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POWER AND ECONOMY OF AN AUTOMATICALLY 

VARIABLE COMPRESSION RATIO ENGINE 

For many years, enterprising Inventors have been 

seeking the elusive practical form of an old and fascinat- 

Ing Idea: the variable compression ratio en4rie. Accord- 

Ing to theory, such an engine appears to be workable and 

very promising. By raising the compression ratio, its 

part-load efficiency would be considerably Increased above 

that of normal engines. Utilization of leaner fuel-air 

mixtures might also be possible. Since most operation, 

particularly of automotive vehicles, is at comparatively 

light loads, a variable compression ratio engine would 

reduce fuel consumption and operating costs. 

DespIte its thermodynamic attractiveness, this type 

of engine has never been produced commercially. An ob- 

stacle to all designers has been the construction of a 

device which could vary compression ratio according to 

load, or throttle opening, yet allow flexibility of load 

and speed. iMny methods of control have been proposed, but 

few mechanisms have been built. The ideas range from 

mounting' a section of the combustion chamber wall on a 

spring to an entire cylinder block free to move with respect 
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to the crankshaft. Some were simply manually adjusted; 

others incorporated elaborate automatic hydraulic or 

electric control systems. These designs have appeared 

periodically since the turn of the century. What has be- 

como of them is a mystery; apparently the only available 

written records of them are patents, which lack performance 

data and results. None of the mechanisms seems to have met 

with enough success to warrant further development or 

attract much interest. 

A study of the theoretical advantages of the variable 

compression ratio engine recently motivated Mr. I. B. 

Humphreys of Denver, Colorado, to design and construct the 

Humphreys constant compression cylinder head. This is a 

device which automatically regulates the compression ratio 

according to the load demanded of the engine. Its aim is 

to maintain constant compression pressure at any power out- 

put. The Hurnphreys head has been under development since 

early in l9I.9. Units have been manufactured and installed 

in three engines: a single-cylinder air-cooled Wisconsin, 

a four-cylinder Viillys, and a six-cylinder Oldsmobile 

mounted in the automobile. Preliminary observations on the 

Oldsmobile and Wisconsin by Mr. Humphreys indicated sub- 

stantial savings in fuel consumption by use of the device. 

This prompted him to send the Wisconsin and Willys engines 

to the Oregon State College Engineering Experiment Station 

for further testing. 
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Since the es3ential feature of the Humphreys head Is 

its control of conipressíort ratio, the first inveatigation, 

which is re?orted iìrei, was concentrated on the effects 

of this variable In relation to engine performance. Of 

principal interest as the gatherin of data for a eo:i- 

parison of the specific fuel consum2tion between engines 

equipped with the Humphreys head and simi]ix' stock engines. 

:í correlatiii these data with thermodynamic cycles and 

combustion principles, the effectiveness of the Humphreys 

design would be indicated. The engines were tested both as 

adjusted by the manufacturer and with some minor i'ev1sions 

made in the laboratory. This was done to make a basic 

study of the design before deteruinin a coux'se or future 

testing. This thesis presents the results of this initial 

work and some suggestions for possible design improvement 

based on these observations. It is intended as an aid to 

the more extensive analysis and testing which will determine 

the usefulness of the Humphreys constant compression head. 



THEORETICAL BACJGROUND 

A discussion o under1yirì principies will ShOW the 

sound theoretical basis for increasing compression ratio 

at partial loada. 

High compression ratio has long been proven by theory 

and experinont to be a key to bebter econoily in Otto cycle 

engines, The compression ratio of currently manufactured 

engines is limited to about 8:1 by the tendency of coì- 

merciai fuels to detonate at the high temperatures and 

pressures produced. These factors are critical near ful]. 

throttle operation, but aro lowered as engine load is 

decreased and the throttle closed. The problem of detona- 

tion diminishes with this decrease in temperature and 

pressure. It follows that compression ratio at partial 

loads may be increased considerably without exceedIng the 

critical conditions which cause detonation. Efficiency 

would be raised proportionally, with accompanying improve- 

ment in economy. 

Compression ratio at any load would be limited by 

detonation. It seems reasonable to assume that tempera- 

tures and pressures produced at full load with non- 

detonating coriibustion could be reached at other loads 

without causing detonation. These might even be exceeded 

at light loads, since the smaller combustion chamber would 

shorten flame travel and leasen the tendency to detonate. 
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Therefore, conditions resulting in detonation should not 

be reached at any load if compression pressure is held 

constant at all loads. A variable compression ratio engine 

thus seems workable from a standpoint of combustion prin-. 

ciples, bu what can be predicted about its improvement in 

oc onomy? 

An estimate of the amount of fuel saved by increasing 

compression ratio at ].iht loods may be made by computing 

representative fuel-air cycles, with the aid of thermo- 

dynamic charts prepared by iorshey, Eberhart, and Hottel. 

This well-known procedure of calculation is outlined by 

Taylor arid Taylor (3, p.3-39). Four example cycles are 

SUffiiflt for illustration here: (1) a full-throttle 

cycle at a typical compression ratio and chemically correct 

fuel-air mixture; (2) a part-throttle cycle at the same 

compression ratio and fuel-air mixture; (3) a part-throttle 

cycle at higher compression ratio and chemically correct 

fuel-air mixture; and (Ii.) a part-throttle cycle at the saine 

higher compression ratIo and lean fuel-air mixture. A 

summary of significant data from these cycles is presented 

in Table I. An outline of the computations is included in 

CalculatIons, Appendix II. Figure 1 is a graphic comparison 

of two part-throttle cycles. 

T1ì compression ratio of the first two examples was 
taken as 6.6:1, corresponding to the Willys engine with 
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TABLE I 

SAMPLE FUEL-AIR CYCLES 

(1) (2) (3) (4) 

Cycle Item Full Part Part Part 
Throttle Throttle Throttle Throttle 

Inlet Pressure 
p1, psia 114.7 7.35 7.35 7.35 

Compression Ratio, r 6.8 6.8 11.2 11.2 

Fuel-Air Ratio 
lb/lb 0.0665 0.0665 o.o665 0.0605 

Compression Pressure 
p2, psia 190 93 190 190 

Peak Pressure 
p3, psia 9140 1400 780 770 

Peak Temperature, 0F t.590 141490 146140 14520 

Cycle Efficiency, e 0.1403 0.366 0.14145 0.1455 

ork per Cycle, Btu 1499 220.14 273.9 2514.2 

Indicated Specific 
Fuel Consumption 

lb/Bhp-hr 0.339 0.38)4 0.309 0.303 

Percentage Saving in 
Part-Load ISFC ---- 0 19.5% 21.2% 

the stock cylinder head used in testing. The higher corn- 

pression ratio of the other two examples was chosen to 

give the same compression pressure as obtained in the full- 

throttle cycle with 6.8:1 compression ratio. 

Results of the sample computations show savings of 

19.5 per cent In indicated specific fuel consumption by 

increasing compression ratio t: provide constant compression 
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Figure 1. Graphic Comparison of Two tart-Throttle Cycles. 

pressure. A slightly greater improvement of 21.2 per cent 

is achieved by using a nine per cent leaner fuel-air mix- 

ture, A lean mixture has n higher cycle efficiency which 

approaches that of the air cycle. 

Improvement in brake specific fuel consumption would 

probably not be as great, since friction power loss is 

greater at higher compression ratios (3, pp.20l-202). 

Nevertheless, the fuel-air cycle computations give the most 

accurate estimate of the savings possible. 

An analysis of the ideal cycles and combustion prin- 

ciples definitely shows that, from the standpoints of 

economy and freedom from detonation, it is feasible and 

desirable to operate an engine at higher compression ratio 

under part load. 
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OPERAT I NG PR INC IPLES 

The Humphreys constant compression cylinder head 

varies compression ratio by changing the volume of the 

combustion chamber. This Is done by an auxiliary piston 

In a small cylinder, opening into the combustion chamber. 

This piston is backed by an oil chamber which is closed 

at Its upper end by an adjustable spring-loaded relief 

valve. Reducing the design to these three workin essen- 

tials, piston, oil, and dump valve, will simplify the 

following explanation of the operating principles. 

STABLE CAP 

6 

VALVE 

H AM B E R 

LE T 

N 

USTION CHAMBER 

ligure 2. Schematic Diagram of the Humphreys 
Constant Compression Cylinder Ileact. 

Oil, supplied from the crankcase by a pump, entera 

the chamber through small passages in the skirt of he 



auxiliary piston. An outlet at the sane level as the inlet 

assures a small flow of cil at all times. Being under 

pressure from the pump, the oil in the cha'ber tends to 

push the piston down when the dump valve is closed. Force 

on the valve spring Is exerted by pressure in the cornbus- 

tion chamber and transmitted by the piston and oil. Pres- 

sure in the oil chamber will be the same as that in the 

combustion chamber whenever combustion chamber pressure 

exceeds oil pump pressure. The spring must respond to 

cylinder pressure, but the piston need not, since it is 

free to float. It may be assumed that the spring is ad- 

justed with an initial compressive force so that a given 

presurc In the combustion chamber just above that of bhe 

desired compression pressure will operi the valve. Figur6 3 

shows pressure-time diagrams to serve as a guide to the 

following discussion. 

At idling, inlet pressure will be very 1ow, and the 

valve will remain closed. Since this is the point of 

highest required compression ratio, the piston should be 

at its lowest point of travel. As the mixture is ignited, 

pressure will rise sharply, causing the dump valve to open. 

Oil Is then released, and the piston allowed to move up- 

ward. The period of high pressure is so brief in an in- 

ternal-combustion engine cycle that the dump valve will 

close and halt the piston before the piston has moved more 
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Ap COMPRESSION EXPANSION EXHAUST INTAKE COMPRESSION 

rO TRAVELS DOWN - AVEL.SU - PISTON TRAVELS DOWN 

'a) Typical cycle at any constant load Piston travel up equals piston travel down, 

WTAI(E EXHAUST INTAKE COMPRESSION 

DUMP 
VALV! OPEINS 

PRESSURE 

OIL CHAMSER PRSSURE 
- ____________________ 

J 
STON I 

ATMOSPHERIC PRESSURE 

I3TON TRAVELS OO RAVELS PISTON TAVELS DOWN _______ 

lb) First cycle after throttle ¡s opened. Piston travel up greater thon piston travel don 

'dIAKE COMPRESSION EXPANSION EXHAUST INTAKE COMPRESSION 

'C) First cycle after throttle 's closed. Piston travel up less thon piston travel down 

Figure 3. rressure-Time Diagrams. 
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than about 1/32 inch. Figure 3a shows this brief opening 

period. On the expansion stroke, cylinder pressure de- 

creases. Then it bocones lower than the oil pressure in 

the chamber, the piston vrill be forced downward. This 

movement continues during exhaust and intake strokes, 

allowing the piston to return to its original position. 

