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A 'l'HERr.fODYNAMIC STUDY OF ENERGY ABSORBED BY A MOTORED 
FOUR CYCLE ENGINE WITH POSITIVE EXHAUST PRESSURE 

AS APPLIED TO COMMERCIAL EXHAUST BRAKES 

I. INTRODUCTION 

This investigation involves the operation or a four 

cycle internal combustion engine. Therefore, it seems 

fitting at this point to review some of the terminology 

used and theory involved concerning four cycle engines. 

Ens1ne Design Considerations 

Internal combustion engines use air for a working 

substance. Air is a tluid wntoh has appreciable mass. 

Fluids which are in motion have inertia and th1a partially 

determines the design criteria for the valve action or an 

engine. 

During the intake stroke of an engine, it is necessary 

to open the intake valve before the piston begins ita down• 

ward movement 1n order to have a sufficient area between 

the valve and 1ts seat to let airflow take place, and also 

to allow time tor the air to be accelerated. Also at the 

bottom of the stroke, the valve must still be open slightl7 

so that the inertia or the incoming air may be used to more 

completely fill the cylinder volume. Therefore, the intake 

valve must close after bottom dead center. In practice the 

total opening usually is in the neighborhood or 290° of 

crankshaft de3reea. 
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The exhaust valve must be opened before the piston 

reachea the bottom ot the power stroke tor the same reason 

ae the i ntake valve must be opened sooner. This is to 

allow a sufficient area between t he seat and the valve tor 

the gae t o flow through and time to be accelerated. On the 

oxhaust stroke the burned ga aee are pushed out by the 

piston and the e.xhe.uat valve cloeee after top dead oent.er 

to tolte advantage of the inertia of air and to i mprove 

scavengi ng when supercharging is used. Consequently, the 

exhaust valvo opene befor e bottom dead center and oloses 

after top dead center. The tot~~ open1ns usually i nvolves 

about 2900 ot c~anksbatt degr~as. 

Note that the end of the exhaust stroke is the begin

ning of the intake stroke. Therefore, at this point, both 

the i ntake and exhaust valves are open. This 1s commonl y 

known as the period of valve overlap. Usually this period 

will be from 80 to 140 crankshaft degrees. 

The valve timing of an engine depends on many factors. 

Among these are cylinder hoad design including valve s izes 

and port shape, speed of' operati on, bore and s t roke, and 

the air rlow through the engine at partial and tull throttle 

usage. 

The power delivered by an engine is dependent on two 

f a etoz·s. The first 1a the torque or twisting etf'or t de

livered by the crankshaft and the second is the speed at 
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which this torque is produced. To compute horsepower, the 

following equation ia commonly used: 

H.P. = (Torque) (RPM) / 5250 where the torque is measured 

in lb-tt. 

When an engine is being turned over by an external 

source, this is usually termed "motoring." The horsepower 

required to "motor" an engine under normal conditions, 

zero gauge intake and exhaust pressures, is given the title, 

"the friction horsepower or the engine." 

Exhaust Brake Definition 

Motor vehicles during the past titty years have under

gone considerable change. They have been made heavier and 

their average highway speeds have increased. Commercial 

highway vehicles are nov able to transport goods in favor

able competition with other methods or transportation, such 

as railroads and ships. They have achieved this by hauling 

heavier loads and decreasing the time to the destination. 

Engines nov available tor commercial use are relatively 

tree trom large maintenance costs and operate on a rela

tively inexpensive tuel - diesel . 

Most ot the commercial vehicles on the highway are 

capable or exceeding maximum legal speeds v1th a tull 

capacity load on a level road or even a small upg.rade. 

Only on steeper hills is it necessarr tor the vehicle to 
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use maximum power at reduced speed. However, in order to 

maintain a safe speed while descend1ns the grade, friction 

type drum brakes are applied quite severely. Brake drum 

temperatures may reach 1600°F (13, p. 15). 1 Many trucks 

employ cooling water on their brakes to absorb part of the 

energy given up by descending ~e grade. 

Many types of retarders (energy absorbing devices) 

besides friction brakes have been devised to solve the 

problem of absorbing the energy. Most of the retarders use 

a fluid which absorbs the energy and then the energy is 

given up by the use of a radiating surface. Otten the 

water jacket radiator or the engine is used. These devices 

are quite expensive to install and carry w1 th them a high 

weight penalty. Fluid retarders also require periodic 

maintenance and replacement of parts. 

Recently a new retarding device has been introduced in 

this country to a1d the commercial vehicle. This device 

has been given the title of the "exhaust brake. " The 

Swiss have used these devices tor over forty years and in 

Europe they are very popular (3, p. 71). The Oetiker ex

haust brake, or Swiss origin, is manufactured under 

license in a number or countries. In France, for example, 

the FOwa-oetiker exhaust brake is produced and 1n Britain 

1Numbers in parentheses refer to bibliography. 
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Clayton Dewandre Co. Ltd. manufacture another version (1, 

p. 283). 

An exhaust brake is a very simple mechanical device. 

It consists ot a butterfly valye which is installed in the 

exhaust line ot the vehicle. The operator of' the vehicle 

may open or close the valve remotely from the cab. When 

the valve is closed and the engine is being motored, the 

engine becomes analogous to an air compressor. Therefore, 

it is possible to transmit energy from the vehicle through 

the engine into the exhaust gas and produce additional re

tarding. The valve should be installed as close to the 

engine as possible to minimize the time it takes the ex

haust gases to pressurize the volume between the engine and 

butterfly valve. 

Several advantages ot exhaust brakes were summarized 

in the Automobile Eoginee~. 

Advantages of' the exhaust brakes in general 
are as follows. When the brake is applied to re
duce the speed of the vehicle down a long gradient, 
engine temperature does not tall greatly, because 
the engine is used as a device to convert mechan
ical energy into heat. The incorporation ot an 
exhaust brake also reduces the danger of the 
engine's overspeeding . Moreover, the loading on 
the connecting rod bearings is reduced as long as 
the brake is 1n operation, because there 1s always 
a gas pressure acting on the piston crown to tend 
to offset inertia loading. Since the use ot an 
exhaust brake eliminates the low pressures tbat 
occur when a vehicle is coasting downhill with 
the throttle closed, oil control problems are 
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less severe. Better fuel consumption can be 
obtained 1f a fUel cut.-off device is i ncorporated 
and connected to the exhaust brake control. As 
the maximum exhaust manifold pressures is only
built up atter several revolutions of the engine,
the brake control can be applied aa quickly as 
may be desirable, and there ia no danger either 
of the development of high stresses i n the trans
mission or of inducing a skid. (1, p. 284) 

However, exhaust brakes do have some disadvantages. 

