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CORRELATION OF FLAME DENSITY 

AND KNOCK INTENSITY 

INTRODUCTION 

Purpose: 

A satisfactory physical explanation of the phenomenon 

of detonation (knocking) in internal combustion engines has 

not yet been presented and the reason for this is probably 

that the basic fundamentals affecting detonation have not 

been determined. It is the purpose of this investigation to 

determine whether or not the density of the flame of combus­

tion shows any correlation with the intensity of knock. If 

it results that there is some correlation between the two, 

then a foundation for a sound physical explanation of knock­

ing may result. 

Objective: 

It is the objective of this investigation to obtain 

sufficient data from the operation of a C.F.R. Engine under 

different knocking conditions to calculate by thermodynamic 

relations the density of the combustion flame. With this 

flame density and the corresponding knock intensities and 

other data, an analysis will be made of the results and a 

graph drawn in order to determine if there is a correlation 

between the density of the combustion flame and the intensity 

of the knock. 
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HISTORICAL SURVEY 

The significance of knocking, or detonation in the 

combustion chamber of an engine has been recognized by 

many and the detrimental effect of this phenomenon in an 

engine has been the cause of considerable research in labo­

ratories all over the world. 

It was in the year 1881 that detonation may be said 

to have been discovered, when Berthlot and Vieille announced 

in the Comptes Rendus their discovery of the rapid accelera­

tion of the initial flame speed in gaseous explosions and the 

final attainment of the enormously higher velocity of the ex­

plosive wave. 

Soon after the publication of the work of Berthlot 

and Vieille, H. B. Dixon took up the study of combustion. 

Dixon attacked the problem of detonation in a different manner, 

i.e., by the utilization of photography in studying explosions. 

His photographic investigations were carried out between 1895-

and 1903, and added considerable to the knowledge of detona­

tion. 

Several hypotheses have been advanced to explain de­

tonation, but the one which has gathered more support is that 

which was first advanced by Recardo. This hypothesis, v/hich 

is called the Autoignition Hypothesis, suggests that detonation 

might be spontaneous ignition of the unburned part of the 

charge ahead of the normal flame front- However, the explana-



3 

tion as set forth by Recardo failed to show why kerosene 

with a higher ignition temperature than carbon disulfide 

detonated more readily in a given engine, A satisfactory 

explanation of this apparant contradiction was presented in 

1935 by S. S# Taylor . Taylor showed that no contradiction 

need exist if it is assumed that detonation will occur only 

when the unburned part of the charge is heated to or above 

its ignition temperature and held there for a definite 

length of time. This interval is known as the ignition delay. 

Work in Europe led to the publication of another ex­

planation of detonation by Heinz Langweller, called the Hy-

drodynamic Theory of Detonation, This theory, unfortunately, 

lacks the extreme simplicity which the Autoignition Hypo­

theses possesses. Langweller suggests in the Hydrodynamic 

Theory that the magnitude of the detonation speed is depend­

ent upon what he called microscopic quantities, such as heat 

content, explosive pressure, etc., whereas the physical state 

of the individual explosives particularly is unimportant. 

This he claims is exemplified by the quality of detonation 

speed of solid and liquid explosives of the same density, 

Langweller maintains that the reaction process, which in ex­

plosions and combustion defines the linear speed of trans­

formation, plays no part at all in the phenomenon of detona­

tion. He concluded that it may therefore be assumed that the 

Leary, W. A. and Taylor, E. D., The Significance of 
the Time Concept In Engine Detonation, (N.A.CA, Wartime 
Report, W-32, 1943) 
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explosion before the detonation front is at a stage inde­

pendent of its physical state and that the radiation of 

the gases of combustion is sufficient to activate a thin 

layer of the explosive before the detonation front and 

there create the high explosive pressure and temperature, 

Also the magnitude of the detonation speed is given only by 

the propagation speed of a shock wave in a gas at the ex­

plosive pressure and temperature. That this speed of pro­

pagation is greater than the normal velocity of sound in 

this gas, Langweller explained, is a reault of the higher 

amplitude of the shock, 

Although the Autoignition Hypothesis and the Hydro-

dynamic Theory and other explanations have been presented in 

an effort to bring to light the physical explanation of the 

phenomenon of detonation, none have been found to be complete 

ly satisfactory and the problem remains with but a faint idea 

to scientests who are still seeking the true answer, 
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DESCRIPTION OF GENERAL TEST E^UIFICENT 

The a s s e m b l y o f t h e g e n e r a l equ ipment u s e d i n t h i s 

t e s t i s shown i n t h e s c h e m a t i c d i ag ram on page 16• 

ENGINE: 

The engine used was a C.F.R. Knocking-Testing engine 

connected by belts to a synchronous motor. This engine in­

corporated a movable cylinder head which permitted the vary­

ing of the compression ratio while the engine was in operation. 