At operational speeds of most engines, the cycle is so 

rapid that inertia and damping in the piston and oil 

system limit the piston movement to a very slight oscilla- 

tion. 

As load is imposed on the engine, inlet pressure 

increases. If the piston is ab its lowest position, the 

high compression ratio will cause a more rapid pressure 

rIse during compression. The pressure required to open 

the dump valve will therefore be reached earlier in the 

cycle, as shown in Figure 3b. The period of exposure to 

high pressure will be lengthened, more oil will escape, 

and the piston will be allowed a greater upward travel than 

can be offset by oil pressure during the exhaust and in- 

take strokes. Within a few engine cycles at any constant 

load, the piston will moyo upward arid select a level that 

produces the same desired compression pressure at the end 

of the compression stroke. The piston, oscillating slight- 

ly, thereafter holds this position, maintaining a balance 

between its upward and downward travel and providing the 
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compression ratio required to produce constant compression 

pressure. ThIs Is true of any load up to full throttle, at 

which CofldltiOfl the piston should reach its uppermost 

position. At constant loads, the piston holds nearly a 

constant position with very slight oscillation because of 

the rapidity of the engine cycle and the inertia in the 

system. The piston behaves more as though it were respond- 

Ing to a mean pressure in 'the cylinder. 

If load is decreased, the inlet pressure dropa, and 

the pressure required to open the dump valve is not reached 

until the time of ignition, as showi in Figure 3c. This 

shortens the length of time the dump valve is open. Upward 

travel of the pIston IS not sufficient to offset downward 

travel caused by oil pressure during intake and exhaust 

strokes, so the jAston seeks a lower level where balance 

is once more achieved. Compression ratio is increased. 

accordingly. This response is much slower than the action 

of decieasing compression ratio when the throttle iS opened, 

since the piston can move downward only as fast as the 

chamber can be filled with oil from the pump. 

Peak pressure is not held constant at all loads, as 

indicated by the sample calcu1utons of fuel-air cycles. 

Pressures at light loads aro raised considerably, however, 

giving a riucli narrower range of peak pressure between 

idling and full load. 
From a theoretical standpoint, the Humphreys unit 
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appears to be suitable for operation under wde1y varying 

conditions, making it particularly adaptable for automotive 

use. 1t is caab1e of responding quickly to acceleration 

or any other change of load. In addition, it supplies much 

higher compression ratio for more effective downhill brak- 

Ing. Since its action is based on pres3ure, the Humphreys 

head compensates for lower atmospheric pressure at high 

altitudes. The unit should require very little attention, 

except for adjustment at the time of an engine tune-up. If 

the oil supply should be cut off by a leak or plugged line, 

the piston will assume its higìest position, operatin, at 

the lowest compression ratio at all times. This will in- 

sure operation of the engine until repair can be made. 

These features contribute to the reliability of the Hum- 

phreys unit under all driving conditions. 
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DESIGr OF WORKING ELEMENTS 

The object of the Hurnphreys constant compression head 

is to provide the compression ratio required at any load 

or inlet pressure to obtain the same compression pressure 

at all loads. It is obvious that correct proportioning of 

the working elemente is vital to the successful coverage of 

the entire load range. 

The desIred maximum and minimum compression ratos may 

be predetermined, but the maximum ratio will, in mosb 

cases, be limited by the construction of the engine. The 

minimum clearance volume in the combtistion chamber is 

affected by the allowance for intake and exhaust valve 

opening, spark plug placement, access to the cylinder, and 

desirable shape of the chamber. These factors so inevit- 

ably define the chamber volume that it must be fixed at 

nearly the minimum to provide high enough compression 

ratio. Maximum compression ratio is thus limited ini- 

tially, and will depend largely on the engine chosen. The 

desirable variation of compression ratio with load to pro- 

vide constant compressIon pressure is shown in Figure 14.. 

It may be possible in some engines to reach the maximum, 

but the more usual case is illustrated. 

The displacement of the Humphroys cylinder required 

to supply the correct minimum compression ratio necessarily 



I 1j 
I 

' UAXIMUM POSSIBLE COMPRESSION RATIO 
I 

I-iv I 

Ï 

I 

o 

COMPRESSION 

RATIO REQUIRED FOR 
I 

CONSTANT COMPRESSION PRESSURE I 

C» 

E 
o 
L) 

I 

O 

Loo d 
FULL 

Figure ti.. Compreesion Ratio Characteristic 
for Design of Humphreys Head. 

depends on th several factors cited. Bore and stroke of 

the auxiliary piston must be proportioned according to 

available space in tho cylinder head, but a large boro and 

short stroke make a smoother, less complicated combustion 

chamber. 

Knowing the desired compression ratio characteristics, 

it is necessary to consider individually the factors at- 

fecting compression ratio variation in the Hurnphreys unit 
to determine design requirements. It is seen that piston 

position, hence compression ratio, under any condition 

depends on a balance between upward travel of the piston 
when the dump valve is open and downward travel Which is 

caused by oil pressure. Since oil pressure is usually 

overned by the lubricating requirements of the engine, it 
is not considered an element of the Humphreys unit. There- 

Core, the upward movement of the piston becomes an impor- 

tant design consideration. The main factors affecting 
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upward travel are the opening point of the dump valve and 

the rate of oil escape past the valve. The first ía con- 

tro].lod by adJusting the initial force on the valve spring. 

Rate of oil escape is determined by dump valve dimensions 

and the valve spring constant. For a given valve size, a 

weak spring will allow too much oil escape, and a strong 

spring will allow too little, If too much oil passes 

through the dump valve, the piston will rise to a higher 

level before balance is achieved. This will lower compres- 

sion ratio and compression pressure. Conversely, if oil 

escapes too slowly, the piston will not rise as far as it 

should, and compression ratio will be too high. Hence, a 

weak spring allows compressIon ratio to be lowered too 

rapidly as load increases, while too stiff a spring will 
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Figure 6. Effect of Adjusting Initial 
Force on Dump Valve Spring. 

maintain compression ratios which are too high at all 

loads. This effect is illustrated in Figure S. 

Figure 6 shows the effect of adjusting initial force 

on the dump valve spring. This adjustment nay be used as 

an 9octane selectorit by varying the compression ratio 

range to suit the properties of different ftiels which 

might be used. 
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DETAILS OF CONSTRUCTION 

The Humphreys units used on the experimental engines 

were not designed specifically for the engines tested, but 

are prototypes made to develop the device. All were built 

to the same dimensions for convenience, with only minor 

differences in design. Consequently, they may not produce 

the desired characteristics just described, but serve to 

test sorne of the construction details. 

A cutaway view such as Fiure 7 best shows the con- 

struction of the Humphreys unit. It is seen to consist of 

a two-piece cylindrical housing of varying diameter, con- 

taming a long-skirt piston, dump valve, seat, cuide, oil 

line connections, and necessary details. For clarity, the 

valve spring is omitted from the drawing. The lower part 

of the cylinder is actually a part of the cylinder head 

casting, while the upper section is bolted to head studs 

projecting tiirouh the mounting rim. The lower section is 

long enough to accomodate the full piston stroke and pro- 

vide pressure seal with the piston rings. The upper cylin- 

der has two inner rims which secure the oil inlet and out- 

let fittings and provide a lower stop for the piston. A 

shelf is provided for the valve seat, which also serves as 

the upper piston stop. 

Three piston rings are fitted into the lower end cf 

the piston. An oil ring is located in the stop rim near 
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the piston top. A conical flange projecting vertically 

from the stop rim acts as a dashpot with the valve seat 

when the throttle is opened and the piston forced to its 

uppermost position. Oil from the inlet reaches the chamber 

through twelve small passa'es drilled ïn the stop rim of 

the piston. Continuous flow of oil is assured by the op- 

posite inlet and outlet lines. 
On the Wisconsin installation, the shaped face of the 

piston requires that it be keyed to prevent rotation and 

maintain combustion chamber form, Pistons in the other 

units have flat faces conforming to the top of the main 

combustion chamber and do not require keys. 

Both the dump valve and aeat on the Wisconsin unit 

have been modified from the type illustrated in Figure 7 to 

provide a L degree angular seat. All other units are con- 

structed as shown. The valve seat is held In place by a 

threaded retainer and . The adjustable spring seat 

cap is threaded into this retainer. Integral with the cap 

is the dump valve guide, a long tube projecting through the 

valve into the oil chamber. A small collar with longitu- 

dial oil passages is held against a shoulder on the guide 

by a nut, giving lubrication to valve and guide. 

The adjustable packing gland and oil drains in the 

cap prevent oil loss Lround the pi8ton rod. This rod is 

the only means of externally indicating the piston posi- 

tion. As may be seen in Figure 12, the oil overflow line 
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from the valve chamber i quite lara ' e to permit the rapid 

dumping of oil when load is suddenly increased. 

All these details are essential to satisfactory and 

continuous functionin of the mit. Three important con- 

siderations dictate such a design: pressure seal, lubri- 

cation, and cooling. A piston with rin(s is the most 

convenient answer to the problem of pressure seal. To 

supply a continuous flow of oil at all conditions, both to 

lubricate and prevent overheating, the Huniphreys design 

proves satisfactory. Oil is a trilogy of force transmit- 

ting medium, lubricant, and coolant, enabling the Humphreys 

unit to survive sustained operation. 

The operating principle of the Humphreys head depends 

on the response of the dump valve to pressure in the 

cylinder and the resulting positioning of the piston. 

There is enough inertia and damping in the system at the 

operating speeds of an engine to limit the piston oscilla- 

tion. Some fluctuation is present, as previously ex- 

plained, but it diminishes at high speeds. The design thus 

fulfills the principal requirements for operation in ac- 

cordance with theory. 
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TEST EQUIPMENT 

Test equipment was ciosen to provide information for 

a theoretical approach to design and to substantiate pre- 

dicted results. Two engines mounted on distinctly differ- 

ent test stands were used in the investigation, One unit 

oozaprised a sinale cylinder air-cooled Wisconsin belt- 

connected to an electric dynamonieter. Instrumentation was 

provided for measuring temperatures, speed, fuel consump- 

tion, air-fuel ratio, spark advance, and, in particular, 

pressures in the combustion chamber. On the other stand, 

a four-cylinder liquid-cooled Willys engine was direct- 

coupled to an electric dynamometer and equipped with 

apparatus for measuring both fuel and air consumption, 

manifold vacuum, oil pressure, and temperatures. 

wisconsin Engine 

The Wisconsin air-cooled engine, designed primarily 

for constant-speed operation controlled by a centrifugal 

governor, had the following general specifications: 

Manufacturer Wisconsin Motor Corporation 
Type L-head, four-stroke, air-cooled 
Model AGH 
Number of cylinders J. 