F1rst, they have been round to be unsuitable for use on 

two cycle engines (10, p . 22). Second, on en81nes equipped 

with oil bath air cleaners, sometimes oil may be blown out 

of the air cleaner. This is caused by a pulsation of air 

1n the inlet mani fo l d due to valve overlap when the brake 

is applied. This condition is more serious with a small 

number of cylinders but it can be reduced by providing a 

sufficient volume of air between the engine and air filter 

(10, p. 22) . 

Other forms of exhaust brakes have been devised. One 

of these opens the exhaust valve at the top of the com

pression stroke, thus releasing the ener gy of the compressed 

gas to the atmosphere via t he exhaust l ine. The system for 

doing this uses engine oil pressure coupled with a valving 

arrangement and is quick in action, requiring only three 

or four revolutions of the englne to become operative (5, 

p . 79). Anot her type, changes the camshaft timing so that 

the engine operates exaotl y as an air compressor. This t ype 

is suitable tor two cycle englnes (1, p. 284). 
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Various claims tor the effectiveness of exhaust brakes 

have been stated. In Europe, the manufacturers claim their 

units will give a retarding ettort equal to 80 or 90 per 

cent of the rated horsepower or the engine (2, p . 252) . 

One American manufacturer claims his unit will give a 

braking ettect at the driving wheels ot the vehicle at 

least equal to the horsepower rating or the engine (12, 

p . 2). 
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II. OBJECT AND SCOPE 

The purpose of this investigation was to determine 

in what manner high positive exhaust pressure absorbed the 

energy resulting from motoring an engine. In addition to 

this, a study was made ot the processes that were actually 

being carried out 1n the cylinder of the engine during 

exhaust braking. B.Y analyses of these processes, 1t was 

determined how the retarding effect was produced and where 

the energy was dissipated. Throughout the investigation 

it was tried to relate the results of the test to practical 

applications with commercial exhaust brakes . 
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III. THEORY AND OPERATION 

The theory ot an exhaust brake is as follows. By 

partially closing the eXhaust line during the exhaust 

stroke, the piston of the engine builds up a pressure in 

the exhaust line. After a few engine revolutions, this 

pressure will reach a sem1-equ111br1um condition where the 

pressure is varying about a mean value. The four cycles 

ot the engine are now as follows. 

When the intake valve begins to open, there is more 

pressure in the cylinder than in the intake manifold be

cause ot the exhaust backpressures 1n the cylinder and 

exhaust manifold. The air rushes into the intake manifold 

from the cylinder and exhaust line. The amount ot valve 

overlap determines the length of time that this transfer 

or air will take place. Once the exhaust valve closes, 

the downward motion of the piston will draw in a fresh 

charge ot air. 

The compression stroke is carried out in the normal 

manner, and the air expands on the power stroke until the 

exhaust valve opens. The compression and expansion strokes 

are very similar 1n form, and the energy absorbed during 

these phases is relatively small as most or the energy of 

compression 1s regained during expansion. The exhaust 

valve then opens and the cylinder is pressurized to the 
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level ot the exhaust backpressure. An approximate constant 

pressure process is carried out during the exhaust stroke 

and ends with the opening or the i ntake valve (10, p . 21). 

The extra energy r equired to produce the approximate con

stant pressure process during the exhaust stroke develops 

the additional braking effect on the engi ne. This effect 

therefore is dependent upon the amount ot exhaust back

pre$sure used and the valve overlap present i n the engine 

(8, p. 75). 

Exhaust brakes being manufactured in the United States 

at present are being produced by the Power Brake Equipment 

Company in Portland, Oregon . Their unite may be adapted 

to any tour cycle gasoline or diesel engine. Many trucks 

now are equipped at the factory with these units. The 

price is moderate, about $275 tor a unit installation (13. 

p. 20). These units are designed tor normally aspirated 

or supercharged engines. The weight of the complete unit 

is approximately 25 pounds. 

Automobile Engineer describes the operation of an ex

haust brake i n the following manner. 

This unit incorporates a butterfly valve 
actuated by a compressed air or vacuum cylinder. 
The valve la eccentrically pivot ed i n such a way
that the exhaust manifold pressure produces a 
torque reaction on its spindle. This reaction 1s 
balanced by the actuating cylinder. so that it is 
possible to regulate the amount ot retardation by
controlling the pressure in the pneumatic cylinder. 
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'rhe valTe stop is adjusted 1n a manner such 
that, when the retarding valve is tull1 applied, 
the engine can still idle. This avoids any hesita
tion in the t r ans1tlon from the braked to tho driv
ing conditions; also, it enables upward gear shifts 
to be nado while t he brake is a~pl1ed. There is a 
second valve in the pneumatic control system: this 
valve is actuated by the aooelerator linkag e Wld 
allows the retarding valve to open when the accel
erator pedal is depr essed. I t helps to ensure that 
t he engine response to the throttle control 1s 
ins t ant aneous, eo that downward gear changes can 
be made w1thout difficulty . The arrangement of the 
linkage is also such that when thQ accelerator ls 
released, the tuel-injeeted to the engine 1s posi
tively restricted to that required tor idling. 

By virtue ot these features, the brake control 
can be lett in the maximum retardation position at 
all times and the br~e is immediately available 
not only on down gradients but also tor slowing down 
under normal driving conditions. Also , faster up
ward •h1tts can be made, because the engine decel
erates more rapidl1 when the throttle is released 
and the clutch is depressed . (1, p. 284) 

All these features reportedly make the exhaust brake 

a practical, trouble-tree piece of equipment to aid the 

commercial vehicle. 
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IV. APPARATUS 

The apparatus used tor testing was constructed tor 

two purposes; tirst, to give measurements necessary tor 

data collection in the tests that were conducted, simulat

ing eXhaust braking, and secondly to provide a tlex1ble 

piece ot equipment tor further study by other students. 

To study exhaust braking, it was necessary to measure 

various parameters in essentially equilibrium conditions. 

In addition, theae parameters needed to be measured with 

the best accuracy possible using the measuring devices 

that were in the possession ot the Mechanical Engineering 

Department or could be constructed inexpensively. 