The exact compression ratio was determined from the micrometer 

reading which indicated the cylinder height. This micrometer 

was adjusted by the Tilt Method according to the standard pro­

cedure given in the C.F.R. Knocking-Testing Manual. 

Specifications of the engine are as follows: 

Compression ratio scale 4 to 10 

Bore, inches 3.25 

Stroke, inches 4.50 

Displacement, cubic inches 37.4 

IGNITION: 

The Ignition system of the engine consisted of a point-

coil arrangement which obtained its current from the synch­

ronous motor and generator used to supply power to the engine 

control panel. A neon tube indicated the exact spark setting 

in degrees before and after top dead center. 
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CARBURETION: 

The carbueratlon system of the engine consisted of 

three fuel containers, each of which had a float carburet­

or and a glass indicator which showed the height of the fuel 

in the carburetor. A screw which varied the height of the 

container and its float and float chamber served as a throttle 

control by varying the fuel head which caused the flow of fuel 

into the manifold. A three-way valve permitted switching from 

one container to either of the other two without stopping the 

engine. The amount of fuel put into the containers was care­

fully weighed on balanced scales. A manifold heater with a 

carbon pile reostat insured control of the mixture temperature. 

AIR METERING SYSTEM: 

The system for measuring the amount and determining 

the condition of the air taken into the engine was constructed 

and Installed according to the method of J. L. Hodgson and 

consisted of a 1-J Inch nominal diameter pipe with an orifice 

Installed between flanges (see Figure 12). A micromanometer 

indicated the pressure drop across the orifice. Downstream 

from the orifice was mounted a 50 gallon surge tank which in­

sured a steady flow of air through the orifice. The tempera­

ture of the air entering the intake manifold was controlled 

by an electric air heater to which was connected a carbon pile 

reostat. Thermometers were Installed as shown in Figure 4. 

^Ower, E., The Measurement of Air Flow, (London, Chap­
man and Hall, Ltd. 1927) pp. 56-57. 



7 

KNOCKMETER: 

Measurement of the knock intensity in the engine was 

made by use of a bouncing pin and knockmeter. The bouncing 

pin assembly consisted of a stainless steel pin inserted in 

a hollow barrel and resting on a steel diaphragm. The dia­

phragm was exposed to the combustion gases in the cylinder. 

A special head assembly containing two leaf springs and a 

bumper and bumper spring and adjusting screws was attached 

to the upper end of the barrel. When detonation occurred in 

the cylinder, the high pressure wave deflected the diaphragm 

rapidly, causing the pin to bounce upward. The force of the 

pin bent the bottom point leaf upward until it made contact 

with the upper point. The harder the knock, the greater the 

deflection of the diaphragm and the bounce of the pin, and 

the longer the contact points remained together. The con­

tact of the points closed an electrical circuit containing 

a hot wire resistor which surrounded a thermocouple unit on 

the back of the knockmeter. The longer the two points were 

in contact, the longer was the period of current flow through 

the hot wire and the higher its temperature became. This in­

crease in generated electromotive force. The thermocouple 

was connected to a millivoltmeter which is called a knock­

meter. The knockmeter reading increased with an increase in 

knock intensity. 
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SYNCHRONOUS MOTOR: 

A synchronous motor which was connected by belts to 

the C.F.R. Engine was used to start the engine. 

INDICATOR EQUIPMENT: 

The arrangement of equipment for recording the pres­

sure-volume variations in the engine is shown in Figure 5. 

The indicator equipment consisted of a phase modulator sy­

stem in which a small change in capacity in the indicator 

plug was utilized to modulate a radio frequency carrier wave 

generated by an electron coupled oscillator. The modulated 

wave was then demodulated, amplified, and applied to the de­

flecting plates of a cathode-ray oscilloscope for photo­

graphic recording. The image projected on the oscilloscope 

screen was synchronized with the engine rotation by a coil-

magnet synchronizer directly connected to the engine shaft 

and wired to the synchronizing poles of the oscilloscope. 