Bore, inches 3 1/2 
Stroke, inches 
Piston displacement, cubic inches 38.S 
Compression ratio t.67 



Rated brake horsco3c 

Ignition 

ó.i a ii.00 rn 
7.2 at 1600 rpm 
7.5 at lCDO rpm 
8.2 at 2000 rpm 
S 

4- W 
)f() 

. 4 

Magne to 

The CnÉth8 bad been considerably mdificd to accorno- 

date the thpbreys constant cornprcss.cn head, and was 

further adapted for testing, a shown in Fig.ires 9 and 10. 

Th Humphreys unit was ¡ounted on a special cast iron 

cylinder head which provided miniun clearance vo1w.e in 

the conbustion chacther. 

An auxiliary oil pump was drIven fron the overnor 

shaft instead of the custonary maeto. â four-crJ.inder 

iiageto nowitcd on a brachet was chain-driven from the oil 

pump siÀa' t. This ia&1eto, an Aì.erican.-Dosch four-cy1nder 

type, was te only type read.1y available witn adjustable 

sparh timing. Range of spark advance was increased by 

filing the stops inside the naioto, and a locking-position 

control was added. 

I'or testing, the governor was aisconnected fri the 

throttle and a variable control substituted. The engine 

was equipped with an electric starter. 
Both the stock cylinder head and the Humphi'eys head 

were tapped with 13.'millimeter spark plug holes in similar 

positions directly above the cylinder to accomodate a strain 

¿age type of pressure pickup. The cooling air shroud was 



Figure 9. Test stand for Vlisconsin engine, showing engine 
with stock cylinder head, dynamometer, torque 
measuring scales, load control panel, and 
instruments. On the table at left are tach- 
ornoter, exhaust gas analyzers, timing light, 
stop watch, and data sheet. The oil pressure 
gage and cylinder head pyrometer are on the 
panel. At right are the exhaust pyrometer, 
engine indicator amplifier, and oscilloscope. 
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Iigure 10. iscons1n engine, showing revised magneto in- 
stallation, 011 pump is directly behind oil 
pressure gage. Adjustable spark timing con- 
trol on magneto is visible at bottom. Oil 
pressure gage tap in Humphreys head arid ex- 
haust thermocouple mounting are near top of 
picture. 



27 

cut awa; to allow space for the ick1p installation as 

well as the Humphreys unit, 

A direct-current, separatel; excited drnarrornetor was 

used to measuro the torque output of the Wisconsin encino. 

This rnachne was rebuilt for such use froni a 15 horsepow6r 

Century constaut-curren generator b; rewiring and cradling 

it in roller bearings. Field excitation was eupplied by a 

oirect-current ¿enorator. The dynûmometer was driven by 

two V-belts on six-inch pullejs. Load was dissipated by a 

bank of electric stove elements connected in parallel, and 

controlled by changing the number of resistors and by 

varying the resistance in the dynainometer field circuit. 

Turning effort was measured on a small platform scale. 

Fuel consumption was determined with the aid of a 

pan balance, Figure il, usin a stop watch to measure tue 

timo required for the engine to consume 50 grams of fuel. 

Fuel was pumped from a supply tank below into a beaker on 

the balance pan when measurements were not being taken. An 

Autopulso electric fuel pump eupplied the engine with fue]. 

from the beaker. Fuel measurinc equipment was entirely 

enclosed to avoid loss from evaporation. Overall accuracy 

of the fuel measurin system was considered to be within 

one por cent. 

Of particular interest is t} new-type strain gage 

pressure pickup used in conjunction with a cathode-ray 

oscilloscope to provide a record of pressures in the 



Figure 11. Fue1-Measurin Apparatus. 
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coiribuion c1aLiber. This pickup uti1izc a catenary diz- 

phrarn to tr&rnsxnit pres&urc to a strain generating tube. 

Upon tub oìintd tc r&.ui onc 1ori- 
udinaUy to measure strain, the other c1reuxaferntia11y to 

ccinponsat fOI' tho e1cct o ioi&on'a ratio. Outt of 

th ;a;e& ..s fod throuh a auitable aip1fcr to n o2cil- 

io8coe, which traces a pre3'u-t.:c diararn of the tnine 
ccLc when ayrAehroized with nginc poed. L calibration 

unit attached to the amplifier enabled i asureiiicnt of pres- 

sures on the face of the oac1lo3cope by establishing 

reference traces at any pressure from O to OO pounds per 

square inch gaio. Traces from the pickup arc compared with 

calibration raccs to measure pressure. IInnum accuracy 

of the system is claimed to be ± 10 pouncis per square inch 

age, depexidin on he operator's skill and the stability 

of the oscilloscope. 
The pickup itself is very coi;ipacly deined to Lit 

in an l8-mniliimeter spark plus hole. Low-pressure cool1n 

aIr is required to prevent damage to the unit and ixiac- 

curacy in readings. 

I3oth pickup and amplifier are rsanufactured by the 

Control ngineerin Corporacion as their icil 2DC engir 

indicator. A Dumont type 20313 oscilloscope is recoiimended 

for uso with the unit, althougì several other types arc 

also usable. The oscilloscope used in this investigation 



was a specially rebuilt and modified Instrument constructed 

in the Oregon State College instrumentation laboratory. 

Although adequate for preliminary work such as this, it was 

not stable enough for more accurate exjerimentation and 

indicating, nor was it flexible enough to match the pressure 

indicator. 

A Weston electric tachometer was used to indicate 

engine speed while making adjustments of operating vari- 

ables, but all recorded readings were taken with a Hahn 

and Koib tachometer. 

AIr-fuel ratio was measured both by the Elliott Car- 

bunoter, a thermal-conductivity type instrument, and by 

exhaust gas analysis using a Hays Gas Analyzer of the Orsat 

type. Air-fuel ratio was determined from exhaust gas 

analysis from the correlation chart published in the Oregon 

State College Engineering Experiment Station Bulletin, 

"Interpretation of Exhaust Gas Analyses." 

Spark timing was noted by observing graduations Ifl 

degrees on the engine flywheel wIth a Sun tinting light. 

Cylinder head temperature was measured with a spark plug 

thermocouple and a millivoltmeter designed for the pur- 

pose. Exhaust gas temperature was found with an exposed 

chromel-alunel thermocouple iounted In the exhaust line. 

A Leeds and Northrup potentiometer with automatic cold 

junction compensation was used with this thermocouple. 
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Figure 12. Humphreys head installed on Wisconsin engine. 
Pressure pickup, mounted in foreground, has 
lInes to amplifier and air supply. The over- 
flow line projecting from the right of the 
Hurnphreys unit connects with a rubber hose 
leading to the crankcase. The oil supply 
line is visible at left, Cooling air shroud 
is removed. 
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FIgure 13. Humphreys head installed on Wiaconsin engine. 
ThIs view shows pressure pickup at left and 
oil overflow line in foreground. At right are 
the line to the oil pressure gage, and the 
the rnocouplo underneath the spark plug. 



Pressuie in the cil chamber of the Humphreys unit was 

measured through a tap In the dump valve seat. A valve In 

the line to ari oil pressure gage enabled throttling to find 

the peak prossuro in the chamber. 

Willjs £nine 

were: 

General specifications for the Willys "Jeep" engine 

Manufacturer VIllys-Overland Motor Company 
r2pe L-head, four-stroke, lquid-coo1ed 
Number of cylinders Lj. 

Bore, iflCOS i/a 

Stroke, inches I. 3/8 

i-iston displacement, cubic inches l3L..2 

Compression ratio (optional head) 6.79 

Rated outut, brake horsepower 63 at J.00o rpm 
at 2000 rpm 
at 1600 rpm 

Ignition Distributor and coil 

The stock cylinder head used in testing was an op- 

tional high compression (6.79:1) head; the four llumphreys 

units were mounted oi a specially cast head with snal1 

co'nbustion chambers. Few other modificatIons were meces- 

sary to accomodate the Humphreys head, save for oli supply 

lines from the engine's oil pump and drains to the crank- 

case. 

For testing purposes, a Carter carburetor with ad- 

justabie :rialn fuel jet was installed to allow control of 

air-fuel ratio. Centrifugal spark advance of bhe dis- 

tributor was locked, and an arm attached to the housing 
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Figure 114. Diagrammatic Sketch of Test Stand for Willys Engine. 



Figure 15. Test stand for Willys engine. At left of engine is air flow meter. Ex- 

haust gas instruments are on table in foreground. Fuel measuring balance 
and supply tank are behind engine. In front of dynarnome ter are torque 

measuring scales, tachometer, and timing light. Load control panel is atvt 
right, with bank of electric resistors behind. 



3 

for manmJ. timing adjustment. Coolinb water connections 

wore a1tcxcd to provide a continuous flow of :ater through 

the jackets. ae of flo' was controlled bZT a valve to 

obtain the desired operating outlet te;'aperature. Although 

3uch an arrangement does not permit careful control of 

operating temperature, t wac expedient and adequate for 

the purpose. 

Lirect-coup1cd to the engine was a 20-horsepower 

General Electric direct-current generator cradled for use 

as a dynauorncter. Field excitation was furnished by a 

variable-currorit battery charger. Figure 16 shows the bank 

of e1ectrc hettin elencnts vhich dieipated the load. By 

careful nanipulation o' field current and resistance, it 

was possible to impose loads up to 33 horsoower on the 

engine for brief periods without harnfully overloading the 

dynamonie ter. 

Included in the iilys test stand was apparatus for 

measurexnent of air consuiiptiou. Toethor with fuel rate 

data, this made possible direct calculation of the air- 

fuel ratio, a niothiod less subject to error than the other 

indirect means of indication. This air meter was composed 

cl" a flow nozzle ìd draft gase mounted on a barrel, a 

rubber bellows surge tank to daap intal:e pulsations, and 

airtight hose connections to the carburetor. A i 1/'14-inch 

flow nozzle was found ost suitable for the operating range 



Figuro 16. Resistor bank used f r dissipating load of Willys engine. 