ED81ne and Accessories 

The Mechanical Engineering Department was fortunate 

to have a Waukesha single cylinder engine, including a 

large supply ot parts, donated by the California Research 

Corporation, Richmond, California. The engine was an over

head valve, manifold injection unit ot 16.3 cubic inch 

displacement. Complete information regarding this engine 

is available 1n the Appendix. The engine will operate 

continuously at 2400 rpm with one atmosphere supercharge 

pressure. 

The engine vas installed on a au1 table base and was 
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coupled directly to a 15 hp. direct current electric motor. 

Figure 1 shows a side view ot the engine. The motor was 

cradled in bearings ot large diameter and small ball size 

to minimize the triction on the trunions. As a direct 

current motor also acts as a generator by reYereing the 

current flow. this provided a means ot measuring power out

put while generating and power input when motoring. To 

start the engine and also to motor it during the exhaust 

braking tests, the direct current power was supplied trom 

a portable ac to de converter, motor-generator set ot 15 hp. 

capacity. 

The torque ot the engine, both delivered and absorbed• 

was measured directly on a di&l spring scale; Figure 2 

shows the control panel; scale is on the extreme lett. 

This type ot torque measuring device will give readings 

w1th less than one per cent error. A strobotach was used 

to determine the speed ot the engine. Since the line 

Yoltage reverses itselt 3600 times per minute, any traction 

ot this trequency can be determined with very little error 

(less than one per cent). The speed or the engine could 

be increased or decreased by changing the tield voltage on 

the electric motor. 

To damp out the pressure pulses that are created by a 

single cylinder engine in the intake and exhaust passages. 

tanks with a volume greater than titty times the piston 
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Figure 1 . Side view of test engine . 
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Figure 2. Control panel and dial scale . 
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displacement were installed on both exhaust and inlet 

lines (15, p. 9). In order to measure the air flow, a 

stainless steel orifice ot 0.500 inch diameter was in

stalled in the inlet air line. The pressure drop across 

the orifice was measured by a ten inch water manometer 

with 1/10 inch divisions. Air flow weights were computed 

tor different upstream pressures and pressure drops across 

the orifice. FUrther information regarding these calcula

tions may be found in the Appendix. 

During the exhaust braking tests, the exhaust back

pressure was manually controlled by regulating a gate valve 

in the exhaust line. The exhaust pressure was measured by 

a bourdon-tube gauge and the exhaust temperature by a 

ohromel-alumel thermocouple located near the eXhaust port. 

An array or other instruments were used to measure 

the conditions under wb1ch the engine was operating. Among 

these were; oil and water temperature, oil pressure, inlet 

air temperature and pressure, and engine speed. All of 

these instruments were calibrated before their installa

tion to insure accurate readings. 

Pressure-Time Indicator 

To determine the pressure in the cylinder of the 

engine during the exhaust brake testa, an instrument 

giving a pressure t ime diagram was needed. A custom built 
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balanced pressure indicator was available for this purpose. 

Figure 3 shows an overall view of this instrument 1n the 

foreground. The instrument usee a pressure pick-up mounted 

in the spark-plug hole of the engine. As the engine used 

had dual spark-plug holes, one was used for ignition, the 

other for the pressure pick-up. 

The working part of the pressure pick-up consists of 

a thin diaphragm which is free to move up and down. Motion 

ot the diaphragm opens and closes an electrical circuit. 

On one side of the diaphragm is the dynamic pressure in 

the cylinder of the engine; on the other, a controlled but 

variable nitrogen pressure. Making or breaking of the 

electrical circuit is accomplished when the cylinder pres

sure exceeds or drops below a set nitrogen pressure. 

The main part ot the instrument consists ot a drum 

which rotates at crankshaft speed and an electrical cir

cuit capable of producing a high voltage spark whenever 

the pressure pick-up opens or closes the circuit. The 

nitrogen pressure in the pick-up is also transmitted to a 

piston and cylinder arrangement. The torce produced on 

the piston under the action of the nitrogen pressure is 

balanced by a spring which 1n turn is connected by a 

mechanical linkage to a pointer which is located immed

iately above the drum. The pointer is attached to the 

high voltage source. 
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Figure 3. Balanced pressure indicator in foreground , 
engine and dynamometer in background, right
hand side. 
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Consequently, whenever the pressures are equal 1D tbe 

pick-up, a spark is produced at a certain point on the drum. 

It 1s therefore possible to make pressure-time diagrams by 

using a range or nitrogen pressures. 

The preasure pick-up 18 een81t1ve to 0.07 psi dltfer

enoe between the s1dee of the diaphragm and manufacturers 

ot these instruments claim that the noouraoy 18 within 

one per cent. 



V. TESTING PROCEDURE 

Measuring the Brakins Effect 

As the object or this investigation was to determine 

how exhaust pressure affected motoring horsepower, the 

exhaust pressure was the main variable in all of the tests 

made. It was decided to use a range of pressures from 

zero to 50 ps1g. These pressures are representative of 

those found in exhaust manifolds when commercial exhaust 

brakes are used. Tests were conducted at ten psi incre

ments. 

To determine how the braking effect would change with 

speed, three speeds were chosen; 1200, 1800, and 2400 rpm. 

These speeds were chosen tor two reasons. First, they are 

representative of the range of speeds tor the modern diesel 

or gasoline engine, and secondly, these speeds may be 

easily compared to the frequency of a strobotac (3600 opm). 

Because many diesel engines are supercharged to 5 to 

7 ps1g pressure, additional teste were conducted at five 

psig intake manifold pressure to determine this effect on 

motoring horsepower. 

Finally, in order to insure reliability, at least two 

points tor each combination of speeds and pressures were 

taken. Therefore, it was required to take a minimum of 72 

separate data points. 
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Tests were conducted in the following manner. Firat, 

the engine was started and allowed to reach operating 

temperature, 212°F. Second, the oil temperature was brought 

up to 150°F by the use or an oil heater. The tuel to the 

inJector was then shut orr and the engine motored. The 

exhaust pressure, intake pressure, and speed were regulated 

until they were the desired test conditions. It took a 

minimum or f'irteen minutes to reach equilibrium conditions. 

Tne exhaust temperature was the best indicator to tell 

when equilibrium conditions were establiShed. When equilib

rium conditions were established, the tollowing data were 

taken: engine rpm, exhaust pressure, exhaust temperature, 

scale load, intake temperature and pressure, pressure drop 

across orifice, orit1ce upstream pressure, oil and water 

temperature, and oil pressure. 