A speed graphic camera, mounted as shown in Figure 4, 

was utilized to record the image on the oscilloscope screen. 



9 

TEST PROCEDURE 

The operating procedure for gathering the data 

necessary for calculating the flame density and for re­

cording the knock intensity in the engine was as follows: 

Before the engine was started the equipment setup 

(shown in Figure 4) was checked to assure that the engine 

had the proper amount of oil in the crankcase, the rocker 

arms were lubricated, the fuel containers were filled, the 

pin was in place and properly connected, and the micromano-

meter was set at zero. In addition, initial data such as 

barometric pressure and fuel density were taken before the 

engine was cranked. 

The engine was started by closing the switch to the 

synchronous motor which was connected by belts to the en­

gine. As soon as the engine oil pressure as indicated on 

a pressure gage on the instrument panel,registered above 

twenty pounds per square inch the ignition switch was closed, 

immediately followed by the opening of the three-way valve 

to one of the fuel containers. As soon as the engine began 

firing, the valve controlling the flow of cooling water to 

the coolant condenser was opened and adjusted to allow the 

proper amount of cooling water to flow through. 

The engine was allowed to warm up for approximately 

two hours under non-knocking conditions before starting the 

test runs. During the warm-up period, the spark advance was 
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set at twenty degrees before top dead center, a condition 

which was held constant throughout the entire test. 

After the warm-up period the compression ratio and 

fuel level were adjusted to give a low knock intensity with­

in the combustion chamber. The bouncing pin was then so ad­

justed that the knockmeter indicated a low knock intensity. 

(It must be remembered that this knockmeter reading has no 

absolute value, having meaning only when compared with other 

readings at the same bouncing pin setting.) 

With the knock intensity properly adjusted the engine 

was allowed to run several minutes before beginning a test 

run. This period was necessary in order to allow the in­

struments to come to equilibrium and in order to make certain 

that the knockmeter did not vary exceedingly. 

With all conditions at equilibrium the test run was 

begun by turning the three-way valve to allow the fuel in 

one of the other two containers to flow into the engine. In 

this container was four-hundred milliliters of fuel and the 

time required for the engine to burn this four-hundred mil­

liliters of fuel was determined by use of a stop-watch. Col­

lection of the following data was made every five minutes 

during the burning of the fuel: 

1. V/et bulb temperature 

2. Dry bulb temperature 

3. Knockmeter reading 

4. Oil pressure 
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5. Oil temperature 

6. Panel-generator D. C. Volts 

7. Manifold heater A. C. amps 

8. Air heater A. G. amps 

9. Fuel level in carburetor 

10. Air temperature after heater 

11. Puel-air mixture temperature 

12. Coolant temperature 

13. Spark setting 

14. Cylinder height micrometer setting 

15. Bouncing pin setting 

16. Revolutions per minute 

17. Pressure drop across the air orifice 

18. Air temperature before the surge tank 

As the last of the four-hundred milliliters of fuel 

was burned the time was recorded and the engine was stopped 

by opening the ignition and synchronous motor switches. Im­

mediately after the engine stopped the bouncing pin was re­

placed by the condenser type pressure indicator plug and as 

soon as the indicator leads were connected to the oscillator 

detector and cooling water was flowing through the indicator, 

the engine was again started and allowed to operate until 

the same conditions which prevailed during the burning of the 

four-hundred milliliters of fuel were reached. As soon as 

these conditions were again in equilibrium the oscillator 
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detector and cathode ray oscilloscope were turned on and 

adjusted to project a clear image of the pressure variations 

within the combustion chamber of the engine on the oscillo­

scope screen. The camera mounted in front of the oscillo­

scope was then focused and the lighting adjusted so as to 

record both the image and the metric scale which was mount­

ed on the face of the oscilloscope screen. With the camera 

properly adjusted, four pictures were taken of the image 

and the numbers of the pictures recorded on the data sheet. 

