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IMPROVED PART-LOAD ECONOMY USING HIGH COMPRESSION 
AND LEAN MIXTURES WITH THE HIJMPHREYS VARIABL' 

COMPRESSION RATIO ENGINE 

INTRODUCTI ON 

Since the development of the gasoline engine for use 

in road vehicles, many hours of thought and research have 

been spent in an unceasing effort to bring about a steady 

increase in the amount of work made available from each 

gallon of ftel consumed by the engine. It was in this 

interest that the studies described in this thesis were 

conducted. The principal emphasis in the series of tests 

described herein was placed on the performance of a spark- 

ignition engine equipped with the Humphreys Constant 

Compression Head. This is a device designed to take 

advantage of high compression ratios with their accompany- 

Ing high thermal efficiencies at light loads without 

sacrificing detonation-free performance at full throttle 

operation. 

As may be seen from road test data of any modern auto- 

mobile, the power required of the engine for most normal 

driving is considerably less than the maximum power whicb 

the engine is capable of producing. Passenger car engines 

are operated almost entirely at less than one-half of their 

rated power output. Increased efficiency at these light 

loads, then, would add considerably to the overall fuel 

economy of the vehicle. 

What about the efficiency of an engine at light 



loads? It is q well-recognuized fact that t e ovra11 

thermal eff1c1enc of a gasoline engine is low at reduced 

loads due to several inherent characteristics of this 

tpe of machine. 1orernost among the losses encountered 

at light loads are those duo to nechanical friction. 

These losses are present at all loads and speeds but 

relatively play a much more important part in fuel economy 

at light loads where they make up :1 'arger proportion of 

the total power developed in the cylindr. The extreme 

example of the importance of friction at light loads is 

the case of an engine operating under zero brake load. 

Here the entire power of the engine is lost in over- 

coming Internal friction and the overall efficiency is 
zero. Another important cause of low fuel economy at 

part throttle is the decrease in efficiency of the fuel- 

air cycle on which the engine operates. Throttling 

reduces the pressures throughout the ccle with a corres- 
ponding drop in work output. also the work required to 

draw the fresh charge past the part]. closed throttle must 

be charged against the engine. Ordinarily, this pumping 

loss is added to the mechanical friction and both are 

included in the calculation of friction mean effective 

pressure. 

How may some of these losses be reduced? In their 

analysis of the constant volume fuel-air cycle, Goodenough 
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and aker1- (7, p 44) reported that the thermal efficiency 

of the cycle was improved materially with an increase in 

compression ratio (Figure 1), and with a leaning of the 

air-fuel ratio beyond the chemically correct mixture 

(Figu 2). These theoretical modifications are well 

known but have not yet been realized fully in any produc- 

tion engine. 

The reason for this seeming disregard for theoretical 

improvements in. engine desit, of course, is that an auto- 

motive engine must be desirned for power as well as economy. 

Lean inixtureo while satisfactory at light loads would not 

burn smoothly at full throttle. Also, at the low compres- 

sion ratios of the automobile engine the gain in economy 

by way of lean mixtures would not be outstanding. A 

built-in compression ratio of ten or twelve, to take 

advantage of the increase1 cycle efficiency, w'uld like- 

wise be 1rnpracticl because of a serious detonation problem 

at anything but very light loads. Until auch time as 

dtonation-free fuels are readily available to the motoring 

public, the high fixed-compression ratio engine is not 

feasible. 

One apparent slution to this problem is to dsign 

an engine having a variable compression ratio which will 

be high at light lds and become orogressively lower as 
load 1s 1ncreasei, in order to eliminate any tendency for 

'Numbers in parenthesis refer to bibliographi. 
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detonation to occur. This variable compression ratio 

could be coupled with a device to lean the mixture undrr 

light loads to take advantage of this further increase in 

cycle efficiency. iany patents have been issued both in 

this country and abroad for engines having these features. 

None of these inventions has as yet proved entirely satis- 

factory. A large number of them failed to gain support 

because of their non-automatic nature. Those which were 

automatic were either too complex in construction or too 

slow in response to be fitted for passenger oar use. 

In 1949, the Humphreys Constant Compression Head wns 

invented by Mr. I. B. Humphreys of Denver, Colorado. It 

consists of an auxiliary piston acting in a cylinder which 

opens into the top of the main combustion chamber. (See 

Figure ). The position of this piston through its effect 



on the clearance volume controls tìe volumetric compres- 

sion ratio of the engine cylinder. The auxiliary piston 

Is hydraulically operated and Is desipned to give m.exl- 

mum compression ratio under light engine loads. Automatic 

continuous variation to minimum compression ratio at full 

throttle is provided. Leaning of the mixture at light 

loads may be accomplished by the use of a carburetor 

metering pin linked directly to the throttle control. 

In order to investigate fully the fuel consumption 

characteristics of the Humphreys Head, this study was 

divided into three separate phases. First, the thermo- 

dynamic soundness of the teory was calculated by the use 

of the Hottel combustion charts (2). Second, the prin- 

ciples of operation were applied to a CPR reseirch engine 

connected to an electric dynamometer, and finally, part 

throttle economy tests were performed on a four-cylinder 

Villys engine equipped with the Humphreys Head. 
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T}1EORFTICAL CONSIDTRATIONS 

On the assumption that no engine is more efficient 

than the cycle on which lt operates, the first phase of 

this investigation wes devoted to a study of the effect on 

Otto-cycle effici&ìcy of part-load operation with lean mix- 

tures and at high compression ratios. It Is well to 

state at this point that although the advantages of high 

compression ratios and lean mixtures have been thoroughly 

investigated for the unthrottled fuel-air cycle (7, p 4-45) 

very little quantitative data for the throttled condition 

can be found in the literature. 

Direct calculation of the fuel-air cycle efficiency 

Is a long and laborious process due to the many complex 

variables involved. For the air-standard cycle the off i- 

cienoy is obtained from the simple equation, Ffflciency = 

-i--ik-1 
i - ±. where r is the compression ratio and k is the 

:1' 

ratio of specific heats c/c, usually considered to be 

1.4. For the fuel-air cycle no such simple relationship 

exi$ts. The calculation of the fuel-air cycle is oomph- 

cated by factors such as the deviation from the idral gas 

laws due to the high pressures encountered by the fuel 

and air mixture, the variation of the specific heats of 

the mixture with increased temperature, and the dissocia- 

tion of some of the reacting substances during combustion 

resulting in an increase in the number of molecules of 

combustion products. Fortunately, charts showing the 



thermodynamic properties of the fuel-air medium before 

and after combustion with allowances for the above evia- 

tions have been prepared. These charts aro considered to 

be sufficiently accurate for most theoretical studies. 

The most recent combustion charts compiled by Hottel, 

Wiilins, and Satterfield (2) 1949 were used in the 

present analysis. 

Since the iJumphroys head is designed to improve the 

overall thermal efficiency of an internal combustion 

engine at light loads, it would seem appropriate to inves- 

tigate the cycle characteristics in a way such that direct 

comparison with the indicated thermal efficiency of the 

engine would be possible. ou1d an analysis of the 

throttled cycle permit this type of comparison? In order 

to answer this question lt is necessary to consider for 

a moment an actual engine test. To determine the indicated 

horsepower of an engine it is common practice first to 

obtain the brake horsepower and add to it the horsepower 

necessary to overcome mechanical friction arid pumping. 

Since the Morse method of friction determination2 does 

not allow for the separation of mechanical and pumping 

losses, the total engine friction is determined by this 

test as the sum of these two quantities. Now if the 

2The horse test, an example of which is given in 
Appendix 3, is a method of determining the total friction 
horsepower of an origine b' means of cutting out one cylin- 
der at a time and measuring the loss in brake horsepower 
at constant throttle due to the dead cylinder. 



Indicated horseower of an engine operating under throttled 

conditions vere obtained in this way, could its indicated 

thermal efficiency be compaed with that of the throttled 

fuel-air cycle (Figure 4B)? No, it could not, because of 

the fact that the usual method of computing the net work 

of the theoretical cycle is to subtract from the work 

represented by the upper loop in the diagram that repre- 

sented by the pumping loop. This gives the conventional 

net work of the cycle and is not directly comparable with 

the indicated work determined by the Morse method. 

In order to compare the indicated work of the actual 

engine as obtained from the lorse friction test with the 

useful work of the theoretical cycle, it is necessary to 

consider the work of the theoretical cycle as represented 

by the upper loop only as shown by Figure 4C. In calcu- 

lating the output and thermal efficiency of the theoreti- 

cal cycle, therefore, the pumping loop was not deducted. 

This places the total work output in both analyses on the 

same basis. 

The procedure used in calculating the theoretical 

cycles was that outlined by Taylcr and Taylor (7, p 37-39) 

for the throttled condition except as described above. A 

sample calculation is included in Appendix 1. Figure 5 

shows the effects of varying mixture strengths on throttled 

fuel-air cycle efficiency for several compression ratios. 

The advantages of both high compression ratios and lean 
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mixtures are evident. Corresponding curves of fuel-air 

cycle specific fuel consumption vs air-fuel ratIo a:e 

presented in Pigure 6. These curves show clearly that 

the gains in economy due to high compression ratios are 

far greater thar those due to air-fuel ratios leaner than 

approximately 16. As an ideal for later comparison, it 

can be stated on the basis of the curves in Figure 6 that 

for an engine operating at a compression ratio of 13.9 and 

an air-fuel ratio of 19.6 (the maximum economy point of 

the Vtillys-Humphreys engine test) the minimum possible 

specific fuel consumption under ideal conditions would 

approach 0.25 lb/hp-hr. A comparison of this theoretical 

economy and that obtained by actual test of the iliys- 

Humphreys engine will be made in a later section. 
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BASIC STUDIES WITH CFR Ei;GINE 

The second phase of the investigation of the effects 

of high compression ratlos and lean mixtures on part load 

economy ws performed to determine whether the theoretical 
Improvements in fuel economy could be realized with an 

actual engine. This Investigation consisted of perform- 

ance tests on a CFR research engine. The CFR engine was 

chosen primarily because of its variable compression 

ratio feature. This engine, designed originally for 

knock testing of gasolines and other motor fuels, is of 

a single cylinder, four-stroke cycle liquid-cooled type, 

having its cylinder constructed in a way such that it 

may be raised or lowered by turning a hand crank. The 

movement of the cylinder varies the volumetric compres- 

sion ratio through an approxiate range of 4 to 17. For 

use in knock testing, the engine Is belt-connected to a 

three-phase synchronous motor which controls its speed 

at nine hundred rpm. The fuel system of the standard 

CFR engine consists of several individual fuel-container 

and float-chamber uìiits which may be raised or lowered 

to regulate the air-fuel ratio metered by a ampie 

horizontal-draft single-jet carburetor. 