Throughout the tests, the oil temperature was held 

as constant as possible (plus or minus 5 degrees) in order 

to minimize the variation ot oil drag on the moving parts 

ot the engine. Water jacket temperature would not hold 

constant as it depended on the exhaust pressure that was 

being used (this will be discussed in greater detail 

later). Periodically 1t was required to restart the 

engine to eliminate the possibility or any oil build up 

in the combustion chamber. Before the conclusion or the 

exhaust braking tests, the tull load horsepower or the 
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engine was determined 1n order to compare braking to out

put horsepower. During the output horsepower tests, the 

air-fuel ratio and spark advance were varied to give 

maximum power tor the speeds used. 

Measuring Rfnam1c Oylind!r Pressure 

It was deo1ded to obta1n pressure-time diagrams at 

three points. These points were at 1800 rpm with zero, 

20 and 40 psig exhaust pressure. Oa.re was taken to change 

the nitrosen pressure at the same rate 1n all three oases. 

The pressure was increased to 220 psig and then bled off 

very slowly to obtain as many points as possible on the 

pressure-time diagrams. Again equilibrium conditions were 

established before any diagrams were made. 
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VI. RESULTS 

The main variables ot all the experimental points 

which were taken are listed in the last section ot the 

Appendix. All ot the data that were taken were not listed, 

only the variables which were important 1n the analysis ot 

exhaust braking. The horsepower output or absorption ot 

the engine was oomputed using the equation, H.P. = (Soale 

reading) (RPK) / 51,600; 51,600 being the dynamometer 

constant tor the installation. Air tlov values were deter

mined by using F1gure 18 which is located in the tront 

section ot the Appendix. 

The results ot the testa conducted are best repre

sented by a series ot 13 curves. These curves g1Te plots 

of the parameters that the author telt were important to 

represent the variables. 

Horsepower Absorption 

Figure 4 shows the 1norease ot motoring horsepower 

that was required tor the range ot exhaust pressures used. 

Note that the curve tor 1800 rpm is almost a straight line 

and the ones tor 1200 and 2400 rpm bend downward and up

wards respectively with increasing eXhaust pressure. Also 

note that the 5 psig manifold pressure curves are below 

the zero manitold pressure ourves. This is slightly 
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misleading as the horsepower values ahown do not include 

the energy necessary to compress the inlet a1r to 5 psig. 

These values of additional energy were computed. A com

putation procedure for this additional energy was derived 

and was included in ~he Appendix of this presentation. 

Figure 5 indicates the sum of the motoring and computed 

horsepower required to supercharge the intake air. sum

ming the two, produces curves wbioh are more representative 

or the actual condition. Therefore, the supercharged 

braking horsepower 1s greater than the normally aspirated 

condition. 

Figure 6 indicates the increase in the eff ectiveness 

of t he exhaust brake. calculated as the per cent ot output 

horsepower at 2400 rpm, as exhaust pressures and engi ne 

speeds increase. The bottom curve, for zero exhaus t 

pressure, is the normal friction hor sepowor ot the eng1ne. 

Figure 7 gives the per cent of absorbed horsepower 

from exhaust braking compared to that which the engine will 

produce at corresponding rpm. The percentage vas computed 

using the absorbed and output horsepower tor each or the 

two speeds indicated. Note that at 45 psig exhaust pressure, 

the retardation is approximately 75 per cent ot the output 

horsepower of the engine, either developed a t 1800 or 2400 

rpm. 
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This is an important point since 45 psig ia the ex

haust pressure that is normally used in conjunction with 

eXhaust brakes on unsuperoharged engines. The pointe at 

zero baokpressure give the friction horsepower of the engine, 

.representing about 25 per cent or the output horsepower. 

Therefore, the extra retardation ot the exhaust brake is 

nearly 50 per cent or the output horsepower or the engine. 

Operating Variables 

Figure 8 gives an indication or the exhaust temper

atur~s for different exhaust pressures. Note that at the 

supercharged condition, the exhaust temperatures are con

siderably lower, especially at high exhaust pressures. 

Figure 9 represents the decrease in air tlow throu.gh 

the engine when exhaust pressure is increased. Note that 

above 45 psig, the air flow decreases sharply. Figure 10 

represents the supercharged case with 5 psig intake mani

fold pressure where the air flow does not decrease so 

markedly at the lower speeds, at least up to 50 psig, the 

highest exhaust pressure used. Also note that the slope 

of the air flow lines is the same for three different speeds 

used. 

Figure 11 gives the equilibrium water Jacket temper

ature or the engine for a range or exhaust temperatures. 

Figure 12 indicates the variation of water Jacket 

http:throu.gh
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temperature tor increased exhaust pressures. This curve 

was generated by cross-plotting Figures 8 and 11. Note the 

values ot Figure 12 are tor 2400 rpm and zero manifold 

pressure. The results of Figures 11 and 12 only apply to 

the engine tested. 

pynamie Ollinder Prtaeures 

The pressure-time diagram tor dynamic pressures in 

the cylinder ot the teat engine without exhaust pressure 

is presented by Fi gure 13. The expansion and compression 

strokes are ve~y similar ln form. In tact, they are almost 

identioel. It was not possible t o record pressures below 

atmospheric with the balanced-pressure indicator. There

tore, the intake stroke 1e not shown. During the exhaust 

stroke, the exhaust pressure was nearly at atmospheric 

pressure and no distinction between the two could be made. 

The etteot of 20 psig exhaust pressure is shown 

clearly in F1gure 14. Note that during the exhaust stroke, 

the pressure is not a constant value, but varies. The 

dynamic pressure increases to above 20 psig at the begin

ning ot the stroke, then drops in the center, and finally 

increases at the conclusion ot the stroke where the piston 

is reaching the limit ot its upward travel. 

Figure 15 indicates the effect on the pressure-time 

diagram when 40 ps1g exhaust pressure is used. The shape 
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of the curve tor the exhaust stroke 1s very similar to 

Figure 14. Comparing F1gurea 13, 14, and 15, the expan

sion and compression strokes have the same ~orm and all 

reach the same maximum pressure, approximately 192 pa1g. 

Also the pressure rise, due to the exhaust stroke, begins 

at nearly the same point in eaoh diagram . 

Figure 16 givee a comparison o~ 20 and 40 psig ex

haust pressures, plotted on pressure-volume coordinates. 

Note that the dynamic pressure ~or 20 and 40 psig vary 

about a mean, approximately equal to the exhaust pressures 

tor whioh the diagrams were taken. 