-.4 



covered In testin, 

Fuel consumption was measured in the same mariner as 

on the Wisconsin en1ne, using a 1/L.-pound Increment of 

gasoline for the larger illys engine. ±xhaust gas analy- 

sis, temperature, air-fuel ratio, torque, and spark timing 

were all measured with the same instruments used in the 

Wisconsin tests. A Sun electric tachometer connected to 

the ignition system indicated ßpeed. Oil pressure was 

measured at the oil pump outlet; jacket water temperature 

at the rear of the Humphreyz cylinder head and at the out- 

lçt hose of the stock head. Lianifold vacuum was indicated 

by a mercury manometer. 

A complete list of apparatus and instruments used is 

included in Specificatïons, Appendix II. 
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TEST PflOCEDURE 

As prcvious1 enioned, the main objective of testa 

was to stud7 the effect of the compression ratio variation 

of the Humphreys constant compression head on engine per- 

formanco. Early experiments on the Visconsin engine clearly 

showed that the range of compression ratio of the Humphreys 

installation was unsatisfactory. It was decided to test 

sone 'íodifications to this unIt to provide a basis for sue- 

besting design Improvements. On the Willys engine, range 

of compression rtio was too low to present a fair or 

accurate indication of the effectiveness of the Humphreys 

unit. Data from these tests are useful for verifyin. 

operating theory. 

The small (20 horsepower) dynamometer on the Willys 

engIne (60 horsepower) did not pexnIt testing over the 

entire operating range, but for the purposes of this in- 

vestigation it was not necessary to do so. Load was the 

essential variable, so tests could be made over any con- 

venient speed range. 

On both engines, operation at full, half, and quarter 

load at various speeds was considered sufficient to supply 

needed data. Other factors were held constant within 

limits except spark advance, which was adjusted for best 

power output. In this way, compression ratio was isolated 

as the prime factor affectin engine performance. Highest 
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accuracy was riot maintained, nor were data corrected to a 

common basis for comparison, since preliminarr tests in- 

dicated results would not be encouraging enough to warrant 

such refinement. The scope was therefore held to the 

gathering of data suitable for translation into design im- 

provements. 

Before fue]. consumption tests could be made, it was 

necessar,r to determine compression rat.Los of both engines. 

This was done by measuring the volume of the combustion 

chambers with methyl alcohol while holding the piston at 

top dead center with the valves closed. When the Humphreys 

units were mounted, measurements were taken with the Hum- 

phreys piston at its lowest position. Knowing the bore 

and stroke of the Humphreys piston, the extra volume at any 

piston position could be added to find the total combustion 

chamber volume. The compression ratio at any piston loca- 

tion was, of course, the sum of engine piston displacement 

and total combustion chamber volume divided by the total 

combustion chamber volume. 

Curves of compression ratio versus Humphreys piston 

position (in terms of distance from lowest point) were 

plotted. This enabled the determination of compression 

ratio during operation by measuring differences in piston 

rod position. 

First tests on the Wisconsin engine were made with 



the stock head at three speeds, 1000, 1600, and 2200 rpm, 

to cover the operating range of the engine. At each speed, 

full-throttle runs were made first to deteriiinc the ìïaxiìnum 

brake load. Later, half and quarter loads were set by 

adjusting the throttle and dynamometer load to maintain 

one-half and one-quarter of the full-throttle net brake 

load. Observed brake horsepower was calculated from the 

formula: Bhp NP/5000, where N is speed in revolutions 

per minute and P is the net brake load. (See Foruulae, 

Appendix II) 
Air-fuel Ratio was held as nearly as possible at 13:1 

as indicated by the Elliott Garbumetor. The Hays exhaust 

gas analyzer was used as the more accurabe criterion. 
Spark timing was set for the best apparent power and other 

variables allowed to stabilize before recording data. Fuel 

rate was noted in the following manner: weights were 

placed on the pan balance to offset the weight of gasoline 

in the beaker; as the two balanced, a stop watch was 

started, then O grams removed from the weight pan. hen 

the weights again balanced, the watch was stopped; it had 

recorded the time used by the engine to consume 50 grams 

of fuel. At least two observations were taken during each 

run. From them, fuel rate and brake specific fuel con- 

sumption were determined. (See Formulae, Appendix II) 
Other data wore recorded at tue same tIme, and 



photoraphs were made of the o3cilloscope trace of co;i- 

buetion charriber pressure. Unfortunately, nost of these 

.LJicturs were on defective film which could not be de- 

veloped, making the remaining pictures useless. 

It was oriinaliy intended to make a corresponding 

series of tests over the same speed and load rance with 

the Humphreys head, but the data showed such a serious loss 

of power and poor economy that extensive testing was con- 

siderod a waste of time. Sorno experiments were mude with 

a 0,188-inch thick aluminum spacer askot between the Hum- 

phreys head and the cylinder block; others a'e 'iade with 

a similar copper gasket O.OÓS-inclì thick. The 0.188-inch 

gasket was intended to lower the full-throttle compression 

ratio to the oriina1 compression ratio of the stock Wis- 

consiri enine. It was found that this restricted the 

:uaximum compression ratio to only 7.2:1, which was not as 

high as desirtd. The 0.065-inch gasket was then tried to 

allow a hider maximum comression ratio but still maintain 

a reasonably low minimum compression ratio. Tests with 

these modifications to the enGine were made in the same 

manner just described. 

General procedure followed in testinG the Willys 

engine was similar, except for the different measurements 

recorded. Air consumption wag measured directly, and it 
was possible to observe intake manifold pressure. 



Combustion chamber pressure was not found because of the 

difficulty of accornodatin the pressure pickup in the 

liquid-cooled cylinder heads Jacket water temperature 

was held as nearly constant as facilities permitted. 

Full, half, and quarter-load runs were Liado with the 

stock Willys head, and full-load data was taken using the 

Hul3lphreys head et three speeds: 1100, 16o0, and 2000 

revolutIons per minute. Part-load runs with the Humphreys 

head were made at the same net brake loads as those taken 

with the stock head, in order to give a more direct corn- 

parison of results. Before the 1100 rpm rns could bo 

completed, testing was abandoned because of impending 

coupling failure caused by a severe critical speed near 

1200 rpm. Sufficient data had been gathered, however, to 

display the operating traits of the device and supply a 

basis for a theoretical desIgn approach. Results may be 

interpreted accordingly. 
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RESULTS 

Typical data taken from the tests are presented hero 

in tables and ¿raphs. A brief discus'ion of the results 

of each test will clarify the factors involved and allow 

later correlation of results with operating principles. 

Curves of compression ratio variation versus Humphreys 

istori deflection, Fi7ures 17 and 21, are pertinent to the 

understanding of obher data, particularly those of the V!is-. 

conin tests. Fuel consumption curves for the '7isconsin 

engine are given on two bases: observed brake horsepower 

and per cent of full load (Figures 18 ad 19). These 

curves are taken from data at 1600 rpm. Test il-1 was made 

with the Hurnphreya head as received, Test H-3 with the 

Humphreys head and a O.l38-nch thick aluminum casket be- 

tween block and head, and Test H4i. with a O.06S-Inch 

copper casket. Representative data from tests with the 
stock Wisconsin head are included in Table II, but only 

those taken at 1600 rpm were needed for the comparison 

curves. 

Observed specific fuel consumption of the stock SV1s- 

consin engine showed a typical sharp rise with decrease in 

load at all three speeds. 0n Test H-1, hoíover, a minimum 

was exhibited at about three-quarter load, with a con- 

siderably higher rate of conaumptio at Í11 load as well 
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as light load. This is easily explained by the fact that 

the engine was operating at 6.7 compression ratio under 

full load, with the spark retarded 13 degrees after dead 

center to prevent detonation. Compartive1y little power 

could be developed wIth such lato ignition, hence the 

specific fuel consuiption appears abnormally high. At 

lighter loads, the Humphreys unIt gave better economy than 

the stock head, even though the spark was retarded too far 

to produce maximum power. On a load basis, the very low 

full load iower causes the H-1 specific fuel consumption 

curve to appear far above that of the stock head. Those 

data clearly showed the entire compression ratio range of 

the Humphreys head to be too high for efficient operation 

of the WisconsIn engine. (See Figure 20) 

To lower the full throttle compression ratio to that 

of the stock head in hope of obtaining better performance, 

an alumInum spacer gasket O.18C-inch thick was inserted 

between the Humphreys head and the cylInder block. This 

added a sizeable fixed space to the combustion chamber, 

thereby greatly reducing the maximum compression ratIo to 

only 7.2:1. Even with this limitation, the engine deliv- 

ered much better part load fuel economy, as shown by curve 

H-3. But full load power was still reduced almost 16 per 

cent below that of the stock engine, and specific fuel 

consumption was increased accordingly. As mentioned 
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before, all data wore taken with spark timing adjusted for 

optimum power output. 

In an ttte:npt to develop gretor power at full throttle 

and wIden the range of conpression ratios, a thinner 0.065- 

inch copper gasket was substituted. As curve H-1. shows, 

slihtly more oer was produced, but at the cost of higher 

fuel consumptIon at all loads. Detonation encountorod at 

all but 11ht loads proved the rane of corarcssion ratio 

too high when using recular gasoline. 

Coipression ratio variation with load is 11lustraed 

in Figure 20 for the three Humphreys head tests. Too few 

points were observed to plot those curves precisely, but 

their general trends do not satisfy outlined design re- 

cuirements. Test H-3 provided the most satisfactory range 

of compression ratio, although it was not high enough at 

light loads. Most of the other compression ratios were too 

high for economical operation since spark timing was re- 

tardod to avoid detonation. It may be noted that the H-3 

test curve most closely resembles the type of curve sug- 

gested by theory. 

Observed specific fuel consumption curves for the 

illys engine tests are plotted against observed brake 

horsepower. Here, also, there wa a considerable re- 

duction in full throttle power when usina the Huraphreys 

head, Fuel economy was gencrall poorer than that of the 
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stock engine except at light loads. The compression ratio 

variation curves show the main reason: compression ratio 

was actually lower on the Humphreys-equipped engine above 

half load. Only at the very light loads, where the Hum- 

phreys unit did provide a higher copression ratio, was 

fuel economy improved. 