MODIFICATION OF CFR UNIT. For purposes of this 

investigation the basic 0FR engine unit was modified in 

several Important ways. Foremost of these wrs the 

incorporation of an electric cradle dynamometer which 
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was direct-connected to the engine flywheel. This, of 

course, as necessary in order to measure the power output 

of the engine. Second, a 8witch was placed in the igni- 

tion grounding circuit which w en opened would permit 

thc synchronous motor to br turned off without grounding 

the ignition system of the engine. This allowed the 

engine to be operated at various speeds and 1os under 
control of the dynamometer. The synchronous motor under 

these conditions ran idle because of the belt drive from 

the engine. The third major modification of the unit 

was to replace the original fuel system by a small down- 

draft float-tjpe carburetor supplied with fuel at a 

pressure of five pounds per square inch gage from an 

electrically driven transfer pump. Provision was made 

for tle volumetric measurement of fuel consumption by 

using a 25 cc pipette connected through a three-way valve 

ii-i the fuel line. The pipette was filled with fuel by 

manipulating the valve and the tizne requireJ for 2.5 cc 

of fuel to flow from the pipette was recorded as a fuel 

observation. Since the gravity of the fuel at operating 

temperatures was known, the fuel consumption could be 

calculated on a besis of weight flow. 
The volume of air inducted into the engine was 

measured by a wet-type gas meter connected by flexible 

hose to the air intake of the carburetor. Pressure and 

temperature observations of the intake air were made in 
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ordr to convert the volumetric air flow to weight flow. 

Figures 7, 8, and 9 show the CFR engine as modified for 

use in this investigation. 

GENERAL TEST CONDITIONS. Since it was desired to 

compare the efficiency found by actual tests of the 

ffumphreys head with that calculated from the theoretical 

cycles, all under similar conditions, it was decided that 

all test results should be reported on an indicated basis. 

This allows for direct comparison with the modified, 

throttled, fuel-air cycle as discussed reviouslj. 

Having decided this, it was necessary to agree on a spe- 

cific part-load condition at which the engine should be 

operated. sorno specific part-load, say that 

equivalent to one-half of the maximum indicated horse- 

power of the engine, be set-off' on the dynamomoter beam 

and held constant throughout the test? This method would 

seem acceptable for a fixed compression ratio test. 

However, a change in compression ratio would change the 

maximum indicated horsepower and the constant output of 

the engine would no longer be half-load. Another error 

in this rethod may stem from the manner in which half- 

load is first established. For instance, if the maximum 

ihp of the engine were determined from a full throttle 

brake horsepower test in conjunction with a friction 

test, the true maximum ihp would be realized. If, now, 

fifty per cent of this maximum wore computed as the 



PIG7. Front view of 0FR Research Unit Showing 
tgine Control Panel qnd Air Meter. 



FIGURE 8. CFR Engine Dynamometer 
and Dynarnometer Control 
Panel. 

FIGURE 9. Fuel Measuring Pipette 
and Down-Draft Carburetor° 
as Installed on CFR 
Research Unit, 
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constant indicated load to be placed on the engine, it 

would not be strictlr correct to subtract the ful]. throttle 

friction in order to obtain the half-load brake horsepower 

at which the engine should be operated. A more correct 

method would be to obtain additional friction data at the 

approxiïate half-load condition and subtract this quantity 

from the calculated tialf-load ihp. 

In an attempt to eliminate some of the inconsistencies 

discussed above, both te W1l].ys and the CFR engine tests 

were conducted at a brake output corresponding to f orty- 

five per cent of maxitum Indicated horsepower for each 

compression ratio setting. Forty-five percent Indicated 

load approaches that fraction of the maximum Indicated 
horsepower required from a typical passenger car engine 

at forty miles per hour on level road. For the tests on 

the CFR EngIne a constant speed of 1000 rpm was used. 

Since the friction of this engIne was determined by motor- 

Ing the engine with the dynamometer, It was impossible to 

3Th1s may be illustrated by using the example of an 
automobile engine rated at 90 brake horsepower at 4000 rpm. 
This engine speed corresponds to a vehicle speed of 
approximately 80 mph. At 40 mph, therefore, an engine 
speed of 2000 rpm and a maximum blip of approximately 50 
may be expected. At full throttle and 40 mph, the mechanl- 
cal efficiency of the engine should approach 90 per cent. 
This means that the maxirrnixn Ihp for the engine operating 
under these conditions should be nearly 50/0.9 = 55 ihp. 
Now, on level road, only about 15 bhp is required to 
drive the vehicle at 40 mph. At this light load the 
mechanical efficiency may have dropped to 60 per cent. 
Thus the hip required at 40 mph Is 15/0.6 = 25 thp. The 
fraction of the maximum Ihp required at 40 mph s there- 
fore seen to be 25/55 = 45 per cent. 



20 

obtain. friction data with the engine under lod. There- 

fore, no distinction could be made between full- and part- 

lo'd friction. The effect of thrott]e position on motoring 

friction was determined however as an aid in computing the 

indicated horsepower at each test point. 

TTSTING PROCEDURE. The tests performd on the CFR 

engine consisted of two general types; maximum power tests 

and part-load economy tests. The maximuri power points 

were determined for the purpose of establishing the maxi- 

mum brake horsepower developed by the engine at several 

compression ratios ranging from six to ten. Txtrapo1ating 

the curve of bhp vs compression ratio permitted an esti- 

mate to be made of the bhp at a compression ratio of 

twelve to one. Fu1i throttle friction tests, br the 

motoring method, were made at each of the compression 

ratios used. By the addition of the friction horsepower 

to the maximum brake horsepower at each point, the maximum 

indicated horsepower cf the engine was d-termined for each 

compression ratio (See Figure 10). The maximum power 

tests were made at 1000 rpm with spark-advance and air- 

fuel ratio both set for maximum power. non-knocking 

fuel of 100/130 rating was used at t e higher ratios. 

It was determined from previous testing that there was no 

significant variation in power due to the intercanging 

of 100/130 fuel and regular grade gasoline within the 

non-knocking range of the regular gasoline. 



w 

o 
o- 
w 
U) 

o 
I. 

7 

5 

2 

1Q00 RPM NON-KNOCKING FUEL 

- 
- 

INDICATED HORSEPOWER 

BRAKE HORSEPOWER 

FRICTION HORSEPOWER 

I 

4 6 8 IO 12 

COMPRESSION RATIO r 

FIGURE 10, Maximum Power Curves for CFR Engine. 

21 



0.44 

z 
r. 

i 

%% 0.42 
'n 
-J 

z 
20.40 
I- 
Q- 

cl) 

z 

-J 
w 
Li. 

Q0.36 
Li 

o 
w 
Q- 
(J) 

0.34 

w 
I- 
4 
o 

0.32 

0.30 

22 

V. I _Li 

u II 

I 
. ___I 

I k1 _I 
I _ AUU _' 
I 

L kI 

I 
14 16 18 20 22 

AIR/FUEL RATIO 

FIGURE II. Indicated Specific ?uel Curves for 
CFR Engine. 



2 

The part-load economy tests were performed at several 

constant compression ratlos to determine the effect of 

increasingly lean mixtures on specific fuel consumption 

at eac} compression ratio. The Indicated load placed on 

the engine for thrse tests was approximately forty-five 

per cent of full indicated horsepoiler at each compression 

ratio. A friction determination was made at each test 

point in order to obtain as accurate a value for the ihp 

as possible. As the mixture was leaned beOnd the best- 

power point, it becaiie necessary to open the throttle in 

order to maintain a constant power output. Any change 

in the throttle position, however, altered the friction 

slightly and therefore t e indicated load factor of 

forty-five per cent was not maintained exactly. This 

deviation, however, was of small magnitude and was con- 

sidered practically negligible. Detailed Information 

concerning test conditions, measured quantities, and 

calculations is presented in Appendix 2 of this thesis. 

T1ST R1SULTS. The results of these tests are re- 

ported on both an indicated and a brake basis. Figure li 

show tene effect of increasing air-fuel ratlos on the 

indicated specific fuel consumption for several compres- 

slori ratios. It will be noticed that considerably lower 

fuel consumption is realized at the hiier compression 

ratlos as predicted by theory (FIgure 6). The point of 

mln1um fuel consumption occurs at progressively leaner 
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mixtures as the compression ratio is increased. ior 

mixtures leaner than those for the rnininmxn indicated 
specific fuel consumption the fuel consumption curve 

sings sharply up again. This is a characteristic of' an 

operating engine and is not found viben dealing wIth the 

theoretical cycle (Figure 6). Taylor and Taylor explain 
this upward swing in their chapter on mixturo require- 

ments (7, p l4) by saying, 

"The shape of the curve of specific fuel con- 
sumption versus the fuel-air ratio shows the 
influence of the combustion rate. ½hon the 
fuel-air ratio is reduced to a point where the 
loss due to decreasIng combustion rate of.'sets 
the increasing efficiency of' the fuel-air 
cycle, the curve reaches a minimum." 

P'igure 12 shows the fuel consumption data computed 

on a brake basis. These curves are similar in appearance 

to those in Figure 11. The brake specific fuel consump- 

tiòn for the CFR engine Is exceptionally high because of 

the large amount of mechanical friction in the dynamonieter, 
synchronous motor, direct current generator, and belting, 

as well as that inherent in the single cylinder engine. 
From Figure 12 lt can he seen that a considerable in- 

crease in part-throttle fuel economy is possible with an 

engine such as the CFR when it is operated at high corn- 

pression ratios and with mixtures set at the points of 
minimum baTh. For example, ±1' the engine were operated 

at a constant forty-five per cent indicated load factor, 

an increase in compression ratio from six to twelve with 
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a subsequent increase in air-fuel ratio from 16.8 to 20.3 

would result in a decrease in brake specific fuel consump- 

tion of nearly sixty per cent. For a constant load instead 

of a constant per cent load the gain in economy would be 

sonewhat lower but still quite impressive. 
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THE HUMPHREYS CONSTANT COMPRTSSION ENGINE 

It has been shown in the preceding chapters that if 

an automobile engine could he constructed having an auto- 

matically variable compression ratio operating in a manrer 

such that the highest compression ratio would occur at 

light loads, a considerable increase in fuel economy could 

be obtained during most normal driving. The difficulty thus 

far has been to construct such an engine which would have, 

in addition to the above features, quick response, long 

life, ease of adjustment, and low initial cost. The 

Humph.reys Constant Compression Engine is the latest in a 

long series of inventions created in the hope of fulfilling 

all of the above-mentioned requirements. 

DETAILS OF CONSTRUCTION. Figure 1 shows a cross- 

section of a Humphreys unit mounted on an Lhead internal 

combustion engine. Throughout this discussion of the con- 

struction of the Humphreys design, frequent reference to 

this figure will be madn. 

The Humpbreys constant compression engine employs an 

auxiliary cylinder (Figure 13) placed vertically in a modi- 

fled engine head, with the lower end of the cylinder opening 

into the combustion chamber of the engine. This cylinder 

extends some distance above the upper surface of the engine 

head where it enlarges and is closed by a disc-type dump 

valve held against its seat by a stiff helical spring. 