Transferring rrom pressure- time to pressure-volume 

coordinates changes the exhaust pressure curves signi~-

1oantly. Points on the pressure-time curves nes.r the top 

and bottom ot the stroke, where the cylinder volume is 

changing ver,y slowly for eaoh degree of crank angle, are 

very olose together on pressure-volume coordinates . There

fore, the exhaust pressure decreases to zero after opening 

the intake valve without an appreciable amount ot piston 

motion even t hough 15 to 20° of crankahart rotation have 

occurred. 

Notice the area 1ns1de the pressure-volume diagram. 

This area represents the work that the piston of the engine 

does on the exhaust gases during each exhaust stroke. 



FIGURE .lQ 
PRESSURE-VOLUME DIAGRA¥ 

l.S.QQ Rfl( 

~~EXHAUST PRESSURE, kQ 

10 

0 

I 
I 
I 
I 
I 

-/ ....... 

' '\. 

' /............ _ --\ 
EXHAUST PRESSOO~ 20-fm.~ 

\ 

CYLINDER VOLUME 



41 

VII. DISCUSSION 

General Analysis of Emauet Braking 

The data obtained pertain to a spark-ignition engine 

ot 16.3 cubic inch displacement With a compression ratio 

ot 8.2 to 1. However, in this discussion these data were 

generalized to include diesel engines and engines in gen

eral of larger displacements. 

The power producing and braking ability of an engine 

is approximately in direct proportion to its piston dis

placement, other factors being constant. Therefore, a 

100 cubic inch engine has ten times the retarding ability 

and also ten times the horsepower output as a 10 cubic inch 

engine, it such items as oam timing, engine speed 1 head 

design are similar in both engines. Consequently, the 

results ot the test may be applied to any size spark

ignition engine directly by using the ratio--braking to 

output horsepower. 

To extend this idea to include diesel engines, an 

additional taotor must be included. Theoretically, diesel 

engines operate on a constant pressure cyole whereas 

spark-ignition engines operate on a constant volume cycle. 

Therefore, the horsepower output ot the two types of engines 

for equivalent cylinder volumes will be different. The 

ratio of diesel to spark-ignition horsepower output tor 
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similar displacement engines was found, according to sev

eral investigators, to range rrom 0.65 to 0.95. In th1e 

discussion a mean value of 0.85 will be used. 

As stated previously, a spark-ignition engine with an 

exhaust pressure of 45 psig, a retarding ability of 75 per 

oent ot the rated horsepower may be realized. But with a 

diesel engine, a retarding effect ot 75/0.85 or approx

imately 88 per cent is poss1ble. This value is obtained 

assuming the braking horsepovers are the same for a spark

ignition and diesel engine or similar displacements using 

an exhaust brake. Recent research has shown this to be 

true. 

An article in the Automobile Engineer discusses the 

effect compression ratio has on exhaust braking and their 

findings are as follows: 

It has been round that ~e compression
ratio of an engine does not seriously affect 
its capacity to absorb power when used in con
junot1on with an exhaust brake, since the greater
proportion of power 1s absorbed on the exhaust 
stroke and not on the compression and expansion
strokes of the engine. (6, p. 139) 

To an operator of a commercial vehicle using an ex

haust brake, not only is the extra braking beneficial, but 

the maintaining or water jacket temperature while descend

ing a long grade 1s also important. 

It may be noted that even at 30 psig exhaust pressure 

with the test engine, a water temperature ot 200°F. vas 



maintained. An increase in the exhaust pressure inoreaaes 

the water temperature. Since the test engine was cooled 

by a condenser which required the water in the Jacket to 

boil to obtain extra cooling above that of natural con

vection and radiation of the eng1ne proper, any exhaust 

preosure above 37 psig made the water boil. Thus, energy 

going into the water jacket when using a commercial engine 

with an exhaust brake 1s sufficient to keep the engine 

warm and up to operating temperature. In tact, users ot 

the exhaust brake claim that even at S°F. outside temper

ature, their engines do not drop below the thermostat 

temperature on a long downgrade ( 12, p. 8) The energy 

being abaorbe~ by the water jacket during exhaust braking 

comes mainly from the h~at transfer due to the rise in 

temperatura of the exhaust gaa resulting from the work ot 

compression. 

The air flow through the engine decreases with in

creased eXhaust pressure. This 1s because of the valve 

overlap . Aa t he exhaust pressure is increased, more a1r 

1s transferred trom the exhaust line to the intake mani

fold during the period of time when both valves are open. 

In tact, this transfer ot air creates a pulsation in the 

intake manifold, as stated in the introduction, which 

will tend to blow oil out or some oil-bath a1r cleaners. 

It the pulsation ie damped by auftio1ent air volume 
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between the air cleaner and intake valves, this does not 

occur. 

The weight. of air flow for 5 ps1g supercharge pres

sure is more than the f'low tor the normsl.ly aspirated case 

because or the i ncreased air density. But, the e1r flow 

for both oases deore~aes uniformly until about 46 or 47 psis 

exhaust pressure for the unsupereharged case. At this point 

tho exhaust pressure 1e holding the exhaust valve open dur

ing pa.rt of the intake stroke, allowing tor more air trans

fer. The pressure at which this will occur depends on the 

valve area and force or the valve spring when the valve 

is on its seat. 

W1th 5 pe1g manifold pressure, this condition would 

not occur until about 51 or 52 pslg eXhaust pressure. The 

higher exhaust pressure would be possible when the engine 

is supercharged because the additional 5 psig positive 

pressure terJcls to hold the valve closed on its seat. 

Tho testa 1nd1cated that with 5 po1g 1ntnke super

charge pressure, moro totsl energy was absorbed by the 

engine. This 1s as would be expooted as the energy needed 

to oompress the air is added to the motoring energy except 

for that which 1a rega1ne~ by the intake air pushing down 

on the piston during the intake stroke. On oommere1al 

vehicles, pop-off valves are provided between the super

charger and engine to allow for any excess pressure built 

http:normsl.ly
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up to be eliminated to avoid damage to the induction system 

seals. With direct driven, constant displacement super

chargers (Roots type), the manitold pressure rises quickly 

when the exhaust pressure restricts air tlow. 