With the taking of the pictures of the image the test 

run was ended and as soon as the pressure indicator was re­

placed by the bouncing pin, another run was begun. Succeed­

ing test runs were conducted in the same manner but at 

different knock intensities, these knock intensities being 

controlled by varying both the fuel level and the compression 

ratio. 
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Table I 

SAMPLE DATA SHEET 

RUN 

Reading 

o 
rF' Op 

Wet bulb Temp. 
Dry bulb Temp. 
Barometric press. 
Fuel: a. Kind 

b. Density 

in Hg. 

92/ml, 

Gen. 
Amps. 

min.-sec. 
Knockmeter 
Oil Pressure 
Oil Temp. 
Instrument Panel D.C 
Manifold Heater A.C. 
Air Heater A.C. Amps. 
Fuel level 
Fuel burned 
Air temp, after heater 
Fuel - Air Mixture temp. 
Coolant Temp. 
Spark Setting °BTDC 
Micrometer Setting 
Bouncig pin setting 
RPM 

Pressure drop across orifice 
in alcohol 

Air temp, before surge tank 
Oscillator Detector 

a. Volts 
b. Milliamperes 
c. Gain Setting 
d. Position Setting 

Power Supply volts 
Oscilloscope 

a. Input switch, under 
b. Y-axis gain 
c. Sync- Selector 
d. Sync. Amplitude 
e. Intensity 
f. Focus 
g. Frequency course 
h. x-Axis gain 
i. Picture numbers 

volts 

Synchronizer setting 

XII 

78.0 
89.0 
29.005 
C-14 
0.715 
0.0 

64.0 
38.0 

107 
70 
2.25 
0.3 
1.50 
0 

112 
201 
209 
20 

5 
901 

.417 

.15 

0.5566 
89.0 

223 
0.28 
1.5 
7 

325 

250 
12 

Ext 
70 
79 
43 

8-72 
22.2 

Pack 4 
1,2,3,4 
BDC 

78.0 
90.0 
29.005 
C-14 
0.715 
5.0 

70.0 
38.0 

108 
70 
2.25 
0.3 
1.50 

113 
203 
209 
20 

.434 
5.15 

901 
0.5566 

89.5 

78.0 
90.0 
29.005 
C-14 
0.715 
10.0 
62.0 
38.0 

110 
70 
2, 
0. 

78.0 
90.0 
29.005 
C-14 
0.715 

15.0 
0 
0 

25 
3 

1.50 

67 
38 

111 
70 
2 
0 

78.0 
90.0 
29.005 
C-14 
0.715 

20.0 
66.0 

0 

.25 
3 

1.50 

114 
203 
209 
20 

.434 
5.15 

901 

0.5566 
89.0 

115 
204 
209 
20 

« 

5. 
901 

,434 
,15 

38 
112 
70 
2 
0 

115 
205 
209 
20 

• 
5, 

902 

,25 
3 

434 
15 

0.5588 
89.0 

A\ 

73.0 78.0 
90.0 90.0 
29.005 29.005 
C-14 C-14 
0.715 0.715 

22.10 22.10 
66.0 64.9 
38.0 38.0 

112 109.8 
70 70 
2.25 2.25 
0.3 0.3 

1.50 1.50 1.50 
400 400 
115 114 
205 203.5 
208 209 
20 20 

.434 .434 
5.15 5.15 

902 901.3 
0.5588 0.5577 

89.5 89.25 
223 
0.28 
1.5 
7 

325 
250 
12 

Ext 
70 
79 
43 

8-72 
22.2 

Pack 4 
1,2,3,4 
BDC 

0.5588 
89.5 



Table II _ 2 0 

AVERAGE DATA 

Gen. volts 

RUN 

Wet bulb temp. F. 
Dry bulb temp.F. 
Barometric press, in Hg. 
Fuel: a. Kind 

b. Density grams/ml. 
Time min.-sec. 
Knockmeter 
Oil Pressure psi 
Oil Temp. °P. 
Instrument panel D.G 
Manifold heater A.C. Amps. 
Air Heater A.C. Amps. 
Fuel level 
Fuel burned ml. 
Air temp, after heater 
Fuel - Air mixture temp. 
Coolant temp. 
Spark setting °BTDC 
Micrometer setting 
Bouncing pin setting 
RPM 
Pressure drop across orifice 

in alcohol 
Air temp, before surge tank 
Oscillator Detector 

a. Volts 
b. Ivlilliamperes 
c. Gain setting 
d. Position Setting-

Power Supply volts 
Oscilloscope 

a. Input switch, under 
b. Y-axis gain 
c. Sync. Selector 
d. Sync. Amplitude 
e. Intensity 
f. Focus 
g. Frequency 
h. x-Axis gain 
i. Picture numbers 