An interesting effect of compression ratio increase 

by the Humphreys head is the change it makes in the opti- 

mum power spark timing. Data of the iscons1n tests best 

illustrates that optimum spark advance was not Increased 

at light loads as in the stock engine. This is because of 

the higher operating pressures of the Humphreys-equipped 

engine at part load. Higher pressures do not require as 

much spark advance to allow timo for complete fuel combus- 

tion, since the flame velocity is higher. Also, the Hum- 

phreys combustion chamber is smaller at high coripression 

ratios, making flame travel shorter and speeding coxnbus- 

tion. Data for spark advance found here are not typical 

of a correctly designed Humphroys unit, but they IndIcate 

what may be anticipated. 

A measurement of compression pressure was made on the 

Wisconsin engine equipped with the Humphreys head and the 

0.065-inch gasket. This was done by shorting out the 

spark plug for one cycle at full, half, and quarter load. 

The piston maintained its position for this brief time. 
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Figure 21. Compression atio Range of Willys ngine 
as Tested with Humphreys Head. 
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Figure 23. Observed Compression Ratio Characteristic 
of Humphreys Head as Tested on Willys 
Engine. 



TABLE II 

TEST DATA 
Wisconsin Engine with Stock Cylinder Head 

Brake 
Specific Air- 

Test Speed Brake Fue]. Fuel Peak Spark Exhaust Head 
rpm Horse- Load Consumption Ratio Pressure Advance 

°BTC 
Temperature 

0F 
Temperature 

power lb/Blip-hr (Orsat) psig 
S-1 2200 7.38 100 0.319 13.0 260 Lj.0 1270 375 

2200 3.69 50 0.870 13.2 160 37 1170 295 
2200 1.8L, 25 i.L.o 13.6 90 L1.o 1062 230 

S-2 lóOO 6.20 100 0.718 13.5 250 30 1172 375 
1600 3.10 50 0.870 13.2 170 35 1020 300 
1600 1.55 25 1.16 13.1 90 ii.]. 690 225 

3-3 1000 3.65 100 0.758 13.0 250 30 1005 380 
1000 1.825 50 0.878 13.5 160 38 850 300 
1000 0.911i, 25 1.27 13.3 80 37 728 230 

Vt 



TABLE III 

TEST DATA 
WIsconsin Engine with Humphreys Head 

Brake 
Specific Air- Corn- Spark 

Test Speed Brake Fuel Fuel pres- Peak Ad- Exhaust Head Compression 

rpm Horse- Load Consumption Ratio sion Pressure vance Temp TgiIlP Pressure 

power lb/Blip-hr (Orsat) Ratio p8ig °BTC 0F F psi'. 

H-1 1630 14.l 100 1.018 13.1 6.71 150 -18 12)40 315 

1625 3.09 7)4.5 0.8)4)4 

1.08)4 
l2. 
12.8 

1)4.0 
15.6 

180 
190 

- 8 
8 

9143 

730 
235 
215 1625 1.58 38 

H-3 1600 5,218 lOO 0.78)4 13.1 )4.65 215 25 1115 380 

1600 2.61 0 0.77)4 12.8 6.70 130 25 831 260 

1600 1.305 25 1.1)45 13.0 7.]. 90 25 731 225 

H-)4 1600 5.J)4 100 0.825 13.0 5.)48 310 23 1082 )46o 90 

1600 2.72 50 0.908 13,0 6.7 210 26 885 335 90 

i600 1.36 25 1.20 12.9 10.0 160 25 685 275 90 

Test H-1 with Humphreys head only. 
Test H-3 with Hurnphreys head and 0.180-Inch spacer. 
Test H-)4 with Humphreys head and 0.065-inch spacer. 

o' 



TABLL IV 

TEST DATA 
VJillys Enine with Stock CylInder Head 

Brake 
Specific 

Test Speed Brake Fuel Air-Fuel Ratio Manifold Spark Exhaust Jacket Oil 

rpm Horse- Load Consumption Vacuuni Time Temp Teriip Temp 

power lbJBhp-hr Measured Orsat in. Hg 0BTC °F 0F °F 

S-1 2000 33.0 100 O.f58 13.1S l3.3 1.7 l 1170 136 

2000 16.5 50 0.708 12.8 13.6 10.OL 2L. 101]. 132 178 

2000 8.25 25 0.983 12.9 13.5 15.5 30 865 136 178 

S-2 1600 27.2 100 0.561 13.27 13.6 1.20 17 1070 133 162 

1600 13.53 50 0.675 12.98 13.6 11.30 25 904 lL1.6 170 

1600 6.85 25 0.955 12.8 13.L. 15.9 31 780 129 1O7 

S-3 1100 19.0 100 0.561 13.28 13.6 0.70 11 915 129 130 

1100 9.38 50 0.718 12.28 13.6 10.95 
15.25 

15 788 
655 

130 
130 

114 
1L.2 1100 25 0.970 12.93 i.L.0 30 

-3 



TABLE V 

rjsrj DATA 
Willya Engine with Hum»hreys Head 

Drake 
Specific Corn- Mani- 

Test Speed Brake Fuel Air-Fuel Ratio pres- fold Spark Exhaust Jacket Oil 

rpm Horse- Load Consumption sion Vacuum Time 
°BTC 

Temp 
0F 

Temp 
0F 

Temp 
0F power lb/Blip-hr Measured Orsat Ratio in. Hg 

H-1 2000 27.S 100 0.629 13.6 13.9 .7 1.6 23 1079 15S 210 

2000 1ó.S 60 0.7L.l 12.8 13.6 6.2 9.OS 20 955 185 195 

2000 8.25 30 0.9L.6 13.]. 10.7 15.55 10 760 l 183 

H-2 lÓ00 23.9 100 0.609 13.5 if3.6 5.7 1.1 22 1000 1)4, 210 

1600 13.6 6.9 0.090 13.6 .14.2 5,7 9.2 25 380 l2 190 

1600 6.85 28.7 0.935 12.3 13.7 9.7 16.0 13 686 155 182 

H-3 1100 Li..67 --- 0.91)4 13.5 1)4.0 9.7 15.6 13 507 iO 167 
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Compression pressure was observed on the oscilloscope 

several times for each load to obtain accurate readings. 

The compression pressure was found to be 90 pounds per 

square Inch gage at all loads. This verifies the assump- 

tion that the Humphreys unit is constructed to provide 

constant compression pressure at all loads. It also sub- 

stantiates the description of the action of dump valve and 

piston. 

As would be expected, exhaust temperature was lowered 

as compression ratio Increased, since gases were allowed 

to expand farther. Cylinder head temperatures of the Wis- 

consin engine were increased considerably at the extremely 

high compression ratio due to the detonation encountered. 

With the more moderate increase to 7.2:1 in Test H-3, they 

were almost the same as temperatures of the stock head. 

Combustion chamber pressures of the Humphreya head were 

increased over those at corresponding load with the stock 

head. On the Willys engine, oil temperature was consider- 

ably higher when using the Humphreys head. This temper- 

ature increased noticeably with load on the Huznphreys head, 

showing the cooling burden placed on the oil. 

Data of operating variables are not of great import- 

ance here, because the desired compression ratio charac- 

teristics were not obtained. It will be worthwhile to 

explore them only when botter operation of the Humphreys 



unit has been achieved. To do this, the faults of the 

Humphreys head must be analyzed and improvements suggested. 
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DISCUSSION 

Most serious shortcoming of the Huiphreys head Is 

obviously its reduced power output at ful]. throttle. This 

could be sufficient cause to make the device worthless, 

since economy at lihter loads could be obtained simply by 

using a smaller engine. The Humphrys-equipped engine must 

be capable of delivering nearly the same full throttle 

power as a similar stock engine. Otherwise, the Humphreys 

engine would have to be of larger displacement to produce 

the same peak power, making part loads a smaller percentage 

of full load. The economy would then be poorer, as shown 

by specific fuel consumption curves on a load basis, Figure 

19, and the slight saving would not justify the added in- 

vestment. What, then, Is the cause of this power loss and 

how can it be overcome? 

Awkward combustion chamber shape at full throttle is 

res)on5Ible for the lower power output. with the piston in 

its uppermost position, a long cylindrical volume is added 

to the combustion chamber, resulting in a large surface 

area for the volume contained. The stock combustion cham- 

ber is more compact, as sketched in Figure 21... The com- 

plicated shape of the Humphreys chamber is conducive to 

inefficient combustion and detonation. A smooth, compact 

combustion chamber is essential to optimum fuel utiliza- 

t ion. 
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(a) Humphreys Chamber (b) Stock Chamber 

Figure 214. Comparison of Combustion Chambers. 

This conclusion is verified by fuel consumption data 

of the Humphreys-equipped Vfisconsin engine repeated below. 

Stock Engine Huraphreys Head 
Test S-2 Test H-3 

Load full full 
Corripression hatlo 14.67 

Observed BSFC 0.718 0.7814 

(lb/Bhp-hr) 

Humphreys Head 
Test H-3 Test H-14 

Load half half 
Compression Ratio 6.7 Ó.7 
Piston Deflection 5/32" 5o/óL" 
Observed BSFC 0.7714 0.905 
(lb/Bhp-hr) 

In the first case, the Humphreys piston wa at its 

upperiiiost position, giving a poor, spraw1in combustion 

chamber as compared with the stock head. In the second 

case, the greater piston deflection in Test H-14 gives a 

larger surface and more complicated shape to the combustion 
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chamber, resulting in poorer performance even though at 

the same compression ratio. Note also that detonation was 

observed at this load on Teat H-14, at almost the same com- 

pression ratio, spark advance, and load as in Test H-3, 

where no detonation occurred. Some of these tests were 

performed with spacer gaskets which complicated the corn- 

bustion chamber design, so it is not fair to lay ali the 

blame on the Humphreys unit itself. Nevertheless, the data 

show that combustion chamber shape is directly responsible 

for the disappointing high load performance. At light 

loads, the chamber is compact, and this conditIon is not 

encountered. 

This malady may be better explained by consideration 

of the combustion process in the Humphreys chamber at full 

load. LIalcov (1, p.168) outlines the requirements of e. 

good combustion chamber, certain of which are pertinent to 

this case. These are: (1) a complete utilization of the 

air--no dead pockets; (2) a small surfece-volunie ratio; 

(3) short distance for flame travel; (14) proper location 

of the spark plug. 