Within this cylinder an auxiliary piston, cup shaped, with 
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the open end up, Is allowed to move freely between li it 

stops. The lower limit allows the piston to position its 

crown nearly flush with the top of the combustion chamber. 

The uper stop is formed by the dump valve seat. The 

stroke of the piston, in the case of the 'illysHumphreys 

engine tested, was one and three-eighths inches, giving a 

compression ratio range from 6.08 to 15.7. As shown in 

Figure 13, the piston is fitted with three rings near its 

crown and one on its upper flange. Drilled passages com- 

municate the upper flange ring groove with the interior 

of the piston. In order that the position of the piston 

be known at all times, a position indicator stem is fastened 

to tbe piston crown and extends upward through the entire 

cylinder assembly emerging above the dump valve spring 

adjusting nut. 

The auxiliary cylinder is equipped with three oil 

linos. One, the oil supply line, furnishes oil to the 

cylinder from the engine lubricating system under a pres- 

sure equal to that of the engine system. Te oil enters 
tie cylinder by way of an annular ring which is integral 

with the cylinder. The oil, once inside the cylinder, 

flows up around the piston lower stop into the upper flange 

ring groove and inside the piston through the drilled 

passages in the piston wall. rhen the piston and the 

chamber between the piston and the dump valve are filled 

with oil, a pressure equal to oil pump pressure is built 
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up which acts on the piston tending to move lt downward. 

In order to remove ary combustion gases whIch may 

have leaked past the lower piston rings before they could 

enter the upper oil chamber, a second annular ring is ma- 

chined into the cylinder wall a short distance below the 

oil supply ring. Phis lower ring connects to a return 

line through which any such gases would be vented to the 

crankcase. The oil return line a10 returns a small amount 

of oil which is allowed to flow along the piston from the 

oil supply ring. Constant oil circulation past the piston 

is thus assured as a means of cooling and lubricating the 

unit. The third oil line incorporated in the Humphreys 

unit is the large dump line which leads from the chamber 

above the dump valve. Oil passing through the dump valve 

is returned to the crankcase by this line. Both the dump 

valve and the dump line have areas such that relatively 

large quantities of oil may be disposed of quickly and 
with little back pressure. 

The Humphreys auxiliary cylinder units are mounted 

on the engine head by studs projecting from the head through 

a mounting flange on the cylinder. The oil supPly lines 

connect directly to the main engine oil distribution line. 

The return and dump lines empty into a common manifold 

which in turn opens into the crankcase. Figure 14 shows 

the Humphreys head assembly for a lllys engine. One of 

the auxiliary cylinder units is disassembled, permitting 



FIGURE 14. Top View of Willys-Humphreys Head Showing Component 
Parts. 
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inspection of Its component parts. 

PRflTCIPLFS OF OPT'RATION. As previously stated, the 

Humphreys head is a device which automatically varies the 

volumetric compression ratio of an Internal-combustion 

engine according to the load on the engine. This is 

accomplished by increasing or decreasing the clearance 

volume by means of an auxiliary piston which, with Its 

cylinder, forms a part of the upper wall of the combustion 

chamber. An upward movement of the piston enlarges the 

clearance volume and reduces the compression ratio. hen 

the piston Is In its full downward position, its lower 

surface is flush with the top of the combustion chamber. 

The movement of the Humphreys piston is controlled as 

follows. Gas pressure in the combustion chamber tends to 

move the piston upward during the compression and power 

strokes of the engine. The pressure during these strokes, 

of course, Is dependent upon throttle position and engine 

load. An engine operating under part-load will not main- 

tain the high compression and combustion pressures that 

occur at full throttle. Sustaining the force of gas 

pressure, which is transmitted through the auxiliary pis- 

ton, is the force of the oil trapped in the chamber above 

the piston. Were there no leakage from this upper chamber, 

there would be no upward movement of the piston. 

The spring tension on the dump valve which is located 

in the top of the cylinder (Figure 13) may be adjusted to 



open when the gas pressure in the combustion chamber, and 

hence the oil pressure in the upper chamber, exceed a pre- 

determined maximum value as when the throttle is opened. 

This allows a quantity of oil to escapo from the oil cham- 

ber, permitting the piston to rise ari amount sufficient to 

decrease the gas pressure in the combustion chamber to or 

below the spring loading. 

During the inlet and exhaust strokes of the cycle, 

when the pressure applied to the underside of the piston 

is low, oil is forced into the oil chamber' from the oil 

supply line bj the pressure of the engine lubrication 
system. This oil pressure acting above te auxiliary 
piston causes it to move slowly downward during these low 

pressure strokes of the cycle. 

From the above discussion, it would appear that the 

piston is constantly oscillating, being forced upward on 

the compression and power strokes and downward on the inlet 

and exhaust strokes. Such is not the case at normal oper- 

ating speeds. Due to the mass of the piston (approximately 

one-half pound) and the viscosity of the oil flowing 

through the passages to the inside of the piston it is 

i'possible for the piston to follow any such rapid pros- 

sure differentials as those which occur during operation 

of the engine at average speeds. Sorne degree of oscilla- 

tion is observed at idling speeds. Then operating normally, 

the piston assumes a position according to the average 
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pressures both above and below it. Any Increase in throttle 

openin; increa3es the gas pressure below the piston causing 

lt to exert a higher pressure on the trapped oil above it 

If the pressure for which the dump valve has been set to 

open Is exceeded, oil is forced from the upper chamber and 

the piston rises until the average pressure in the chamber 

has dropped to that at which the valve will no longer 

remain open. The piston cornes to rest at thie point. A 

decrease in throttle op&iing lowers the pressure below the 

piston and hence in the upper chamber. This allows more 

oil to enter the chamber under lubrication system pressure 

and the piston moves downward until the pressures are again 

equal to the valve opening pressure. hus, a nearly con- 

stant rnaxinum pressure is maintained in the engine cylinder 

over the range of operation of the piston. 

The adjustment of the dump valve spring and the 

value of tiic spring constant determine the combustion pres- 

sure at which the valve will open and the piston will 

start to move upward. The valve spring should be adjusted 

so that a pressure just under the self-ignition point for 

the fuel used exists in the cylinder. rftj will insure the 

maximum economy and also eliminate any knock limiting of 

power. 

A coxruion weakness of earlier inventions of this 

general design WiS their inability to react quickly to 

sudden opening of the throttle. It is obvious that with 
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the dump valve set to open at pressures near the self- 

ignition point of the fuel-air mixturo in the cylinder, 

the piston must move upward almost instantaneously after 

a sudden load increase if knocking is to be avoided. The 

dump valve opening and dump line of the Humphreys unit are 

of such size that large amounts of oil may escape rapidly 
vrith very little back pressure, thus assuring a rapid 
piston motion. It is this advantage plus the advantages of 
simplicity and durability which make the 1-Iumphreys superior 

in construction and operation to the earlier inventions of 

this type. 
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PERFORMANCE TEST OF WILLYS ENGINE 
BUIPPED WITH THE HUMPHREYS HEAD 

The advantages of high compression ratlos and lean 

mixtures to part-load fuel consumption have been shown 

to be appreciable both from a theoretical and a practical 

standpoint. rp Humphreys head design provides automatic 

variation of compression ratio with load in a manner favor- 

able to increased part-load economy. Will the Humphreys 

head provide this improved economy when installed in an 

actual engine? In order to answer this question exten- 

sive fuel consumption tests were perfoiìed with an L-head 

automobile engine on which a Huxnphreys head assembly was 

installed, 

The engine used was a four cylinder Willys "Jeep" 

engine of 134.2 cubic inch displacement, rated at 60 brake 

horsepower at 4000 rpm. The engine was direct-connected 

to an electric cradle dynamometer which was used to meas- 

ure the power output. Figure 15 shows the engine and 

testing equipment as used for these tests. The installa- 

tion of the Hurnphreys head assembly was made in Denver, 

Colorado, by the inventor. The engine head exclusive of 

the auxiliary cylinders was a standard illis head modi- 

f ied for this purpose. A top V1 of the head and auxilia- 

ry cylinders was shown in Figure 14 and a view of the 

underside of the head showing the auxiliary pistons in 

several positions is presented in Figure 16. 
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FIGURE 16. Bottom View of Humphreys Head Showing Several 
Positions of Auxiliary. Pistons. 
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T'ST OBJT'CTIVFS. The purpose of this serles of tests 

was to determine the effectiveness of the Humphreys head 

:1n reducing part-load fuel consumption of a Willys engine 

by means of high volumetric compression ratios and lean 

mixtures. Since any improvement in fuel economy provided 

by the Humphreys design would be the result of more etfi- 

oient utilization of the fuel in the combustion chamber, 

it was decided that the tests should be conducted an.d the 

results reported on an indicated basis a was done in the 

case of the CFH engine tests. Also siiilar to that for the 

0FR tests was the forty-five per cent indicated load factor 

at which the engine was operated. This load factor corres- 

ponded to the approximate fraction of the indicated load 

necessary to drive a passenger car on level road at a 

speed of forty miles per hour. A detailed discussion of 

the indicated load factor chosen was presented ori page 19 

of this thesis. 

In order for the economy tests to be conducted at a 

certain fraction of the maximum indicated horsepower it was 

necessary, of course, to determine that maximum ihp. Phis 

meant that maximum brake horsepower tests and friction 

tests had to be conducted before an operating point for 

the economy tests could be established. In all, there 

were three preliminary investigations which were made 

before any economy data could be obtained. Preliminary 

tests included the establishing of bhp-manifold vacuum 
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curves which were needed to obtain the maxiìrìn bhp of the 

engine at high compression ratio. Friction data were 

collected at points along the above curves in order that 
ihp could be computed. In addition, friction tests were 

made at forty-five per cent ihp to deterriine the effect of 

throttle oping at constant load. This was accomplished 

by leaning the mixture to maintain constant speed as the 

throttle was advanced. 

GENERAL T[ST CONDITIONS. The tests of the Willys 

engine were conducted in three sections. First, the engine 

was operated with the stock head which provided a compres- 

sion ratio of 6.O to 1. Part-load economy data from these 

runs were compared then with results from two similar tests 

of the engine when equipped with the Humphreys head. For 

th.e two Humphreys head runs, the auxiliary pistons were 

fixed at compression ratios of C.O8 aiid l.9. This was 

done to provide compression ratios which could be main- 

tamed constant throughout the tests, and which would 

represent the near extremes of. travel of the auxiliary 

pistons (6,08 to 15,7; See Figure 17). Constant compres- 

sion ratio was desired during any one test in order to 

limit the number of variables involved. Since it was very 

difficult to control the action of the pistons except by 
engine loading it was not considered feasible to test the 
device with the pistons free. A free piston test would 

have been simpler if no friction determinations were 
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necessary as in the tests performed by J. C. Fox. The 

satisfactory mechanical operation of the Huniphreys units 
was d.ofinitely established in that work (1, p '70). 