As stated previously, approximately 88 per cent ot the 

output horsepower ot a normally aspirated diesel engine 

may be realized in exhaust braking using 45 psig exhaust 

pressure. However, with supercharged commercial diesel 

engines, the retarding ettect trom an exhaust brake is 

actually reduced tor two reasons. First, usually more 

valve overlap is used in supercharged diesels so that the 

incoming pressurized air ma1 more completely scavenge 

the cylinder. Consequently, the maximum exhaust pressure 

1s reduced as airflow between exhaust and intake manitolds 

will take place tor a longer time. Maximum exhaust pres

sures when using a Roots type supercharger and an exhaust 

brake are limited to 30 to 35 ps1g. Second, with super

charging , the output horsepower ot the engine is increased 

trom 30 to 40 per cent. Consequently, the ratio ot retard

ing to output horsepower is decreased. 

For example, consider an unsupercharged diesel engine 

whose horsepower output is 100 hp. SuperCharging this 

engine would increase its output to approx1matelf 135 hp. 

But with an exhaust pressure limited to 30 psig, the ettec

tiveness ot the exhaust brake, inolud1ng the energy 
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required to drive the supercharger is 76 per cent based on 

the unaupercharged output ot a diesel engine. Baaed on 

the supercharged rating of the engine, the effectiveness 

is reduced to 76/1.35 or 56 per cent. 

Even at this lover level, the exhaust brake is still 

advantageous because of decreased engine wear due to 

higher vater Jacket temperatures and also less brake wear. 

Diregt Anal ysis ot Exhaust Br!kins 

The energy that is absorbed during exhaust braking 

may be divided into tvo parts. The first part is the energy 

necessary to motor the engine without any exhaust pressure 

(friction horsepower). The second part is the energy which 

is absorbed during the cycle where the piston is doing 

work on the exhaust gases by expelling them trom the cyl

inder volume at the pressure in the exhaust line. 

The friction horsepower tor similar displacement 

engines depends on many factors. Among these are: bore 

to stroke ratio, compression ratio, piston speed, oil drag 

on cyUnder walla and bearings, and valve train design. 

A reasonable estimate tor engine friction is between 20 

and 30 per cent ot the rated horsepower ot tne engine 

(15, p. 332). The engine tested exhibited friction horae

power equal to 24 and 28 per cent ot the horsepower rating 
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at 1800 and 2400 rpm respectively. This indicates the 

test engine was typical ot eng1nee having larger displace

menta. 

The remaining braking, amounting to approximately 50 

per cent ot the rated horsepower, may be explained by the 

use of pressure-time data. This extra 50 per cent 1s de

rived during the eXhaust stroke ot the engine. The braking 

energy wa~ computed by taking the pressure-time diagram ot 

the exhaust o7ole and converting 1t to pressure-volume. 

The area under the aurYe indicate~ the energy the piston 

transm1ts to the gas during the exhaust stroke. 

Following is the method of calculating the exhaust 

braking enorgy. Referring to Figure 16 , the piston dis

placement ot the engine (16.334 1n3) is represented by a 

distance ot 5.5 inches, also eaCh inch on the vertical 

scale represents 10 psi. 

Theretores 

Each square inch of the p-v diagram represents, 

10 (16.334) = 29 •7 1b-ins.s 
At 1800 rpm there are 15 exhaust cycles per second. 

Also, 1 hp =6600 1b-1n/seo. 

H. P . = 29~toh151 (Area of diagram) 

= 0.0675 (Area ot diagram) 
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The area of the pressure-volume diagram was deter

mined by using a planimeter. Table 1, shown below, is a 

summary or the information determined, 

Table 1. Data based on measured area under P- V diagram. 

For 20 psis For 4o ps1g
oxhaust ;eress, exh!ust ;eress , 

Area of diagram ll. 27 in2 21,:5 i n2 

Computed P-V hp, 0 . 761 1 . 44 

Measured total hp, 1 . 622 2.390 

Subtract tr1ct1on hp. 0 . 837 0 ,83:Z: 

Exhaust braking horsepower 0,785 1 . 553 

Correlation between 
computed and measured 97% 93% 

A correlation of over 90 per cent of the horsepower 

computed from the pressure-time diagram compared to the 

measured ho~sapower was extremely interesting and gratify

i ng . This h1gh correlation indicates the additional brak

ing effect produced by an exhaust brake is derived during 

the eXhaust stroke. In fact, a correlation higher than 

indicated was actually produced, but 1t could not be 

measured. 

The friction horsepower whlch was subtracted trom the 

measured input horsepower was determined using zero eXhaust 

pressure. A large percentage of friction horsepower is 
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dor1ved from the friction or the piston rings on the 

cylinde r wall. \fhen there is a gas pressure above the 

piston, the pressure 'Will also act behind the compression 

rlng. forcing it against the oylindet' wall. An increase 

in this force increases the drag or the ring on the cylinder 

\•tall. This 1s one reason why 1ncroasing oompresaion ratio 

increases triotion horsepower, but as stated before, tb1s 

ditterence is very slight, especially when using an exhaust 

brake. 

Since the triotion horsepower was measured only ldlen 

there was a positive gas pressure in the cylinder during 

two of the tour strokes of the engine (compression and ex

pansion), then the value round was slightly lees than 

when there was a positive p~saure 1n the cylinder during 

most ot three out of tour cycles or the engine (compres

sion, expansion, and exhaust) as found during exhaust 

braking . Therefore the friction horsepower values used 

were slightly low. Increasing these values makes the 

correlation even higher than indicated, approaching 100 

per cent. 
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VIII. CONCLUSIONS 

The conclusions derived from the exhaust braking 

studies conducted by the author and information gathered 

from other sources are best represented by the following 

statements. 

1. A spark-ignition engine with 45 ps1g exhaust 

pressure can realize approximately 75 per cent of its 

rated horsepower in braking effort. 

2. An unsupercharged diesel engine w1 th 45 ps1g ex

haust pressure can absorb approximately 88 per cent of its 

rated horsepower 1n exhaust braking . 

3. With supercharged diesel engines, using 30 psig 

eXhaust pressure, the effectiveness of the exhaust brake 

is reduced to approximately 56 per cent. 

4. The exhaust 'braking i s derived during the exhaust 

stroke of the engine. Therefore, the magnitude of the ex

haust pressure determines the amount of retardation above 

that of the normal friction horsepower of the engine. 

5. Varying the compression ratio of an engine has 

very little ettect on the exhaust braking ability of the 

engine. 

6. An exhaust brake 1s beneficial in add1t1on to the 

braking effect as it will maintain a commercial engine at 

operating temperature down a long grade, therefore, 
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reducing the engine wear. 