Dead pockets in the chamber cause incomplete combus- 

tion, resulting in power loss and lower efficiency. A 

small surface-volume ratio eliminates excessive heat loss 

to the chamber walls. Short flame travel is essential to 

elimination of detonation. Detonation is a sudden ex- 

plosion of remaining unburned charge occurring near the end 



of combustion. It is frequently caused by failure of the 

flame front to reach the end of the combustion chamber in 

time to prevent spontsnoous ignition of th3 last part of 

the charge. This can best be prevented by limiting the 

distance that the flame must travel. Both cibustion 

chamber form and spark plug location govern length of flame 

travel. In most 1,-head engines, the spark plug is placed 

over the hot exhaust valve, in order to burn the charge in 

that space before it can detonate. Although not a central 

location, this has proved the most satisfactory. 
All the foregoing requroments, end nore, have been 

proposed and verified experImentally by Ricardo, and are 

discussed by him at sortie length (2, pp.112-131). The Hum- 

phreys combustion chamber quite obviously violates them at 

full throttle conditions. Its Intricate shape creates dead 

pockets and Invites detonation. Spark plug location Is too 

remote for such a distended chamber, resulting In long 

flame travel and susceptibility to detonation. 

To correct this, the most important design principle 

to be followed is simple: make t'rio Hwnphreys piston of 

as larre diameter and short stroke as possible. This 

diminishes the formation of doad pockets, without serioucly 

a"fect1ng the surfaoevo1ume ratio. Length of flame travel 

would ho shortened, reducing tendency to detona!e. To 

allow a 1aror piston diameter, ib would probably be 



necessary to r 

lt at an angle 

more centrally 

application on 

Figure 25. 

It should 

65 

3locate the spark plug, perhaps by mounting 

for accessibility and thereby placing it 

in the combustion chamber. A sug'ested 

the Oldsmobile 6 engine is sketched in 

be mentioned that Ricardo describes a corn- 

bustlon chamber of his own design that is similar in sorne 

respects to the configuration of the Hurnphreys chamber 

(2, pp.133-135). In this design, the spark plug is placed 

in a shallow packet over the exhaust or intake valve, the 

remainder of the chamber being deeper. Ricardo's object 

here is to burn the first part of the charge slowly in the 

sheltered pocket, then increase the rate of combustion in 

the main turbulent part of the chamber. This supposedly 

provides gradual application of power and smoother opera- 

tion. Experiments Indicated that this pocket should 

contain only about 15 per cent of the combustion chamber 

volume. This probably could not be attained in the Hum- 

phreys design, and it is therefore doubtful if this prin- 

ciple of combustion described by Ricardo could be ca3lpletely 

applied to the Humphreys unit. 

Another shortcoming of the Humphreys units as applied 

here to the Wliiys and Wisconsin engines was their un- 

desirable range and control of compression ratio. It must 

be realized, of course, that these units were made merely 



Figure 2S. Suggested Combustion Chamber Design for Humphreys Cylinder Head. 
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for design development, and wre not intended specifically 

for those two OfliflCS. Test results show the need for de- 

signing each unit to Lit the OfliiiC used. 

The aim of the Humphreys constant compression head is 

to provide the same compression pressure at all loads or 

intake pressures Fulfillment of thi s aim depends on dump 

valve size and spring rate, as explained previously. Size 

of the dump valve is determined rather empirically. For a 

given valve size, the load range over which compression 

ratio is varied depends entirely on the valve spring con- 

stant. Referring to Figures and 23, it is seen that the 

springs used on bhe Willys engine were far too weak. Ob- 

viously, the correct spring constant can be found by trial 

and error, but can it be predetermined? 

In suggesting a design procedure, it must be assumed 

that design data are available only from the stocic engine 

on which the Huinphreys head is to be mounted. The first 

step is to eetablish the desired range of compression 

ratio. As8uining the optimum full throttle compression 

ratio from the stock design, compression pressure may be 

found. In turn, the compress.ton ratio required to produce 

this compression pressure at al]. loads may be calculated 

from inlet pressure data over the entire load range. These 

data will be slig1tly different when the engine is equipped 

with the Humphreys head, but only stock engine data would 
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be available. The maximum compression ratio siould produce 

the desired compression pressure at the lowest idling 

speed, if possible. Range of compression ratIo is thereby 

determined. 

The Humphrcys combustion chamber may be designed ac- 

cording to previously discussed accepted practice, provid- 

Ing at the same time the correct compression ratios. The 

basic factors still remaining arc the valve and the spring. 

Valve size probably should be fixed by experience rith the 

present Humphreys units. The most Important consideration 

is that It must permit the dumping of a large amount of oil 

quickly when the throttle is opened suddenly. It must also 
allow the flow of a sufficient quantity of oil at all loads 

to prevent overheating of the oil. Other factors are 

proper seating, avoidance of chatter, guiding, and suf- 

ficient diameter for a spring seat. 

The valve directly opposes pressure in the cylinder. 

Although prcsure-tirne iagru;iz may be taken at several 

loads on the stock engine, conditions will be changed by 

the Humphreys head, which will vary compression ratio and 

increase pressures inversely with the load. It is also 

impossible to predict how far the valve should be open to 

provide the correct compression ratio at any load. There- 

fore, a spring constant cannot be found before Installing 

the Humphreys head. 
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As just stated, the Humphreys unit increases pressures 

at 1iht loads. It thereby narrows the difference in rncar 

pressures between idling and full Ioad, iakng the device 

sensitive to a change in valve spring constant. Tests 

showed that a spring constant of about 700 pounds per inch 

was needed on the Willys engine. Together wIth the pres- 

sure range whIch deflects the spring, this indicates a dump 

valve opening of probably about 1/1. Inch. The spring con- 

stont must be found to a close tolerance to give suitable 

variation under these conditions. This can be donc only by 

testing several springs at varyin;i engine loads, to deter- 

mine which gives the most suitable compression ratio char- 

acteristic. Other components of the Hurnphreys unit may he 

designed by weil-:nown methoda. 

Fesults of Road Tests 

Included as an apptndix to this writing is a recrt 
of road tests perfonned by Professor Vi. H. Paul with a 

191i.9 Oldsmobile 76 automobile equipped wi th a Humphreys 

constant compression head. Results of those tests show a 

significant saving In fuel consumption, considerably greater 

than was Lidicated by this investigation. 

Data of the road load tests show that this engine was 

operated at lean air-fuel ratios, probably above 15:1. 

Compression ratio was about 1)4:1. Leaner mixtures may 
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account for the greater economy of the Humphreys Oldsmo- 

bile. Since air-fuel ratio was held reasonably constant .n 

the Wisconsin and Villys teats, the poss!biliy of operat- 

ing satisfactorily at high compression ratios with much 

leaner mixtures was not apparent. This, coupled with the 

increased efficiency of higher compression ratio iay 

enable the Humphrcys head to reduce part load fuel con- 

sur4lption considerably more than might be supposed. This 

possibility should be explored further by the mixture 

control method of testing. 

Generai Conclusions 

The Hurnphreys constant compression head appears to 

offer a good possibility of reducing part load fuel con- 

sumption of internal combustion engines. Such a device 

would be particularly advantageous in automotive engines, 

which are operated at rather liht loacs most of the time. 

To perform satisfactorily, however, the Humphreys unit 

must be made specifically for the engine on which it is 

mounted, following the principles of efficient combustion 

chamber design. Correct variation of compression ratio 

essential to the most profitable operation of the device, 

depends largely on selection of the proper valve spring. 

Other features of the Humphreys design and its construction 

have proved satisfactory and reliable. 
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The compression pressure investigation served to sub- 

stantiate the assumption that the umphroys device main- 

tains constant compressioxa pressure. The piston apparently 

positions itself in accordance with oil flow past the dump 

valve as described earlier. In the testa run with both the 

Wisconsin and Vil1ys engines, however, the range of varia- 

tion of compression ratIo did not cover the entire range of 

engine loads. 

The VJlllys engine appeai's more promising for future 

test work, since it ham3 facilities for measuring air con- 

s umpt!on and intake manifold pro ssure The llumphreys head 

should be modified to give 6.3:1 minimum compression ratIo 

for a better basis of comparison with stock engine per- 

formuance at full throttle. The rsnge of loads over which 

compression ratio is varied should be increased by using a 

stifCer valve spring. To verify the constant compression 

theory, it would be desirable to record pressure-time 

diagrairis with the pressure pickup and oscilloscope. For 

accurate data and for photographing, a more stable oscil- 

loseope than the one used here would be necessary. 

Much development and testing is needed to prove the 

economic feasibilIty of the Humphreys head. This includes 

an improved design to increase power output and correctly 

adjust the compression ratio range to the engine. Exten- 

sive testIng will be required to find optimum mixture and 
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spark timing, and to investigate other operating variables. 

This would provide a direct comparison with similar stock 

engines. Only then can the benefits of the Humphreys con- 

stant compression cylinder head be stated definitely. 
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APPENDIX I 

Report on Performance of OldsmobIle 76 EquIpped with 
Humphreys Cylinder Head 
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OREGON STATE COLLEGE 

School of Engineering and Industrial Arts 

Corvallis, Oregon 
August 30, 19S0 

Engineering Address Reply to Writer 

Experiment Station Mines 203 

Mr. I. B. Humphreys 
770 Pennsylvania Avenue 
Denver, Colorado 

Dear Mr. Humphreys: 

This is a roport to you of fuel consuiption bests made 

on your 1914.9 Oldsmobile 76 automobile. The tests were per- 

formed by the writer and yourself during the week of August 
20-26, 1950. The purpose was to obtain performance data on 

a device of your own invention which provides automatically 
in the engine cylinders, constant compression pressure, re- 

gardless of load. Fuel consumption data were obtained on 
the following test sections: 

(1) a surveyed one-mile level road strip of highway 
immediately contiguous to Denver. 

(2) the Denver-Colorado Springs hiiway. 

(3) the mountain road between Colorado Springs arid 
the top of Pike's Peak. 

One-mile Tests. The ignition timing of the engine, as 
well as the carburetor adjustment, had been set by Mr. Hum- 
phreys, and to his satisfaction, prior to these road tests. 
These adjustments were acceptable to the writer, as the 

operation appeared to be normal during a 70-mile trial 
drive, on which the car was driven by myseir. 

Equipment installed on the c consisted of a Sun air- 
fuel ratio instrument, a modified Zenith mileage tester 
with reading accuracy to 0.001 a1lon, stop watch, vacuum 
gauge, tachometer, oil temperature gauge, and a special 
compression ratio indicator. 

One-mile runs were made in both directions, over the 
test course at speeds ranging from 20 to 60 mlles per hour. 
rJumerous chock readings were taken as shown on the accorn- 
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panying data sheets, D-]., D-2, and D-3. 