7hen selecting the compression ratios to be used in 

the liumphreys head test, attempt was made, as stated, to 

use those which rûpresonted the extremes of travel of the 

auxiliary pistons (6.08 to 15.7). This was accoip1ished 

at the lower extreme, r = 6.08, but with a load of approxi- 

mately forty-five per cent of maximum ihp at r = 15.? 

sevexeknocking occurred with regular grade fuel. Po 

operate the engine in the non-knocking range, then, it 

was necessary to reduce the compression ratio to approxi- 

mately 13.9. This was accomplished by insertIng cylin- 

drical spacers in the Humphreys units between the piston 

upper flange and the valve seat. The spacers were of a 

length which permitted a piston travel of approximately 

3/32 inch. The speed at which al of the tests of the 

rillys engine were made was 2000 rpm, very nearly the engine 

spee1 of a passenger automobile at 40 mph in high gear. 

The fuel used was regular grade gasoline having an F-2 

octane number of approximately 75. 

TESTING PROCE.IERE. Before the investigation of part- 

throttle fuel consumption could be performed, it was neces- 

sary, as mentioned above, to make several preliminary 

observations and tests. These will be discussed briefly 

in the following paragraphs. Complete information 
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concerning al]. tests of the Willys engine including data 

sheets and calculations are presented in Appendix 3 of 

this thesis. 

Compression ratio observations. The determination 

of compression ratio of the engine when equipped with the 

stock head was made by measuring the volume of alcohol 

necessary to fill the combustion chamber of one cylinder 

when the engine piston was at top center ori the compres- 

sion stroke. This method was also used when the Humphreys 

hed was installed with the pistons at their lower limit 

of travel. Knowing, then, the bore of the auxiliary 

cylinders (2.0 inches) it was possible to compute the clear- 

ance volume arid hence the compression ratio of the engine 

at any position of the auxiliary pistons. It may be seen 

f ro: Figure 17 that the range of compression ratio for the 

Humphreys engine was from 15.7 at zero piston displacement 

to 6.08 at a displacement of l-3/8 inches. The compression 

ratio for the stock engine was calculated to be 6.30 to 

Brake horsepower-manifold vacuum curves. In order to 

determine the maximum bhp of the llumphreys engine when 

4The stock compression ratio of 6.30 was obtained after 
inserting a 0.102 in. head gasket in place of the stock 
0.051 in. gasket. The original ratio was nominally 6.48. 
The Humphreys head with a ().0511n. gasket gave a low corn- 

pression ratio of 5.7 according to Fox (1, p 52). This 
value was raised to 6.08 by the uso of a thinner 0.030 in. 
gasket. The purpose of these adjustments was to bring 
the stock and Humphre;s low compression ratios nearer 
equality. As can be seen, this goal was not achieved 
completely but the difference between the two ratios is 
small. 
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operating at high compression ratio (r = 13.9) it w's 

necessfl'y due to a severe knock limitation of power at 

any but very light loads to resort to an indirect method 

of attack. Tstab1iehing the relationship between bhp 

and manifold vacuum within the limits of non-knocking 

operation providEd a curve which when extrapolated to full 

throttle manifold pressure (1.4 in. Hg for this engIne), 

gave a close approximation of the maximum bhp of the engine. 

Since the curve of bhp versus manifold vacuum resembles a 

straight line, it is believed that no serious error was 

made by such an estimate. For the two low compression 

conditions (r = 6.30 and r = 6.()8), It was possible to 

obtain the maximum bhp directly. However, the curve of 

bhp versus manifold vacuum ws established both as a check 

on the linearity of the function and as an aid in the 

determination of Indicated horsepower throughout the 

operating range. Figures 18, 19, and 20 illustrate the 

power-manifold vacuum functions of the engine for each 

compression ratio tested. It will be observed that the 

maxirium brake horsepower decreased from 2.9 for the stock 

head to 26.4 with the 1{umphreys head at r = 6.08. Part of 

this reduction, doubtless, ws due to the difference in 
compression ratios, but it is believed that other factors 

such as combustion chamber shape and increased engine 

friction were operative. 
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Engine friction determination. In addition to bhp, 

Figures 18, 19, and 20 also show friction horsepower and 

indicated horsepower as related to manifold vacuum. The 

Thp was obtained b the Morse method (see Appendix 3, p 85) 

at several throttle positions iith best power settings of 

spark and mixture. As with the brake horsepower, the full 

throttle fhp of the high compression Huinphreys head was 

estimated fran the intersection of the extrapolated fhp 

curve and the ordinate at the full throttle manifold 

vacuum (1.4 in ig). 

As can be seen from the curves, the friction horse- 

power decreases uniformly with throttle opening for the 

stock engine and for the Humphreys engine at low compres- 

sion. This is in agreement with findings for multi- 

cylinder engines reported by Platner at the Chrysler 

laboratories (5, p 492), and others. The friction of the 

low compression Humpbreys engine appears from Figure 19, 

to be about 40 per cent higher than that of the engine 

when equipped with the stock head (Figure 18) at the 

operating point of 45 per cent indicated load. It has been 

shown by McLeod (7, p 201) and many others that engine 

friction increases with compression ratio. Therefore, 

since the friction in this case decreased with an increase 

in compression ratio, some other factor must be present. 

Due to the fact that the mechanical friction is unchanged 

by the addition of the Humphreys head with auxiliary pistons 
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fixed, no additional losses could appear from that source. 

A check of the volumetric efficiency at full load (See 

Appendix 5, p95) revealed a reduction in t: is figure from 

74 to 68 per cent with tbe change from the stock to the 

i-lumphreys head. Evidently the Installation of the Hurnphreys 

head impaired the air capacity of the engine to that 

extent. On inspection of the under side of the Humphreys 

head lt is seen that an apparent restriction to flow does 

exist between the inlet valve opening and the onine 

cylinder. A web of approximately one-eighth in. thickness, 

shown by the heavily shaded area in Figure 21, extends 

Into the air stream and is believed capable of blocking 

the passage sufficiently to cause a drop In air capacity. 

This results in a subsequent increase in pumping loss whi&i 

appears as Increased engine friction. The restricting web 

also is shown clearly in the photograph of Figure 16. The 

increased friction discussed here was, no doubt, the cause 

of part of the reduction In maximum bhp of the Huinphreys 

engine below that of the stock engine. 

Inspection of Figure 20 shows that the friction of the 
Huinphreys engine with the auxiliary pistons locked at 

r = 1.9 was considerably higher than that for either 
the stock or the low compression Humphreys engine even at 
the operating point. Furthexore, the relation of fhp to 

manifold vacuum was reversed from that found for the other 

condition. A decrease in manifold vacuum resulted In an 
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increase in friction. The occurrence of higher friction 

at tne high compression ratio may be explained by the 

existence of higher gas pressures in the combustion 

chamber. These pressures are conimunicated to the spaces 

behind the piston rings, causing them to expand and to 

exert an increased force against the cylinder wafla. 

IGUHE 21. Humphreys Head Assenbly 
with Restriction to Air 
Flow. 

This is swn in the results o a: investigation of the 

efrect of cylinder pressure on mechanical friction as 

reported by M. P. Taylor (7, p 196). The cause of the 

increase In frIction with throttle opening for the case 

of the high compression ratio is not entirely clear. It 

is possible at this compression ratio that as the throttle 
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is opened, the increase in piston ring friction due to 

higher cylinder pressuxes more than compensates for the 

drop in pumping loss which occurs. Another possibility 

is that the 81all irregularly-shaped combustion chamber 

sets up dynamic restrictions to airflow which actually 

cause the pumping losses to increase with throttle opening. 

In addition to the friction horsepower of the engine 

at various load conditions with the spark advance and air- 

fuel ratio set for maximum power, it was necessary to know 

the effect of throttle position on engine friction under 

conditions of constant load and speed. These data were 

used during the part-load economy tests to obtain the exact 

ihp at each test point. A condition such as this exists 

when a constant output is maintained by opening the throttle 

while the mixture is leaned beyond the best power setting. 

Figure 22 ShOV; the results of a friction test performed 

under the above conditions at the 45 per cent indicated 

load factor for each of the three compression ratios used 

for this test. The spark advance was adjusted for best 

power at each air-fuel ratio. 

Part load economy tests. The tests and observations 

discussed heretofore were all of a preliminary nsture. 

Data from each of these were used in the actual fuel 

consumption tests. The part-load economy investigations 

were designed to indicate clearly the effect on part- 

throttle economy of high volumetric compression ratios 
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as provided by the Hwnphres engine. The economy tests of 

the Willys engine were made at 2000 rpm at a brake output 

corresponding to 45 per cent of the maximum indicated 

borsepower for each compression ratio tfsted. The operating 

points (bhp at manifold vacuum) were obtain. d from the 

power curves for each compression ratio (Figures 18-20). 

By varying the air-fuel ratio and throttle at constant 

speed and load arid by measuring the fuel and air consurip- 

tion it was possible to obtain specific fuel consumption 

data wich were used to indicate the effectiveness of the 

Humphreys engine in providing increased fuel economy. 

DISCUSSION OF ECONOMY TEST RESULTS. As in the CFR 

engine tests, te economy data for those of the Willys 

engine are reported on both indicated and brake bqses. 

Figure 23 shows the effect of air-fuel ratio on indicated 

specific fuel consumption at the three compression ratios 

used. As from the CFR engine observations (Figure 11), 

t e isfc obtained from these tests was considerably reduced 

by the utilization of higher compression ratios during part 

throttle operation. The minium isfo occurred at an 

optimum air-fuel ratio which assumed a higher value for 

each higher tornpreasion ratio tested. From Figure 23 it 

can be seen that connecting the mini um points of all 

pc;ssible curves would indicate the optimum mixture at any 

compression ratio. On a percentage basis it may be cal- 

culated from }igure 23 that an increase In compression 
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ratio from 6.08 to 1$.9 be.; the íurnphreys engine, with 

optium mixture adjustment, resu11d in a reduction of 

30 per cent in indicated specific fuel consumption. Corn- 

parison of the sfo at r = 15.9 to the 1sf c for the stock 

engine at r = 6.O shows a similar percentage reduction. 

The maximum indicated thermal efficiencies of the engine 

at r = 6.08 and r l.9 equal 27.3 and 38.8 per cent 

respectively. The fuel-air cycle eN'lcienciea for these 

conditions (from Figure 5) are 38 and 53.5 per cent. 

Indicated engine efficiencies are calculated to be 

approxi ately 72 per cent for each condition. 

Can this saving be realized on & brake basis? t3efore 

this question can be ans ered lt is necessary that a basis 

for comparison be decided upon. Comparing the bsfc of the 

13.9 íïumphreys engine with that of the stock engine, as 

would be done if the Humphreys unit testen. were a production 

model, sbow a reduction in bsfc of only 3-1/2 per cent 

(See Figure 24). However, if the bsfc at the high and low 

compression ratio positions of the humphreys engine were 

to be compared, a saving of 31 per cent would occur at 

r = 13.9. What does this mean? Simply this; if this 
particular Humphreys head, mounted on a 4 cylInder 'il1ys 
engine were to be installed in an automobile and the fuel 

consumption measured, no significant saving would result. 