IX. RECOMMENDATIONS FOR FURTHER STUDY 

The size ot volume between the exhaust braking valve 

and engine should have an ettect on the horsepower that is 

absorbed b7 an engine during exhaust braking. One source 

indicates that there should be a large manifold volume to 

obtain more uniform exhaust pressure (6, p. 139). 

The location ot the eXhaust valve was not studied in 

the investigation presented. Exhaust brake valves are at 

the present being installed at the outlet flange ot the 

exhaust manifold on diesel engines. The volume tor exhaust 

gas storage ia therefore onl7 the exhaust manifold ot the 

engine. The question arises whether this is the optimum 

location ot the exhaust brake valve. Studies ot the loca

tion ot this valve would give practical results whioh 

could be ot importance to eXhaust brake manufacturers. 
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DESCRIPTION OF ENGINE 

Manutacturer 

Model 

Engine Number 

Bore and Stroke 

Displacement 

Compression Ratio 

Piston Material 

Connecting Rod Length 

Piston Rings 

Cylinder Liner Material 

Bearings - main 

Bearing - rod 

Ignition 

Sparkplug 

Injection t1m1ng 

Intake duration 

Exhaust duration 

Valve overlap 

Valve litt 

Valve lash 

Waukeaha Motor Company,
Waukesha, Wis. 

C 0 T 29 

626285 

2 3/4 X 2 3/4 

16.334 cu. in. 

8.2 

Aluminum Alloy 

5.5 in. 

4 - 2 compression;
2 oil all cast 1ron 

SAE 4140 

Ball bearing 

Lead-tlaahed silver 

Magneto 

Champion J-6 

50 % 5 deg.reea ATC on 
inlet stroke 

291° 

295° 

ao0 

0.317 in. (aee valve timing
diagram, next page) 

0.000 (Hydraulic litters) 
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AIR FLOW CALCULATIONS 

The following calculations are based on information 

from pages 66 and 67 of reference 9. 

M= A2KEY J2gc bp ~ 
where 

M =actual mass tlow rate, lb per second 

A2 = croaa sectional area or orifice 

K =MC 

M =velocitJ approach factor j 1
1-f 

~ = orifice diameter/pipe diameter 

0 =orifice discharge coefficient 

Y = 1 - (0.41 + 0.35p4) 6P/ P1k 

k = 1.4 for air 

E =1.000 tor 80°F 

From pg 72 top ourve in (6) c =0.605 

For a 0.500 in. orifice 1n a nominal 2 1n. pipe (I.D. 2.067) 

p =0.500/2.067 = 0.249 

fS4 = 0.003844 

M= 1 = 1.ooo+ 
0.996156 

~ =0.1963 in2 

g0 =32.174 tt/seo2 

therefore: 

Ma = 286.2 Y Vf llP for Ha 1n lb/hr 
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For the case upstream pressure = 30 psig,AP = 10 in H2o. 

= 0.99764 

f1= 44.7C144l =0.2237 
\ 53. 3( 5lf<>) 

Ma =286.2 (0.99764) V0,2237(0.361) 

=81.25 1b/hr 

SUMMARY OF AIR FLOW CALCULATIONS 

Upstream pressure ~p::10" AP::5" AP::1" 

90 123.8 87.9 39.35 

50 97.7 69 . 3 31.0 

30 81.25 57 .5 25.75 

20 71.55 50. 6 22.7 
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SUPERCHARGE HORSEPOWER CALCULAriONS 

Assume air entering at 60°F, the change ot enthalpy may be 

calculated as follows: 

From air tables, (11, p, 512) 

Prl = 1.215 h1 =124.3 Btu/lb. 

Using a boost ot 5 pa1g, 

Pr2 = Prl <5 i4:i•l) 
= 1.630 

Interpolating trom a1r tables 

h2 =135.7 

Ohange in enthalpf = h2 - h1 

=135.7 - 124.3 

= 11.4 Btu/lb. 

The adinbat1o ettio1enoy ot a Roots type supercharger is 

approximately 66 per cent. 

See curve - (7, p. 432) 

6h = 11,4 =17.3 Btu/lb.
0.66 

Horsepower required per lb ot air per hour 

H.P. = 17,3 =0,0068 (Air Flow, !2 )
2545 hr 
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EXHAUST BRAKE TEST DATA 

Engine Speed - 1200 rpm Zero Manifold Pressure 

Ex. Ex. Upst. 6-P 
Run Preas. Temp Scale Preas 1n Air 
li Ps!g oF. Load Pa1g H20 B.P. lb/hr 

1 0 120 25.0 21 1.10 0.581 24.0 
2 10 200 36.5 21 .0 o. 8o 0.848 21.2 
3 20 290 47.5 21.0 0.60 1.104 17.7 
4 30 360 57.5 23.0 0.40 1.336 14.7 
5 40 450 67.0 22.0 0.25 1.556 11.5 
6 46.5 500 n.5 23.0 o.o1 1.661 2.4 

7 20 300+ 47.5 21.0 0.50 1.104 16.2 

Engine Speed - l200rpm Five paig manifold pressure 

Ex. Ex. Opat. AP 
Run Preas. Temp Beale Press ln. Air Total 
# psig op. Load pa1g H20 H.P. lb/hr H.P. 

1 0 100 24.0 19.5 2.50 0.558 36.0 0.803 
2 10 155 35.0 20.0 1.88 0.813 31.3 1.026 
3 20 230 45.5 20.0 1.50 1.057 28.0 1.249 
4 30 310 55.5 21.0 1.20 1.291 25.2 1.464 
5 40 390 65.5 21.5 0.95 1.522 22.5 1.675 
6 50 470 71.5 22.0 0.55 1.662 17.1 1.778 
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EXHAUST BRAKE TEST- DATA 

Engine Speed - 1800 rpm. Zero Manifold Pressure 

Ex. Ex. Upst.
Run Press Temp Scale Press 6.P A1r 
# psi:g OF. Load pais H.P. lb/hr 

1 0 260 24.0 19.5 2.5 0.837 36.0 

2 10 285 35.0 19.0 1.9 1.222 31.4 

3 20 335 46.5 20.0 1.55 1.622 28.5 

4 30 435 57.5 20.0 1.15 2.01 24.6 

5 40 500 67.5 20.0 0.85 2.32 21.0 

1 0 230 24.0 19.5 2.5 0.837 36.0 

2 10 280 35-5 19.5 1.9 1.237 31.5 

3 20 350 46.5 19.5 1.6 1.622 29.0 

4 30 430 57.5 19.5 1.15 2.01 24.6 

5 40 500 68.5 21.0 0.82 2.39 21.0 

6 46.5 540 78.0 23.0 0.03 2.72 4.0 
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EXHAUST BRAKE TEST DATA 

Engine Speed - 1800 rpm Five ps1g manifold pressure 

Ex. Ex. Upet. 
Run Press Temp Scale Press 6P Air Total 
It psig OF Load psig H. P. lbLhr H,P. 