Synchronizer setting 

VII 

77.3 ' 
88.3 
29.2 
C-14 
0.715 

26.15 
30.97 
39.0 
96.6 
69.0 
2.3 
0.3 
2, 

400 
110, 
199, 
209, 
20 

4 

5. 
900 

.9 
,4 
,0 

,400 
,15 

.5726 
87.3 

223 
0.28 
1.15 
7 

325 

250 
12 
Ext. 
70 

8-72 
22.2 
2nd 
5,6,7,8 

VIII 

78.8 
90.0 
29.2 
C-14 
0.715 
28.5 
48.9 
38.5 

110.3 
69.1 
2.3 
0.3 
2.3 

400 
114.1 
201.0 
209.0 
20 

.300 
5.15 

896.4 

.6694 
38.6 

223 
0.28 
1.15 
7 

325 

IX 

75.4 
83.4 
29.005 
C-14 
0.715 
24.43 

,7 
,7 
.9 

,2 
,3 
.61 

68. 
39. 
91, 
70 
2, 
0. 
2, 

400 
107.3 
200.3 
209.0 
20 

.200 
5.15 

897.7 

.5746 
83.3 

223 
0. 
1, 
7 

325 

28 
15 

X 

77.7 
87.7 
29.005 
C-14 
0.715 
22.40 
94.54 

,1 
,5 

.20 
,3 
.50 

250 250 
12 12 
Ext. Ext. 
70 70 

43 
8-72 8-72 
22.2 22.2 

rd 
9,10,11,12 1,2,3,4 
EDC BDC 

38, 
105, 
70 
2. 
0. 
1. _ _ 

400 
111.3 
198.8 
209.0 
20 

.402 
5.15 

897.3 

.5590 
86.5 

223 
0.28 
1.15 
7 

325 

250 
12 
Ext. 
70 

43 
8-72 
22.2 

5,6,7,8 

XI 

77.9 
88.5 
29.005 
C-14 
0.715 
22.45 
78.3 
38.8 

100.7 

.25 

.3 

.50 

70 
2, 
0, 
1. 

400 
112.8 
197.3 
209.0 
20 

.412 
5.15 

900 

.5607 
88.2 

223 
0.28 
1.15 
7 

325 

250 
12 
Ext. 
70 

8-72 
22.2 

9,10,31,12 
EDC 

XII 

78.0 
90.0 
29.005 
C-14 
0.715 

22.10 
64.9 
38, 

109.3 
70 
2 
0 
1 

400 
114 
203 
209 
20 

.25 

.3 

.50 

,0 
.5 
..) 

.434 
5.15 

901.3 

.5577 
89.25 

223 
0.28 
1.15 
7 

325 

250 
12 
Ext. 
70 

43 
8-72 
22.2 
4th 
1,2,3,4 
BDC 

XIII 

79.25 
91.6 
29.005 
C-14 
0.715 

23.7 
46.9 
38.0 

115.0 
70 
2 
0 
1 

400 
117 
208 
209.0 
20 

.3 
,3 
.50 

.8 
,0 

.4495 
5.15 

898.7 

.5623 
91.0 

223 
0.28 
1.15 
7 

325 

250 
12 
Ext. 
70 

43 
8-72 
22.2 

5,6,7,8 
EDC 

XIV 

79 
92 
29.005 
C-14 
0.715 
22.49 
97.9 
38.0 
117.6 
70 
2.3 

3 
50 

0 
1 

400 
116.8 
206.0 
209.0 
20 

.410 
5.15 

900.6 

.5619 
92.0 

223 
0.28 
1.15 
7 

325 

250 
12 
Ext. 

43 
3-72 
22.2 

9,10,11 
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! 

OSCILLOSCOPE PICTURES, RUN XII 

PACK 4 

PICTURE 1 

PICTURE 2 

FIGURE 7 
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OSCILLOSCOPE PICTURES. R 

PACK 4 

PICTURE 5 

PICTURE 6 

FIGURE 8 