But, if lt wore possible to reduce the befe of the Humphreys 

engine at all compression ratios by minimizing some of the 
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losses resulting from design Imperfections, substantial 

stvin1.s in g;o1ine mileage could be reali7ed. As nn 

interesting example; assume t1at both the 6.08 and the 

13.9 Hurnphreys curves in Figure 24 were lowered ari equal 

amount b, redesign of the dvice to a point at which the 

bstc of the 6.08 curve equaled that of the stock curve 

(bsfc 0.78). Under these conditions the 13.9 curve would 

reach a mininum bsfc of approximately 0.44 (off-scale in 

Figure 24). The per cent reduction in bsfc from low to 

high compression operation would then be equal to 

(0.7e - O.44)/0.78 = 44 per cent. In terms of miles per 

gallon, a 44 per cent increase on an original mileage of 

an mileage of 33 mpg. The 

above example is, of course, assuming all operation at 

45 per cent load factor, approximately 40 mph (See p 19), 
with the auxiliary pistons positioned for r 13.9. 

POSSIBLE DSIGN RT?FINM1NTS. The losses which reduce 

the efficiency of tixe Flumphreys engine, or any engine, 

below tat of the cycle on which it operates may be classi- 

fled as of either indicated or frictional origin. The 

Indicated losses pertain to those which prevent the devel- 

opment of the theoretical maximum work in the cylinder 

during eac cycle. The friction losses are those which 

reduce the value of the work actually developed in the 

cylinder to that of the useful work delivered at the 
engine flywheel. It is believed that both friction and 



indicated losses may be reduced by limiteì redesign of 

the Humphreys head. 

Consider first tre indicated losses in the Humohreys 

engine. The present d'sign of tne device allows continuous 

variation of compression ratio from approxiiately r = 14 

to r = 6.O8. With the proper sprini, adjustment, this 

ratio allows knock-free operation at all outputs under 

approxiriately 45 per cent ihp. Above this load factor, 

the compression ratio lowers continuously until the piston 

reaches its upper stop. Vith this action of the piston, 

three phases of engine operation exist. At low loads, 

below 45 per cent indicated, the engine is run at constant 

compression ratio (r 14). From 45 per cent lea until 

the piston reaches its top position, variable compression 

ratio is achieved. At heavy loads, with the piston at 

its upper stop, any increase in load is again mad at 

constant compression ratio (r 6.08). This variation 

Is shown by the dashed line In Figure 25. The solid line 

5Actually, with pistons free to move it Is Impossible 
to attain the 15.7 position by adjustment of the dump 
valve spring. As shown In Figure 1, the oil inlet passage 
around the piston upper flange is closed when the piston 
approaches its 1or limit of travel. This is to provide 
an oil cushion to prevent damage to t}'e unit due to Impact 
at te lower stop. Obviously with the oil Inlet passage 
closed, no more oil can enter the chamber and downward 
movement of the piston ceases. A similar oil cusIon Is 
provided at the upper lint of travel. Here the oil is 
trapped above the upper piston flange by the raised por- 
tion of the piston which enters the center of the valve 
seat. 
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in the figure show' the ida1 variation of the piston with 

load 1f maximum efficiency is to be attained. With the 

present design, operation of the engine at loads under 

45 per cent is made at less than the nighest compression 

ratio compatible with non-knocking operation. Tence, less 

than the highest efficiency i att&ined. For vers light 

loads the compression ratio should be allowed to Increase 

to the knock liiting point, possibly 16 to 20 depending 

on the engine. With the present design, the upper limit 

of travel occurs at a load somewhat under the maximum 

output of the engine. This is undesirable because if it 

is assumed that near knocking pressures exist in the 

cylinder during the variable compression ratio range, 

these pressures would be exceeded it the piston were 

stopped before the maxl:um output is reached. 
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The above discussion and Figurc 25 would sect" to 

Indicate that a larger compression ratio range and hence 

a longer stroke of the piston is necessary with the 

probable inclusion of a 3tronger dump valve spring. How- 

ever, the long cy11ndr1c1 aux1iiary cylinder when the 

piston is up is thought already to be the cause of thr 

drop in maximum ihp below that of the stock engine 

(Figures 18, 19). Such a c1oed chamber cannot be 

scavenged properly and it is thought that the efficiency 

of the device is i paired for this reason, throughout the 

range of piston positions. Aithougkî space would be the 

limiting factor, it is thought that the bore of the auxil- 

iary piston and cylinder could be increased enough to 

provide the increased VOlume necessary for a greater 

compression ratio range. Due to the fact that the \rolume 

of the cylinder would increase as the square of the bore 

it may be possible to actually reduce the auxiliary piston 
travel to some extent by this modification. 

Turning now to the friction losses in the Humphreys 

head, it is apparent that very little mechanical friction 
occurs under stable operating conditions since the auxil- 
iary piston and dump valve are relatively stationary for 
a condition of constant load. Of course some power is 

lost during load changes due to ttie motion of these parts. 

The principal decrease in efficiency of the Humphreys head 

as tested on the Wliiys engine is thought to be duo to the 
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restriction in air capacity discussed on page49. The 

removal of the rostrictin web would be n relatively 
simple process and possibly would reduce the fricticn of 
the device to a value comparable with that of the stock 
head. 

The foregoing ar a few of the design modifIcatIons 
which if accomp]J shed may result in improved fuel economy 
of the Willys engine. That improvement in economy of an 

automobile engine is made possible by the installation of 
a Humphreys head assembly has been proven by the sparklIng 

performance of the 1949 Oldsmobile owned by the inventor 

(1, p 74-82). 
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SUMARY OF INVESTIGATION 

The purposes of the project described in this thesis 
were two-fold. First, it was desired to determine the 

effect of lean mixtures and high volumetric compression 

ratlos on part-throttle economy of an internal combustion 

engine. The second purpose was to evaluate the performance 

of the Humphreys head, a device designed to provide improved 

economy by use of the above methods. On the basis of the 

investigations performed, the following conclusions may be 

drawn. 

From a theoretical standpoint, a thirty to fifty per 

cent increase In thermal efficiency may be realized by 

Increasing the compression ratio of the throttled Otto 

cycle. The gain in efficiency, however, is not propor- 

tional to the increase in compression ratio. The effect 

on efficiency of Increasing compression ratio Is greatest 

at the lower ratios and becomes gradually smaller as 

higher ratios are approached. The effect on the theoreti- 

cal cycle of progressively leaning the mixture is to also 

increase the thermal efficiency Until thet of the air 

standard cycle is approached. The greatest gains in 

efficiency occur with air-fuel ratios of less than 15. 

For mixtures leaner than 17 WF, very little is gained 

from further increases. 

The results of basic research with the CFR engine 

Indicate that substantial reductions in ooth indicated 
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and brake specific fuel consumption may be obtained at 
part throttle by increasing the volumetric compression 

ratio and the air-fuel ratio. Although the greatest 
saving In fuel for these tests was due to the increased 

compression ratio, certain optimum mixtures were required 
at each. value of r in order to obtain trie best possible 
economy. These optimum points appeared at leaner mixtures 

for each higher compression ratio. 
The results of the performance test of the 1illys_ 

Humphreys engine s1w that the Humphreys bend is a device 

which, after a minimum of red°sign, should permit realiza- 
tion of considerably i:proved part-load fuel economy at 
high compression ratios. With the Humphreys heed, detona- 
tion free operation is possible at all engine loads within 
the range of auxiliary piston travel. This would indicate 
that a fuel of even lcwer anti-knock rating than regular 
gasoline might be used. There has, to date, been no 

experimental research concerning fuel requirements for 
tine Humphreys engine. Tests of the experimental model, 

set at a fixed compression ratio of 13.9 and using regular 
grade gasoline showed a 30 per cent reduction in indicated 
specific fuel consumption below that of the stock illys 
engine and a si:4lar reduction below tat of the vIllys_ 
flumphreys engine set at a fixed compression ratio of 6.08. 
On a brake basis t ese reductions were low because of 

several losses due to design i'perfections. Redesign of 
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certain aspects of the device should permit large gains 

in efficiency hieb would be rof1ecte in substantial 

reductions in fuel costs to te motoring public. 
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APPINDIX I 

SAMPL' CALCULATION OF TJi' FTJL-AIR CYCIF. In this 

example, as in all of the theoretical cycle calculations, 

the properties of the mixture before combustion were deter- 

rtined from the charts by Hershey, Eberhardt, and Hottel 

(7, p 19-21). The recent charts by Ilottel, V1l1iars, and 

Satterfield (2) were used for the analysis of the co bus- 

tion products. 

cl, 

U, 

Q- 

4 
J:: 

V V LUM t. 
FIGURE 26.PRESSURE-VOLUME 
DIAGRAM FOR THROTTLED OTTO- 
CYCLE ENGINE 

Given: Throttled fuel-air cycle, F = 0.9, fuel-air 

ratio = 0.0605, r = 6, Pl 7 psI, 6 = 14.7 psia, 

T1j = 570°R. 

Assuned: f 0.09, T7 = 2450°R. 

For this discussion F denotes the per cent theoretical 
fuel; f Is the weight fraction of the charge left In the 

clearance volume. The subscripts refer to the points 



illustrated in Figure 26. For purposes of simplicity, the 

chart dealing with the unburned mixture will be termed 

Chart A. Chart B will denoto the chart for the products 

of cornbust±on. All quantities dealt with are for one 

pound of mixture or products. 

Knowing Tmi. and assuming T7 = 2450°R it is possible 

to compute the sensible enthalpy of the fresh charge in 

the cylinder. H = H + 
8mix f 

From Chart A 50 btu/lb at 570°R 

P'rom Chart B 615 btu/lb at 2450°R 

H8 = 50(1-f) + 615f 

= 50(.91) + 615(.09) 

= 100.8 btu/lb ----------------- 
l'si 

From Chart A at k1 =100.8 and P = 7 ----- V1 = 41 ou ft 

T1 760°R 

= 48 btu. 

Since V2 V1/r = 41/6 ------------------ V2 = 6.85 cu ft 

Moving vertically upward along an isentropic line from 

point i to a volume of 6.85 Cu ft locates point 2, the 

end of compression. At this point ------ T2 1358°R 

P2 = 76 psia 

fl = 276 btu 
2 

E = 180 btu. 

From a note on Chart A, the f of combustion = 1165(1-f), 

Therefore = E 
+ E = 180 + 1165(.91)---E3 = 1240 btu. 



Since V3 = V2, point 3 may be located on Chart B at 

V 6.85 and 1240. At this point ----- T3 = 4840°R 

P3 = 285 psia 

H3 = 1600 btu. 

xpand1ng vertically down the isentropic line from 

point 3 to a volume of 41 cii ft gives ----- T4 = 3385°R 

P4 = 33 psia 

ti4 = 940 btu 

= 696 btu. 

Further isentropic expansion to P = 14.7 psia gives 

point 5. Siero ---------------------------- T5 = 2860°R 

V5 = 78 CU ft 
760 btu 

= 551 btu. 