Results are shown also on the curve $heot which is a 

plot of Miles per Gallon vs Car Speed. A maximum mileage 

of 36 miles per gallon was obtaIned at 20 mpha The curve 

follows a typical droop to approximately 22 miles per gallon 

at 60 mph. The air-fuel ratios, as registered on the Sun 
instrument, were predominantly near 15 to 1. It is prob- 
able that the actual A/F was leaner than this as such in- 

struments are known to be inaccurate in the leaner than 15 

to i range. At all speeds between 20 and 60 miles per 
hour, the compression ratio indicator showed the engine to 
be operating on the highest compxssion ratio, that of 

about ]J1. to 1. The oil temperature at all times was be- 
tween 160 F and 200 F. The rather high manifold vacuum at 
all speeds indicates that the engine power was not im- 
paired, even at this altitude of about 5000 feet, while 

operating oi mixtures leaner than ordinary. It would 
therefore appear that the Humphrey head, by providing high 
compression pressure at part load, enables the utilization 
of air-fuel ratios leaner than 15 to 1. 

Open Road Tests. A fuel consumption check, on a tank 

mileage basis, was made on a round-trip drive between 
Denver and Colorado Springs. Special precautions were 
taken to completely fill the fuel tank at selected check 
points. A total of 153 miles traveled at an average speed 
of 48 miles per hour showed an average mileage of 25.5 
miles per gallon. This figure compares favorably with the 
one-mile checks at 50 mph of 26.8 mpg. See data sheet D-1. 

Tests In Mountainous Country. A tank mileage check 
was made of the fue]. consumed to climb Pike's Peak fran 
Colorado Springs. This is a climb of 8000 feet in 32 
miles, which gives an average grade of about )4.8 per cent. 
The fuel consumed was 3-3/8 gallons, giving an average 
mi1eae of 9.5 miles per gallon. In the opinion of the 
writer, this is a very good figure for such a climb be- 
cause more than half of the trip was made in second and low 
gears. Uhile in these gears, the engine usually operated 
on highest compression ratio. By way of comparison, 
published data on the fuel consumption of Buick 8 and 
Graham 8 cars operating in high gear on 5 per cent grades, 
show about 9 miles per gallon. Other data, pertinent to 
the Pike's Peak test are tabulated and listed on Sheet D-14 
of this report. 

Traffic Driving Tests. Sheet D-5 shows the results of 
a somewhat limited test of fuel consumption in similated 
traffic driving. Using a level stretch of hij'iway, starts 



and stops were made at each one-tenth mile interval. Stops 

were timed to 10 seconds. Starts were made in low gear and 
the shift was from there o high. Results showed rather 
high traffic mileage--around 17 or 18 miles per gallon 
under normal driving conditions--but driving technique 
plays such a major role in this type of operation that 
widely varying results may be obtained. 

In conclusion it can be 
to be entirely reliable and 
adjustment. Such operations 
second gear, three cylinder 
speed do not seem to affect 
cannot fail to be impressed 

WHP:jb 
Enclosures 

said that this device appears 
free from the necessity of 
as with full throttle in 

operation, or sustained high 
its perfect functioning. One 
with such performance. 

Very truly yours, 

W. H. Paul, Professor of 
Automotive Engineering 
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ROAD TESTS OF FUEL CONSUMPTION 

Vehicle l949 Old8nlobile 76 Condition Good Barometer_____________________ 
Location Denver-Brighton 1go. 5 Length of Section 1 Mi Dry Bulb Temp________________ 
Type of Surface Non-ekid Bituminous Date August 23, 1950 Wind________________________ 

Weather Fair and then Cloudj 

Apparent Sec True Avg Fuel Meter Reading Miles Fuel Air- Manifold 
Direc- Speed per Speed per Temp Fuel Vacuum 
tion mph Mile mph Start Finish Gallon Used Gal F Ratio in. Hg 

N 40 89.8 LO.l 0.0215 0,O35 0.0320 31.2 120 15 13.5 
S Ìi0 91.0 9.6 0.010 0.042 0.032 31.2 119 " 13.8 
N t.o 39. 40.2 0.008 0.OL.O 0.032 31.2 115 " 13.8 
S t.O 89.ij. LO.2 o.oiL. 0.0L7 0,033 30.3 113 " 13.7 
N 140 90. 39.3 0.010 O.012 0.032 31.2 118 " 13,8 
S 140 89. L0.2 0.020 0.053 0.033 30.3 118 ' 13.8 

Avg 140.0 30.9 
N 30 118.7 30.3 0.018 O.OL.5 0.027 37.0 12]. 15 1.0 
S 30 119.7 30.]. 0.018 o.ot8 0.030 33.3 117 J4Q 
N 30 118.3 30.14 0.010 0.0 7 0.027 37.0 117 " i .0 
S 30 120.9 29.8 o.olI O.0L 0.031 32.2 117 " 14.5 
r 30 119. 30.1 0.029 O.O9 0,030 33.3 112 " 

S 30 122.3 29.5 0.037 0.072 0.035 28.6 110 " 13.5 
Avg 30.0 33.3 

N 20 178.0 20.2 0.022 0.052 0.030 33.3 106 16.0 
S 20 175.5 20. 0.0314 0.068 0.0314 29.4 105 

Avg 20.4 31.3 
N 50 72.8 L9.5 0.010 0.0L.2 0.032 31.2 113 15 13.2 
S 50 72.8 149.5 

149.0 

0.014 0.056 0.042 
0.0?3 

23.8 113 
112 

" 
" 

10.5 
13.5 N 50 73.4 0.010 0.0143 30.3 

S 50 73.5 49.0 0.010 0.052 0.042 23.8 111 1o.1-.. 

Avg 49.3 26.8 
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ROAD TESTS OF FUEL CONSUMPTION 

Vehicle l9L.9 Oldsmobile 76 Sedan Condition Good Barometer____________________ 

Location Denver-Brighton Hwy 5 Length of Section 1 Mi Dry Bulb Temp_______________ 
Type of Surface Non-skid 3ituminous Date August 23, 1950 Wind Calm, then about 12 mph 

Weather Fair, then Cloudy 

Apparent Sec True Avg Fuel Meter Reading Miles Fuel Air- Manifold 

Direc- Speed per Speed per Teip Fuel Vacuum 

tion mph Mile mph Start Finish Gallon Used Gal F Ratio in. Hg 

N 60 60.5 59.5 0.008 O.OL.7 O.039 25.7 112 15 11.2 

S 60 62.7 57.L 0.010 0.056 O.OLi6 21.8 113 15 9.0 
Avg 58.5 23.6 

Check on Lo mph run using Cart 
No. 513 is a richer pin, but a 

No air cleaner 
N IO 89.Ii. L1O.3 0.008 
s Lo 89.5 )40.2 0.008 

Avg LO.3 

r Carburetor Pin No. 513 instead of No. 376. 
leaner A/F is indicated on meter.* 

0.0)40 0.032 31.3 112 15 1)4.0 
0.0)47 0.039 25.7 115 15 12.2 

28.2 

With cleaner 
N )4o 89.8 )4o.i 0.008 0.0)42 0.03)4 29.L 108 1)4.8 1)4.0 

s )4o 91.0 39.6 o.008 0.0)43 0.035 28.o 109 1)4.8 13.0 
Avg 39.9 29.0 

*This is explained in Bulletin No. 1)4, OSC Engineering Experiment Station. 

-4 
o, 
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ROAD TESTS OF FUEL CONSUMPTION 

Vehicle 19L1.9 Oldsmobile 76 Sedan Condition Good Barometer____________________ 

Location Denver-Brighton Hwy 85 Length of Section 1 Mi Dry Bulb Temp °F 

Type of Surface Non-skid Bituminous Date August 25, 1950 W'ind_________________________ 
Veather Pair 

Apparent Sec True Avg Fuel Meter Reading Miles Fuel Air- Manifold 

Direc- Speed per Speed per Temp Fuel Vacuum 

tion mph Mile mph Start Finish Gallon Used Gal F Ratio in. Hg 

Check on Low Speed Runs with Idling Mixture changed from 12 to 114.8 A/F 
and spark at 120 advance before effect of centrifugal governor. 

N 20 179.8 20.0 0.038 0.065 0.027 37.0 -- 15 

S 20 182.2 19.8 0.010 0.036 0.028 3,.8 -- 15 

Avg 19.9 36.14 

N 30 120.9 29.8 0.037 0.065 0.028 35.8 -- 15 

S 30 119.7 30.1 o.00ó 0.037 0.031 32.3 -- 15 

N 30 0.0)43 0.073 0.030 33.3 -- 15 

S 30 123.0 29.3 0.008 0.0)43 0.035 28.6 -- 15 

Avg 29.7 32.2 

'o 
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DATA ON TRIP TO COLORADO SPRINGS AND 

PIKE'S PEAK FROÌ1 DE!WER 

l9t.9 Olds 76 Sedan with Humphreys head August 24, 1950 

Tripe Dis tance Gal pg 
miles Used 

Denver to Colorado Springs and Return 153 6 25.5 

Colorado Springs to Top of Pike's Peak 32 3-3/8 9.5 

Top of Pike's Peak to Colorado Springs 32 5/8 51.3 

Avg Speed (Denver to Colorado Springs) Li.3 mph Full high 

compression on cruise, up to 60 miles per hour. 

Toll gate to top 20 ml. 90% of which is second and low 
gear operation. 

About 1/3 of 32 ml made in high gear. 

No overheating. No vapor lock. No trouble of any kind. 

Time i-i/t. hr for 32 mi climb. About 25.6 mph. 

Air-Fuel on Peak above timber line about li with 5" vacuum 
at 20 mph on switchbacks. 

Idling Speed 100 rpm less at top of peak (500 to 1400 rpm). 

Lost 5" Hg vacuum on idle from Denver to top (17 to 12). 

Idle 114 in Denver, 12 at Glen Cove, li at top of Peak. 
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FUEL CONSUMPTION DATA FOR TRAFFIC DRIVING 

Huinphreys Head on 19149 Oldsmobile 76 

Tests made in Denver on Highway 85. Aug 2, 1950 
by W. H. Paul and I. B. Humphreys 

Odometer Reading Miles Fuel Meter Reading Fuel Miles 
Consumed per Remarks 

Start Finish Travoled Start Finish Gal Gallon 

99.6 100.6 i 0.010 0.0614 0.0514 18.5 
Normal traffic driving 

100.7 101.7 1 0.008 0.067 0.059 17.0 

102.7 103.7 1 0.008 0.087 0.079 12.7 Cowboy driving. 2 

engine kills. 

