 90.0 7.L1O O.OLOO 29 2.O 
80S 75.0 2L.O 73 i.)4 138 89.9 7.I.l 0.O1lOO 29 2.O 
805 80.0 25.9 /3 1.44 l&j, 83.2 8.01 0.OL3 27 23.0 

23,1 810 80.0 26.0 73 1.47 180 82.7 8.05 0.0433 27 

[1 



DATA SHEiT VIII 

Air-tuei ratio determination 
Orifice diameter - 1.259 

ori 2-cylinder 
in. 

Superior engine - April 
Corrected barometer - 29.98 In. 

15, 19S1 
Hg 

Load Galvanometer Indicated t ? Air Fuel Fuel Actual 
kw deflection A/F F in, H20 lb/hr Sec/SO g lb/hr A/F 

0.0 1414 5 73 2.11 22L. 82.5 4.10 
0.0 14S 614 73 2.014. 220 98.9 3.b2 
l.14 143 147 7 l.9 215 76.9 4.LO I9.O 
i.L 143 17 76 1.92 213 75.L LI.16 
2.7 L10 38 76 1.87 210 61.7 5.23 LO.1 
2.7 14O 38 76 1.87 210 oo.L ,lo 14.3 

38 36 77 1.82 207 7.O .93 35.0 
14,5 38 36 77 1.82 207 57.5 .88 

6.63 
35.2 

6.3 35 31 78 1,77 2014. l.0 
6.70 

30.8 
6.3 35 31 78 1.77 2014. 0. 30.5 

27.]. 7.9 33 28 79 1.73 202 7.L5 
7,9 33 28 79 1.73 202 145.3 7.146 27.0 

-J 



DATA SHEET IX 

Air-fue1 ratio determination on Witte engine - April 16, 19S1. 

Orifice diameter - 1.000 in. Corrected baronter - 30.05 in, Hg 

Load Galvanometer Indicated t 4? Air Fuel Fuel Actual 
kw deflection A/F F in. 12O lb/hr Sec/i oz lb/hr A/F 

0.0 145 os 82 1.02 97. 1I.8.9 
0.0 145 ó 82 1.0]. 97.2 152.0 1,1.,8 6.3 
0.6 1414 t4 83 1.00 96I. 1314.0 1.60 
0.6 144 4 83 1.00 96.Lj. 136. 1S65 
1.1 143 14 83 0.99 9.9 122.L, 1.314 2.O 

1.1 143 L8 83 0.99 95,9 ).2t.8 1.80 2.6 

1.9 12 L3 8L. 0.97 95.1 111.2 2.02 L7.2 
3.,9 t2 L.3 8L, 0.97 9.l 111.3 2.02 147.2 

2.5 140 36 814 0.96 94,3 914.8 2.8 39.7 
2.5 14o 38 614 0.96 914.3 93.7 2.40 39.14 

3.0 38 314 814 0.914 93,5 814,8 2.66 35,1 

3.0 38 314 814 0.914 93.5 814.7 2,66 35.1 



DATA &HE1T X 

Air-fuel ratio determination on Coleman oil burner 
Aprii 19, 19514 

Galvanometer Indicated CO2 Actual 
deflection A/F A/F 

57 unable 7.6 9.8 27.14 

56 to 11.14. 14.8 19.1 
58 determine 6.2 11.8 