At point 6, only the volume, V5 = 6.85 ou f t, and the 

internal energy, E6 = 551 btu, are needed. At this point 
the new charge is admitted and a between cycle condition 
is realized where the charts are not applicable. 

From point 5, isentropic expansion to P = 7 psia gives 

T7 = 2450°R 

17 = 137 ou ft 

k!7 = 618 btu 

;:7 = 440 btu. 

The original assumption that T7 = 2450°R has been 

checked. and found to be correct. To check the assumption 

that f = 0.09, the ratio of the volume at the end of the 
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exhaust stroke V6, to t e theoretical volume at free 

expansion '15 muet be caicu1ato. This ratio is f anJ for 

t}'is example = 6.85/78 0.088. This checks i1th tno 

original assumption of 0.09. 

For quIck reference, the following table of values is 

presented: 

Point T P V ii 

i 760 '7 41 101 48 

2 l558 r6 6.85 276 100 

5 4840 205 6.85 1600 1240 

4 3385 41 940 696 

5 2860 14.7 78 760 551 

6 6,85 .55]. 

7 2450 7 137 618 440 

Tre useful work of the cycle according to Taylor and 

Taylor (7, p 39) is given by the expression 

w = (E3 - E4) - 5( V1 - 
2 

- .06 (E6 - 7) - i - .06V7 )ì} 
The bracketed quantity Is the pumping work done by the 

piston. As stated previously, the pumping work will not 

be deducted for this analysis. The useful work of the 

cycle is, therefore, given by the equation, 

w (t3 - E4) - - 

= (1240 - 696) - (180 - 48) 

= 544 - 132 412 btu/lb work output. 

The energy input to the cycle is that due to combustion 
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of the fresh charge and for this example is equal to 

1165(1 - f) = 1165(.91) = 1060 htujlb energy input 
fficiency - work output 412 = 0.338 energy input 1060 

1fficiency = 33.8% 

The mean effective pressure of ti-io cycle Is given by 

= (w)('7'78) 
(V1 - V2)(144) 

= (412)(78) 65.2 psia 
($4.15)(144) 

wean effective pressure 65.2 
ps i a 
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TABLE i 

PROPERTIES OF THE THROTTLED FUEL-AIR CYCLE 
PUMPING LOOP NOT DEJX)CTED 

r Mixture 23R Ef t. % mep pala 

6 L 4840 38.9 65.3 
T 4830 38.6 67.6 
R 4940 31.2 60.5 
L 4900 41.7 70.9 
T 4970 40.2 F795 

R 4960 33.3 71.2 
9 L 4955 46.2 83.5 

P 5050 44.8 86.7 
R 5035 37.6 83.5 - 12 L 5060 49.3 92.4 
T 5140 48.4 97.0 
R 5120 40.5 93.0 

14 L 5095 52.5 97.8 
T 5170 50.5 110.0 
R 5180 42.2 96.6 

18 L 5175 54.2 101.0 
T 5290 54.0 110.0 
R 5255 45.5 109.0 

21 L 5240 5'7.7 116.0 
T 5350 56.3 124.0 
R 5310 46.8 116.0 

L Lean mixture; fuel/air = 0.0605 lb/lb 

T Theoretical mixture; fuel/air 0.067 lb/lb 

R = Rich mixture; fuel/air = 0.078 lb/lb 
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APPENDIX 2 

CFR ENGINE TEST INFOBMATION 

Test conditions 

Run 1: Maximum ihp vs compression ratio. 

Full throttle; maximum power spark and A/F; 

1000rpm; oil temp 140 + 5 F; mixture temp 

290 10 F; 100/130 aviation fuel; 6.04 

lb/gal; DC voltage 110; r = 6, 8, 9, 10, 

and 12 (estimate). 

T?un 2, A/F vs indicated specific fuel consumption 

3,4,5: at part load. 

45% max ihp; max power spark for each A/F; 

1000 rpm; oil temp 140 + 5 F; mixture tep 

290 + 10 F; 100/130 aviatIon fuel; a]so 

regular grad motor fuel, 75 F-2 octane 

number; DC voltage 110; r = 6, 8, 10, 12. 

Measured iantit1es 

Rpm; brake lod (lb); manifold vacuum (in. ig); fuel 

consumption (sec/25 cc); air consumption (sec/5 ou ft); 

barometric pressure (in. Hg); inlet air temperatuTe 

(°F); fuel temp (°P); pressure drop In air meter 

(In. H20); spark advance (°BTC). 



Calculations 

Air (A), (lb/nun) (5)(60)(Density) Uhere a air 
a 

consumption (sec/5 Cu ft). 

= (300)(Density) 
a 

29.92 (p air). Air Pressure, (in. h) = b - (l2)(3) 

- 0.0734 AP air. 

Where/3p air Pressure drop through air meter 

(in. 1120). 
b 

Air density, (lb/cu 

There P = air pr 

Fuel (F), (ib/mm) 

100/130 fuel. 

Barometric pressure (In. sg). 

ft) = (14.7)(144) = i.325 
29 .92 53.3) 

assure (in. Hg); T = air temp (°R) 

125)(6.04)(60) - 2.39 for 3785f - f 

(25)(6.24)(6o) 2.47 for 3785f - 

regular gradr fuel. 

f = fuel consumption (sec/25 cc); i a1 100/130 

fu1 = 6.04 ib; i gal regular grade = 6.24 lb; 

i gal = 3785 cc. 

15Th, (lb/ihp-hr) 60F 
-I. 

bsfc, (lb/bhp-hr) = 60F 
)hp 

bhp (brake load)(rpm) 
5500 

constant. 

Where 5500 is the dynamometer 

Indicated thermal efficiency = 2545 vThere LHV 
(isfc)(LHV) 

Is te lower heating value of the fuel used. 
(Assumed 19250 btu/lb). 

2545 Brake thermal efficiency = __________ 



TABLE 2 

CFR YiNGINE T1ST DATA 

Maximum ihp vs Compression Ratio 
Run No. 1; full throttle; maximum power spark and air/fuel; 1000 rpm; oil temp 140 F; 
mixture temp 290 F; 1OO/].O aviation fuel, 6.04 lb/gal; DC voltage 110; r = 6, 8, 9, 10, 
and 12; air temp 70 F; barometer 29.7e In. Hg corrected to 32 F. April 13, 1951. 

Compression Inlet Inlet Air Spark Inlet 
Ratio Air(a) ?uel(f) Densiy Mv Air(A) Fuel(F) A,F bhp fhp thp r s.ec/5ft3 sec/25cc lb/ft °BTC ib/mm ib/mm 

6 37.6 52.3 0.0742 15 0.592 0.0457 13 3.08 2.15 5.23 

8 37.8 51.8 0.0742 10 0.588 0.0462 12.8 3.58 2.24 5.82 

9 37.8 b4.6 0.0742 10 0.588 0.0438 L.4 3.73 2.3]. 6.04 

lO 37.8 56.3 0.0742 9 0.580 0.0424 13.8 .84 2.34 6.18 

4.04# 2.42 6.461, 

#Estimated 

##Friction test only 



TABLF 3 

CFR ENGINE TEST DATA 

Air/Fuel ví Indicated Specific Fuel Consumption 

Run No. 2; r 6. April 28, 1951 
45% maxI um ihp = 2.36 ihp = 0.21 bhp = 1e2 lb brake load; max power spark for each A/F; 
1000 rpm; oil temp 140 F; mixture temp 290 F; DC voltage 110; 100/L30 aviation fuel; 

Inlet Inlet Air Spark Inlet F 
Fuel (f) Air(a)., Density Mv AIr(A) Fuel(F) A/F flip ihp laTh bsfc 
sec/25cc sec/5ft 1b/ft' °BTC ib/mm ib/mm lb/ihp-hr lb/bhp-hr 

143.5 70.2 0.0740 26 0.316 0.0172 18.3 2.15 2.36 O.438# 4.93# 
146.0 84.8 0.0740 24 0.262 0.0169 15.5 2.12 2.33 O.456 4.83# 
150.1 80.2 0.0740 26 0.277 0.0164 1t.8 2,13 2.Z4 O.422# 4.69# 
148.4 75.4 0.0740 26 0.295 0.0166 17.7 2.13 2.34 O.42'7# 4.76W 
142.6 8.40 0.0736 25 O.26 0.0167 15.7 2.12 2.33 0.432 4.79 
14.1 80.6 O.O75 2$ 0.274 0.0163 16.8 2.16 2.34 0,420 4.66 
142.3 8.2 O.O72 2 0.264 0.0168 15.7 2.12 2. 0.432 4.80 
147.0 82,4 0.O72 24 0,267 0.0163 16.4 2.12 2..3 0.420 4.64 
14.6 84.4 0.0732 25 0.260 0.0166 15.6 2.12 2.53 0.428 4.76 
142.4 84.: 0.0732 2 0.259 0.0168 15.4 2.12 2.33 0.452 4.80 
145. 84.0 0.0752 24 0.261 0.0165 15.8 2.12 0.425 4.72 
l44. 8.2 0.0730 25 0.264 0.0166 15.9 2.12 2.33 0.427 4.74 
145.6 82.0 0.0730 25 0.267 0.0169 16.3 2.12 2.33 0.422 4.84 
144.7 77.8 0.0730 25 0.281 0.0165 1'7.0 2.13 2.34 0.424 4.73 
142.2 1.4 0.0736 27 0.309 0.0168 18.4 2.14 2.35 0.4.29 4.80 

#Denotes regular grade fuel, 64 lb/gal. 



TABLE 4 

CFR ENGII1 PEST DATA 

Air/Fuel vs Indicated Specific Fuel Consumption 

Run No. ; r = 8 April 16, 1951 
45% maximum ihp = 2.62 ihp = 0.38 bhp, 2.1 lb brake load; max power spark for each A/F; 

1000 rpm, oil temp 140; mixture temp 290; DC voltage 110; regular grade gasoline + 2 cc 
TEl/gal. 

Inlet Inlet Air Spark Inlet 
Fuel (f) A1r(a), Dens1t Adv Air(A) Fuel(F) A/F ftp ihp isft bsfc 
sec/25cc sec/5ft' lb/ft °I3TC ib/mm ib/mm lb/ihp-hr lb/bhp-hr 

156.5 69.6 0.0737 27 0.318 0.0158 20.1 2,24 2.62 0.362 2.50 
149.7 81.b 0.0768 23 0.271 0.0165 1.5 2.23 2.61 0.379 2.60 
145.0 87.0 0.0738 21 0.254 0.0170 14.9 2.22 2.60 0.392 2.68 
150.5 82.4 0.0738 21 0.269 0.0164 16.4 2.23 2.61 0.377 2.59 
150.5 83.6 0.0737 21 0.264 0.0164 l.i 2.22 2.60 0.379 2.59 
157.3 81.6 0.0737 23 0.271 0.0157 17.3 2,22 2,60 0.36 2.48 
162.3 82.0 0.0737 24 0.269 0.0l5 17.6 2.22 2.60 0.353 2.42 
161.7 80.0 0.0744 26 0.279 0.0153 18.2 2.22 2.60 0.353 2.42 
160.0 77.0 0.0744 26 0.290 0.0154 18.7 2.23 2,61 0.355 2,44 



TABLE 5 

CFR FNGINE TEST DATA 

Air/Fuel vs Indicated Specific Fue]. Consumption 

Run No. 4; r = 10 April 21, 1951 
45% maximum ihp = 2.78 ihp 0.44 bhp, 2.4 lb brake load; max power spark for caen A/F; 
oil temp 140 F; mixture temp 290 F; DC voltage 110; 100/130 aviation gasoline. 