1 0 165 23.0 19.0 5.3 0.803 51.5 1.153 

2 10 170 33.5 19.0 4.6 1.170 48.0 1.496 

3 20 265 44.5 19.0 3.8 1.554 44. 0 1.854 

4 30 350 55.5 19.0 3.15 1,937 40.0 2.209 

5 40 405 66.5 20.0 2.6 2.322 36.5 2.570 

1 0 160 22.5 19.0 5.5 0.786 52.7 1.144 

2 10 205 33.5 19.0 4.6 1.170 48.0 1.496 

3 20 270 44.5 19.0 3.9 1.554 44.5 1.856 

4 30 340 56.5 19.0 3.15 1.972 40.0 2.244 

5 40 420 67.5 19.0 2.6 2.357 36.4 2.604 

6 50 520 77.5 21.0 1.50 2.702 28.2 2.894 
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EXHAUST BRAKE TEST DATA 

Engine Speed - 2400 rpm Zero Manifold Pressure 

RWl 
II 

Ex. 
Preas 
psig 

Ex. 
Temp
OF, Scale 

Load 

Upat.
Preas 
pa1g 

6P 
H.P. 

Air 
lb/hr 

1 
2 
3 
4 
5 
6 

0 
10 
20 
30 
40 
48.5 

175+ 
255+ 
330+ 
430+ 
525+ 
610+ 

29.5 
41.5 
54.5 
65.0 
74.5 
90 .5 

19.0 
19.0 
19.0 
21.0 
20.5 
23.0 

5.2 
4.6 
3.95 
3.35 
2.5 
0.03 

1.37 
1.93 
2.53 
3.02 
3.46 
4.21 

51.0 
48.0 
44.8 
41.5 
36.0 
4.0 

1 
2 
3 
4 
5 
6 
7 

0 
10 
20 
30 
40 
45 
47.5 

200+ 
270+ 
360+ 
450 
520+ 
610 
620 

30.5 
41.5 
54.5 
66.0 
74.5 
81.5 
87.0 

19.0 
20.0 
19.5 
20.0 
19.5 
22.0 
23.0 

5.25 
4.45 
3.6 
3.15 
2.75 
1.05 
0.05 

1.42 
1.93 
2.53 
3.07 
3.46 
3.79 
4.04 

51.5 
47.7 
43.0 
40.2 
37.5 
23.5 
5.2 

1 
2 
3 
4 
5 
6 
7 

0 
10 
20 
30 
42.5 
45 
47 

130 
240 
340 
460 
570 
605 
605+ 

31.5 
42.5 
53.0 
62.5 
78.0 
81.5 
86.0 

19.5 
20.0 
20.5 
21.0 
22.0 
22.0 
23.0 

5.4 
4.6 
3.75 
3.1 
2.2 
0.5 
0.05 

1.465 
1.975 
2.46 
2.90 
3.62 
3.79 
4.00 

52.0 
48.5 
44.0 
40.4 
34.4 
16.4 
5.2 

1 
2 

30 
35 

460+ 
500 

63.5 
69.0 

19.5 
20.0 

3.3 
2.9 

2.95 
3.21 

41.0 
38.5 

.3 40 540 72.5 20.0 2.75 3.37 37.5 
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EXHAUST BRAKE TEST DATA 

Engine Speed - 2400 rpm Five psig manifold pressure 

Ex. Ex. Upst . 
Run Press Temp So ale Presa 6 P Air Total 

,,JJ ps1g oF. Load ps1g H.P• • lb/hr H. P. 

l 0 140 25. 5 30 . 0 7.7 1. 40 n.s 1.89 
2 10 200 37. 5 ,o.o 6. 6 1.74 66.0 2.19 
3 20 280 50 . 0 ::31 . 0 5. 7 2. 32 61.5 2. 74 
4 30 355 62.0 31.0 5.25 2. 88 59.2 3. 28 
5 40 46o 71.5 29.0 4.9 3.32 56.0 3.70 
6 45 500 78.5 21.0 5.15 3.65 52.0 4.00 
7 50 560 85. 5 21.0 1.9 3.97 31.5 4.18 

1 0 150 26. 5 29 . 0 7.45 1.23 70.0 1.70 
2 10 210 38.0 29 .0 6. 55 1.77 65.3 2.21 
3 20 285 50 . 5 3().0 5.7 2.35 61.3 2.77 
4 30 360 62.5 29.0 5.15 2. 90 58. 0 3. 29 
5 40 430 71.5 29.0 4.9 3.32 56.0 3. 66 

1 0 80 27. 5 31 .0 7.5 1 . 28 71.0 1.76 
2 10 160 38.5 31.0 6 .7 1.79 67.0 2. 24 
3 40 470 74.0 21 .0 5. 6 3.44 54.0 3. 81 
4 35 440 66.5 18.5 6 . 6 3.09 56.5 3.47 
5 30 370 61 . 0 20.5 6 .4 2. 83 58 .0 3. 22 
6 40 450 70.5 21.0 6 .1 3.28 56.5 3. 66 
7 50 575 85.5 20 .0 1.8 3. 98 30 . 5 4.19 
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HORSEPOWER OUTPUT 

Exhaust pressure - Inlet air pressure 
Zero psig Zero psig 

Ex Upat.
Temp Scale Press 6p Air BMEP 

RPM oF. Load psis H,P. 1b/hr lb/in2 

1800 1100 98.5 21.0 1.9 3.44 32.0 92.7 

1800 1130 98.5 19.0 1.91 3.44 31.5 92.7 

2400 1160 108.5 19.0 4.2 5.05 46.0 102.0 

2-400 1200 108.5 19.0 4.1 5.05 45.6 102.0 

It was impoasib1e to obtain horsepower readings with five 

psig manifold pressure as detonation was too severe. 

WATER JACKET TEMPERATURES 

A combination ot various equi11brium conditions. 

Exhaust Temp. oF. Water Temp. oF. 

5-40 212* 

500 211 

470 207 

390 177 

310 156 

280 137 
230 132 
200 131 

*Maximum temperature possible. 