Note: From a standing start, 10 starts and 10 stops were made per 
mile with 10-second stop Intervals. 

H 
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(j 

(O 

q) 

CALCULÂT IONS 

3 

Volume 

---- 

Sample Fuel-Air Cycle Computations for Data 
Presented in Table I, p. 5 (1, pp. 35_39), 

1. Full Throttle Cycle: 

p1 1)4.7 psia; r 6.8; fuel-air ratio 0.0665; 

T1 520 R(60 F); p 1)4.7 psia; assume T 2370 R; 
-i 

weight fraction of residual gases in new charge, f, 

is assumed to be 0.033. 

H31 35.8 + 612(0.033) 56 T1 590 R V1 - 15 

it1. 

V2 2.2]. 2 - 190 T2 1138 R E52 - 125 

1!J3 l230(0.967) + 125 - 1365 V3 2.21 P3 9)40 

T3 - 5030 R 

- 15 P - 97 E 755 T1 - 3)430 n 

P5-114.7 v5-65 T52330R L5)436 H-620 

2.21 
f 65 

- 0.03 

Assumptions for T5 and f were valid. 



n 

- E Work(E3-E)4)-2 
work (1365 -75) - (3.25 - 1)4) a )499 Btu/lb air 

l2UO)t 
a 

O.967J 
O.)403 

ISFC 
O.06Ó5(25145) 0.339 lb/Bhp-hr 

1499 

2. Part Throttle Cycle: 

p1 7,35 psia; r 6.8; fuel-air ratio 0.0665; 

T1 520 R, 1)4.7 psia, assume f 0.06 and 

T7 - 2500 H. 

H81 37(0.9)4) + 661(0.06) 7)4J4 T1 6(0 H 

V1 3)4 E81 28 

E52-13 

E3 - 1280(0.9)4) + 153 1357 V3 - 5.0 P3 )400 

T3 )495o R 

V14 - 3)4 P14 142 E14 75 T14 38)40 R 

- 1)4.7 78 T5 - 28)40 R E - 560 

f - a 0.06)4 

P7 7.35 V7 - 133 E - 1457 T7 - 214.50 R 

Assumptions for T7 and f are useable. 

work - (E3 - E14) - 
2 

E1) - 

P5(v1 -V2) 
- 

f(i6 - E7) P1(V1 - 



35 

Work (1357 -75) - (153 - 23) - 

14.7(314 - 5)$ - 3.06(560 - 457) - 7.35 

(3t. - 0.06 x 133)4 

'fork 440.7 Btu/lb air 
Since weight of charge is proportional to inlet 
pressure, P1, the weight of charge of the part load 
cycle will e half that of the full load cycle. A- 
suming one pound of air for the full load cycle, the 
part load cycle will use one-half pound of air. 

Work 440.7(1/2) a 22.014 Btu/cycle 

- i2cO4) - 0.366 

O . O5 (514) 0.3314 lb/Blip-hr 

3. Part Throtle Cycle: 

= 7.35 psia; r - 11.2; fuel-air ratio 0.0óó5; 

a 520 R; - 14.7 psia; assume f - 0.014. and 

T7 - 2200 R. 

H51 s 37(0.96) + 553(0.04) 57.8 595 R 

V1 - 30 E81 - 15 

2.68 P2 190 E82 173 T2 1320 I 

E3 - 1230(0.9ó) + 173 + 1402 V3 2.68 P3 730 

T -5100 R 

a 30 P 43 E4 660 T 3180 R 

a 347 V5 70 E 18o T 2520 R 

2.68 a 0.0383 
70 

P7 7.35 V7 - 120 E7 - 385 T7 - 2180 H 



Assumptions for T7 and f were reasonable. 

Work (lIO2 - 660) - (173 - 15) - 

1L.7(3o - 2.ó8)4 - o.oL(148o -385) - 7.35 

(30 - o.ot x l20) 

Work 5L7,8 Btu/lb air 
Work 5L.7.8(l/2) 273.9 Btu/cycle 

h7.8 - o.it 
c l20(0.96) 

ISFC 0.0665(25145) - 0.309 Btu/Bhp-hr 
5147.5 

14. Part Throbtle Cycle: 

P1 7.35 psia; r 11.2; fuel-aIr ratio 0605; 

T1 520 R; P5 - 114.7 psia; assume f - o.o14 and 

T7 - 2050 R. 

H1 37(0.96) + 5oo(o.o14) - 55.5 E81 - 13 T1 585 R 

V1 - 29 

V 112 - 2.59 P2 190 E2 - 170 T2 - 1325 R 

E3 - 1165(0.96) + 170 - 1290 V3 - 2.59 P3 - 770 

T3 - 14980 R 

V14 - 29 P14 - 14]. E14 - 590 T14 - 2970 R 

P5 - 114.7 V5 - 63 E5 1435 T5 2330 R 

2.59 
- 0.01411 

P7 7.35 V7 - 110 E7 3143 T7 - 20140 R 

Assumptions for T7 and f were valid. 
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VJork (1290 -590) - (170 - 13) - 

1)4.7(29 - 2.6) - o.o)4U35 -3)43) - 7.35 

(29 - O.0)4 x 11o)$. 

Work - 508.3 Btu/lb air 

Work 508.3(1/2) 25)4.2 Btu/cycle 

e 
08.3 

1165(o.90 
O.)455 

ISFC 0.0605(25)451 - 0.303 Btu/Bhp-hr 
508.3 



FORMULAE 

1. For brake horsepower from data of engine speed and 

torque. Both dynamometers were constructed with a 

torque arm of 12.6 inches, giving the equation 

Bhp 
- ____ 

where n is engine speed in revolutions per minute 
w is weight on the torque scales in pounds 

Belt slippage on the Wisconsin test stand was disre- 
garded, since the speed used in computing the horse- 
power was that of the engine. It was reasonable to 

assume torque on the d.ynamometer as equal to engine 

torque. 

2. Measurement of air flow. The flow nozzle used was of 

l.2S7-inch diameter, with a coefficient of discharge 
of 0.99 as used. The air flow equation used in cal- 

culation was 

2 P 
w - 6.9 cd 

where w is air flow in pounds per minute 
o is coefficient of discharge 
d is flow nozzle diameter in inches 

is barometric pressure in inches of mercury 
p is pressure differential across flow nozzle 

in inches of water 
Ta is atmospheric temperature in degrees hankine 



SPEC IFICAT IONS 

Willys Engine: 

89 

Willys engine type 638632 W3 A, serial no. MB-)436017, 

four-cylinder, liquid-cooled, L-head, four-stroke; bore, 

3-1/O In.; stroke, L.-3/8 in.; piston displacement 13t.2 

ou in.; compression ratio (optional head) 6.79:1; included 

generator, starter, oil filter; procured from O'Keefe- 
Merritt Signal Corps Power Unit; manufactured by Willys- 

Overland Motor$ Corporation, Toledo, Ohio. 

Carter carburetor model BBR-1, serial no. 96s ß7, 

manufactured by Carter Carburetor Corporation, St. Louis, 

Mo. 

Wisconsin Engine: 

Wisconsin engine type AGH, spec. no. 62599, serial no. 

12ll7I7, single-cylinder, air-cooled, L-head, four-stroke; 

bore, 3-1/2 in.; stroke, I in.; piston displacement, 38.5 

ou in.; compression ratio, t.67:1; included electric 
starter; manufactured by Wisconsin Motor Corporation, Mil- 
waikee, Wis. 

Humphrey Constant Compression Units (both engines): 

Bore, 2 in.; stroke l-3/8 in.; valve opening diameter 
1.25 in.; valve spring constant, !i.19 lb/in.; manufactured 
by Humphreys Investment Company, Denver, Colo. 

Dynamometer (VJillys test stand): 

General Electric direct current nadel 5GT 1508 Bl, 
type GT 1508, serial no. 181.8935, manufactured by General 
Electric Company, Schenectady, N. Y. 
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Dynamometer (YJisconsin test stand): 

Century direct current generator, model DN-336-TND, 

spec. no. 7&1j5, serial floe 12Y78077, 15-horsepower; manu- 

factured by Century Electric Company, St. Louis, ?Io. 

Engine Pressure Indicator: 

Control ngineering Corp. model 2 DC engine pressure 

indicator, scrial no. 63, includes catenary-diaphragm 

strain gage pressure pickup, DC amplifier and power supply, 

calibration unit; Control Engineering Corporation, Canton, 

Mass. 

Other Instruments: 

Air-fuel ratio: Elliott Carbumeter no. 603, 10-16 

A/F, Clarence V. Elliott, Los Angeles, Calif. 

Draft gage: Ellison inclined draft gage, 3-inch, 

Ellison Draft Gage Company, Chicago, Ill. (Willys) 

Exhaust gas analyzer: Haya analyzer no. 14.22OL.3, 

Orsat type, Hays Corporation, Michigan City, md. 

Flow Nozzle: 1.257-inch diameter. (i1lys) 

Pressure gage: oil pressure gage type 1-1/2AD-3658, 
O-100 psig, United States Gage Company, N. Y. C. (Wis- 
consin) 

Pressure gage: Oil pressure gage, 0-50 psig, Ro- 

chester Manufacturing Company, Rochester, N. Y. (Willy-a) 

Pyrometer: Weston model 602 millivoitmeter, o-óoo 

°F, Weston Electric Instrument Company, Newark, N. J. 

(Wisconsin) 

Pyrometer: Leeds & Northrup potentiometer cat. No. 

8659-BG, serial no. 5o)48i, O-2000 °F, Leeds & Northrup. 

Tachometer: Weston magneto-electric tachometer model 

271, serial no. 2612t, O-2200 rpm, Weston Electric Instru- 
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mont Company, Newark, N. J. (Wisconsin) 

Tachometer: Sun model C-96B, 0-3600 rpm, Sun Manu- 

facturing Company, Chicago, Ill. (Willys) 

Tachometer: Hahn & Kalb no. tt7739, Hahn & Koib, 

Stuttgart, Germany. (Wisconsin) 

Thermometer: Rochester model VTS-7. 90-212 °F, 

Rochester Manufacturing Company, Rochester, N. Y. (7il1ys) 

Timing light: Sun power timing light, model X, 

serial no. 9367, Sun Manufacturing Company, Chicago, Ill. 