Fuel (f) 
sec/25cc 

Inlet 
Air(a) 
sec/5ft3 

Inlet Air 
Densit 
lb/ft 

Spark 
Adv 

°I3TC 

Inlet 
Air(A) 
lb/mm 

Fuel(F) 
ib/mm 

A/F flip ihp late 
lb/ihp-b . r 

befe 
lb/hhp-hr 

137.8 85.6 0.0741 19 0.260 0.01736 15.0 2.22 2.66 0.391 2.37 
147.9 89.2 0.0741 18 0.249 0.0162 15.4 2.19 2.63 0,369 2.21 
144.9 88.2 0.0741 18 0.252 0.0165 15.6 2.19 2.63 0.377 2.25 
153.2 86.0 0.0741 20 0.259 0.0156 16.6 2.20 2.64 0.355 2.13 
153.2 84.8 0.0742 21 0.262 0.0156 16.8 2.21 2,6. 0,353 2,13 
149.9 82.6 0.0742 21 0.269 0.0159 16,8 2,22 2,66 0.359 2,17 
154.7 67.8 0.0752 27 0.333 0.0154 21,5 2,27 2,7]. 0.342 2.1]. 
159.5 76.0 0.0744 23 0.294 0.0150 19.6 2.68 2.68 0.336 2.05 
154.5 80.6 0.0743 22 0.277 0.0155 17.9 2.23 2,57 0.347 2.11 
155.3 67.6 0.0743 23 0.333 0.0154 21.6 2.27 2.71 0.341 2.10 
158.5 75.6 0.0733 24 0.291 0.0151 19.3 2.24 2.58 0.338 2.06 
152.2 80.7 0.073 20 0.27u 0.0156 17.4 2.23 2,67 0.353 2.14 
15'7.6 69.2 0.0732 2b 0.317 0.0152 20. 2,26 2.70 0.367 2.37 
156.0 70.8 0.0732 27 0.310 0.0153 20.2 2.26 2.70 0.340 2.09 



TABLE 6 

CFR ENGINE TEST DATA 

Air/Fuel vs Indicated Specific Fuel Consumption 

Run No. 5; r 12 
45% maximum ihp 
1000 rpm; oil temp 
+ 55 cc TEL/gal, 

2.90 ihp = 0.48 bhp, 2.64 
140 F; mixture temp 290 

lb brake load; max 
F; DC voltage 110; 

power 
lOO/L30 

April 26, 1951 
spark for each A/F; 
aviation gasoline 

Inlet Inlet Air Spark Inlet 
Fuel (f) Air(a) Donsit Adv Air(A) Fuel(E) A/F f'hp thp isfc bsfc 
sec/25cc sec/5ft3 lb/ft °I3TC ib/mm ib/mm ib/ihp-hr lb/bhp-hr 

144.6 8.2 0.0739 16 0.257 0.0165 15.6 2.24 2.72 0.365 2.07 
147.1 84.8 0.0739 17 0.262 0.0162 lo.l 2,24 2.72 0.358 
148. 86.0 0.0739 17 0.258 0.0162 15.9 2.25 2.73 0.657 2.03 
147.2 85.2 0.0769 17 0.261 0.0162 16.1 2.25 2.73 0.357 2.03 
144.3 8.8 0.0739 18 0.264 0.0165 16.0 2.25 2.73 0.564 2.07 
149.5 78.4 0.0739 19 0.283 0.0160 17.7 2.29 2.77 0.347 2.00 
151.0 7b.4 0.0739 20 0.290 0.0158 18.3 2.31 2.79 0.341 1.98 
147.7 80.6 0.0737 19 0.274 0.0162 l6. 2.27 2.75 0.353 2.02 
148.3 79.0 0.0736 20 0.279 0.0161 17.3 2.28 2.76 0.350 2.01 
150.4 76.2 0.0736 20 0.290 0.0159 18.3 2.30 2.78 0.343 1.99 
151.0 74.3 0.0734 21 0.296 0.0158 18.7 2.31 2.79 0.340 1.98 

71.6 0,0734 22 0.308 0.0155 19.8 2.31 2.7: 0.334 1.94 
156.7 69.2 0.0734 23 0.318 0.0156 20.4 2.33 2.81 0.332 1.95 
152.5 66.9 0.0734 24 0.329 0.0157 21.0 2.34 2.82 0.333 1.96 
151.7 64.9 0.0737 26 0.641 0.0158 21.6 2.35 2.83 0.334 1.97 

co 



APPENDIX 3 

WILLYS ENG I N TEST INFORM AT IO N 

Test Conditions. 

1. Compression ratio determination. 

No. i cylinder at top conter; measurement of combus- 

tion chamber volume with methyl alcohol. 

2. Blip versus manifold vacuum. 

2000 rpm, maximum power spark and air-fuel ratio, 

jacket tempnture 175 F, oil temperature 200 F. 

3. Friction test at each point in Test 2. 

2000 rpm, maximum power spark and air-fuel ratio, 

jacket temperature 175 F, oil temperature 200 F. 

4. Friction test at 45 per cent maximum ihp. 

2000 rpm, maximum power spark, variable air-fuel 

ratio, jacket temperature 175 F, oil temperature 

200 F. 

5. Economy test at 45 per cent maximum ihp. 

2000 rpm, maximum power spark, variable air-fuel 

ratio, jacket temperature 175 F, oil temperature 

200 F. 

6. Volumetric efficiency check of stock head and 

Humphreys head at low compression. 

2000 rpm, maximum power spark advance and air-fuel 



ratio, full throttle, mixture temperature 1100 

Measured guantitis. Rpm, brake load (lb), manifold 

vacum (in. Hg), fuel consumption (5ec/0.25 lb), air con- 

sumption (lb/see), barometric pressure (in. Hg), inlet 

air temperature (°F), jacket temperature (°F), oil 

temperature (°F), mixture temperature (°F), air-fuel 

ratio (ib/ib), spark advance (°BTC). 

iel used. Throughout the entire series of tests 

of the Willys engine, regular grade gasoline was used. 

Compression ratio determinations. The determination 

of compression ratio was made by measuring the quantity 

of alcohol need-d to completely fill the clearance volume 

of the engine cylinder with the piston at top center. 

From knowledge of the relation among this clearance 

volume, piston displacement and compression ratio, it 

was possible to celculate the latter directly. For the 

stock head with a 0.102 in. gasket, the following cal- 

culations were made. 

Measured volume of combustion chamber: 

Measurement Volume (cc) 

1 104.5 

2 l0b.0 

3 103.5 

4 103.5 

Average Volume 104.1 = 6.35 in.3 



Calculation of compression ratio: 

Cl PD r whee Cl = clearance volume 
Cl 

and PD = piston displacement 

For this engine, PD 134.2/4 33.6 in.3 

per cylinder. 

- 6.5+ 33.6 
6 0 6.35 

Por the Humphreys head with a 0.030 in. gasket the 

calculation of maximum compression ratio (auxiliary 

piston down, was made as follows. 

Measured volume of combustion chamber: 

Measurement Volume (cc) 

1 38 

2 38 

3 37 

4 37 

Average volume 37.5 = 2.29 ins3 

Calculation of compression ratio: 

r - Cl + PD 
Cl 

PD = 134.2/4 = 33.6 in.3 per cylinder 

r - 2.29 + 33.6 - -------------------- 15 7 2.29 

knowing the clearance volume with the auxiliary 

piston down it was possible to calculate the clearnce 

volume arid hence the compression ratio for any position 

of the auxiliary pisai. The method of calculation is 

presented blow. 

The basic combustion chamber volume was found from 
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the above calculations to be 2.29 In.3 The auxiliary 

cylinder diameter Is 2.0 In. The cross-sectional area 

of the cylinder is, thus, = ir in,2 Por any deflection 

h from full dn position, the combustion chamber is 

enlarged b a volume equal to irh. With a basic chamber 

volume of 2.29 in.3 
PD + Cl víh 33.6 + 2.29 + îrh r- C1+irh - 9=îrh 

TABLF r, 

CL1ARANC V0LUMT'' AND COMPRFSSION RATIO POR 
SEVERAL POSITIONS OF AUXILIARY PISTON 

'iston Fnlarged cleerance Compression 
displacement volume ratio 

(in.) rrh+ 229 r 
(in. 

o 2.29 15.7 

1/8 2.68 13.5 

1/4 3.08 11.9 

3/8 3.47 10.7 

1/2 3.86 9.71 

5/8 4.25 8.9 

¿/4 4.65 8.24 

'7/8 5.04 7.67 

1 5.43 7.19 

1 1/8 5.83 6.76 

1 1/4 6.22 6.41 

1 3/8 6.61 6.08 

For plot of r vs Piston displacement see Figure 17, p 44. 
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Horsepower - manifold vacuum curves. Tables 8, 9, 

and 10 contaIn information nece9ary for the construction 

of the power curves, Figures 18, 19, and 20, includd 

in the text of this thesis. The data for these tables 

were taken from bhp tests and friction tests at various 

throttle positions with the 3park advance and air-fuel 

ratio set for maximum power. 

TABLE 8 

POWER DATA FOR WILIXS ENGINE 

stock head, r = 6.30, 2000 rpm, best power spark and A/F 

Manifold 
vacuum bhp ftp ihp 
(in. ng) 

1.6 32.9 4.4 37,3 

7,9 20.7 5.97 26.7 

10.0 17.0 6.37 23.4 

lb.0 6.36 7.02 13.38 

TABLE 9 

POWER DATA FOR WILLYS ENGINE 

Hurnphreys head, r=6.08, 2000 rpm, best power spark and A/F 

Manito id 
vacuum brìp fhp ihp 
(In. Hg) 

1.4 26.4 6.58 32.98 

10.0 13.1 7.98 21.08 

12.4 9.41 8.28 17.69 
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TAB.E 10 

POWER DATA FOR rILLYS ENGINE 

Humphreys head, r=13.9, 2000 rpm, best power spark and A/F 

Manifold 
vacuum bhp fhp ibp 
(in. 11g) 

1.6 1O.5l 12.0 22.31 

14. 10.31 11.42 21.73 

14.9 8.10 11.16 19.26 

15.4 8.10 10.81 18.91 

16.8 5.84 10.32 16.16 

17.0 4.64 10.62 15.26 

Morse friction test. The Morse method for determina- 

tien of engine friction, used throughout these tests, is 

q technique by which the friction horsepower of a multi- 

cylinder internal combustion engine may be estiated 

without the need of separate power to motor the. dynano- 

meter. The procedure followed for fiction tests of the 

i1lys engine was as follows. with the engine operating 

t the desired speed and load one spark plug was discon- 

nected. This, of course, caused the engine to decrease 

Its spee(. rithout moving the throttle, the dynarnometer 

load was decreased until the engine speed once again 

reached its original value. An observation of the brake 

load was taken at this point. The brake horsepower 

developed by the engine under conditions of three- 

cylinder operation was less than the bhp when all four 



cylinders were firing by an amount equal to the indicated 

horsepower of the cylinder cut. out. hepeating the above 

operation for each of the other three cylinders enabled 

the ihp of each to be determined. The sum of tbe ihp 

values for all cylinders resulted in the tota]. ihp for 

the engine. The friction horsepower, hence, was cal- 

culated by subtracting the original bhp from this value. 

A faster though less accurate method is to multiply the 

ihp of the first cut out cylinder by the total number of 

cylinders in order to obtain the total ihp. Inaccuracies 

are likely to occur with this method due to the actual 

variation in power output known to exist among cylinders 

of multi-cylinder engines. 

The accuracy of the Morse method as compared to that 

of the motoring method of determin±ng friction has been 

discussed at great length. Both methods ave their de- 

fects, and it is believed that neither gives a completely 

clear picture of engine friction. A new method which is 

becoming more prominent especially at factory testing 

laboratories is based on the time taken for an engine to 

decelerate to a complete stop from a given speed. Knowing 

the mass and rotating or reciprocating speed of the moving 

parts it is possible to calculate t»e total deceleration 

(frictional) force causing the engine to stop. It is 

claimed tLat t:is method provides the most accurate 

indication of engine friction of any yet devised. 



[.A 
LeZI 

Table 11 is a replica of a frictIon test data sheet 

as used in the Willys tests. In order to obtain more 

reliable values for friction than could be obtained from 

one observation, three reaìings were made at each condi- 

tton and the fhp values averaged. 



TABLE 11 

WILLYS ENGINE TEST DATA 
POWE1 AND FEICTION TEST 

Humphreys head, r = 6.08 March 29, 1951 

2000 Rpm, maximum power spark and A/F, oil temperature 190 F, jacket temperature 175 F 

regular fuel oil pressure 30 psig 

Run 1, Full tnrottle, manifold vacuum = 1.4 in. Hg 

bhp cyl. out ihp bhp cyl. out ihp bhp cyl. out ihp 
26.4 0 0 26.4 0 0 26.4 0 0 

17.7 1 8.7 17.8 1 8.6 17.8 3. 8.6 

17.9 2 8.5 18.2 2 8.2 18.4 2 8.0 
18.2 3 8.2 18.4 8.0 18. 3 8.1 
18.3 4 8.1 18.35 4 8.Ob 18.5 4 7.9 

Total ihp 33.5 32.85 52.6 Avg ihp = 32.98 
7.1 6.45 6.2 Avg l'hp = 6.58 

, 

Run 2. Manifold vacuum = 10.0 In. Hg 

bhp cyl. out ihp bhp cyl. out ihp bhp y1. out ihp 

13.1 0 0 13.1 0 0 13.1 0 0 

7.54 1 5.56 7.77 1 5.33 7.67 1 5.43 
7.8]. 2 5,29 7.88 2 5.22 7.90 2 5.20 
7.75 3 5.65 7.80 3 5.30 7.88 3 5,22 

8.01 4 5.09 7.84 4 5.26 8.12 4 4.95 
Total thp 21.29 21.11. 20.83 Avg ihp = 21.08 
fhp 8.19 8.01 7.73 fhp = 7.98 
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Part-load econany tests. Tables 12, 13, arid 14 show 

the complete data taken during the fuel consumption tests 
of the Willys engine. The measurerrient of air consumption 
was made with a calibrated ASiF nozzle of 1.125 irk. diam- 

eter, connected to the air inlet side of the large tori- 
zontal drum (Figure 5, left) which served as a surge tank. 
A calibration curve was constructed for the nozzle to 
permit the measurement of pressure drop, atmospheric 
pressure and temperature to be converted directly to air 
flow in lb/sec. The fuel consumption rneasurementh were 

made by recording the time taken for 1/4 lb of fuel to be 

burned by the engine. rphe calculated quantities were 

found by use of the following relations. 
bhp (brake load)(rpri) where 5000 is 

5000 

bsfc ( lb/bhp-hr) 

1sf e ( ib/ihp-hr) 

ihp = bhp + fhp 
= 3600 F 

bhp 

3600 F 
ihp 

the dynarnometer 

constant. 

where F is te fuel con- 
aumption in lb/sec. 

Indicated thermal efficiency 
- 2545 - 

(isfc)(LHV) where LHV Is the lower 

heating value (assumed 

19250 btu/ib). 



Brake thermal efficiency 

- 2545 
(bsfc)(LIIVJ 

Indicated engine efficiency 
indicat;d t1eririal efficiency 
fuel-air cycle efficiency 



TABLE 12 

WILLYS ENGINE TEST DATA 
PART-LOAD ECONOMY TEST 

Stock head, r = 6.0 June 7, 1951 
2000 rpm, 45% Max. ihp 16.8 ihp = 1O. bhp, brake load = 25.8 lb, oil temp 190 F, 
regular gasoline jacket temp 175 F oil pressure 60 psig 

Spark Manifold ftp from 
Air Fuel A/F Advance Vacuum bsfc friction ihp 1sf e 

lbjsec lb/sec I1easured Deg BTC in. Hg test 

0.O33O 0.00228 14.5 41 13.4 0.796 6.47 16.77 0.490 
0.0321 0.00227 14.6 43 L5.3 0.794 6.46 1.76 0.48&' 
O.O3 0.00225 14.9 44 13.3 0.787 6.46 16.76 0.483 
0.0335 0,00225 14.9 43 13.2 0.784 6.45 16.75 0.484 
0.0335 0.00223 15.0 44 13.1 0.779 6.45 16.75 0.479 
0.0341 0.00222 15.3 46 12.9 0.776 6.44 16.74 0.478 
0.0346 0.00222 15.6 49 12.6 0.776 6.41 16.71 0.478 
0.0358 0.00224 16.0 50 12.4 0.784 6.9 16.69 0.484 
0.0366 0.00226 16.2 50 12.3 0.789 6.38 16.68 0.488 



TABLE 13 

WILLIS ENGINE TEST DATA 
PART LOAD ECONOMY TEST 

Humphreys head, r = 6.08 May 31, 1951 
2000 rpm, 45 Víax ihp = 14.84 ihp = 6.44 bhp, brake 1oid = 16.1 ib, oil temp 190 F, 
regular gasoline jacket temp 175 oil pressure 30 psig 

Spark Manifold fhp from 
Air Fuel A/F Advance Vacuum bsf o friction ihp isfo 

lb/sec lb/sec Measured Deg BTC In. Hg test 

0.0278 0.00203 13.7 36 14.2 1.13 8.30 14.75 0.496 
0.0284 0.00199 14.2 37 14.1 1.12 8.26 14.71 0.488 
0.0286 0.00198 14.5 42 13.9 1.11 8.21 14.5 0.487 
0.0288 0.00196 14.7 43 b5.7 1.10 8.15 14.b9 0.484 
0.0291 0.00196 14.8 43 13. 1.10 8.12 14.56 0.485 
0.0294 0.00196 15.0 43 13.5 1.10 8.10 14.54 0.485 
0.0302 0.00195 15.5 44 13.3 1.09 8.04 14.L8 0.486 
0.0303 0.00195 15.55 45 13.1 1.09 7.97 14.41 0.487 
0.0310 0.00196 15.8 45 12.8 1.095 7.89 14.33 0.492 
0.0312 0.00196 15.9 46 12.7 1.095 7.76 14.20 0.496 
0.0332 0.00200 16.6 47 12.2 1.12 7.71 14.15 0.508 



TABLE 14 

WILLYS ENGINE TEST DATA 
PART LOAD ECONOMY TEST 

Humphreys head, r = 13.9 May 25, 1951 
2000 rpm, 45% max. ihp = 21.4 ihp 9.7 bhp, brake load = 24.3 lb, oil temp 200 F, 
regular gasoline jacket temp 175 F oil pressure 50 psig 

Spark Manifold fhp from 
Air Fuel A/F Advance Vacuum bsfc friction ihp isfc 
/sec lb/eec Measured Deg BTC in. Hg test 

0.0308 0.00213 14.45 11 13.6 0.789 11.58 21.28 0.361 
15.5 12 13 0.778 11.57 0.355 

0.0346 0.00209 16.6 14 12.3 0.776 11.55 21.25 0.354 
0.0358 0.00204 17.5 17 11.5 0.758 11.53 21.23 0.46 
0.0370 0.00202 18.3 18 11 0.750 11.52 21.22 0.343 
0.0381 0.00204 18.7 18 10.6 0.757 11.52 21.22 0.345 
0.0384 0.00203 18.9 20 10.5 0.754 11.52 21.22 0.344 
0.0395 0.00201 19.6 2]. 9.9 0.746 11.50 21.20 0.341 
0.0415 0.00202 20.5 22 9.1 0.750 11.48 21.18 0.344 
0.0436 0.00206 21.1 22 8.3 0.764 11.47 21.17 0.351 
0.0455 0.00213 21,35 22 7.9 0.793 11.46 21.16 0.362 
0.0461 0.00211 21,8 23 7.2 0.782 11.44 21.14 0.360 
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:9rnfl_etric ¿,fflciency ca1cu1nton. In. an effort to 

discover the cause of the reuct1on in max1riurn blip of the 

Humphreys hond at r 6.08 below thnt of the stock hed,a 

vo1uietric efficiency check wa oerforrned. S1nc Í'uli 

throttle air consumption data ws available from the 

rnaxiìum power teste, the V was caicu1ted for th full 

throttle condition. The effect of air-fuel ratio on 

volumetric efficiency was ignord due to the near equality 

of this figure at each compression ratio. The inlet 

conditions were assumed at the intake manifold which made 

the efficiency obtained applicable only to the valves, 

valve openings, combustion chamber, and ethaust system. 

The following calculations were made to obtain the volu- 

metric efficiency. 

Piston displacement = 134.2 in.3 = 67.1 in.3/rev at 

2000 rpm. 

= 67.1 x 2000= 134200 in.3 min. 

134200 
- i 29 ft3 sec 

(60)(172) - 
At 14.7 paia and 110 F (conditions in manifold), 

density of air 2/nT = 0.0697 lb/ft3. 

Piston displacement per second 

(0.o697)(l.295) 

= 0.0903 lb/sec. 



Volumetric efÍiciency air consumed ner unit time lb 
piston displacement per unit lb 

For stock head, VR 
= 

= 

For Humphreys head, 
= ______ 

= 

Reduction in VR due to kfumphreys head 

0.74 - 0.68 = 0.06. 


