
T 1545

THE EFFECT OF FUEL ADDITIVES ON THE 
EFFICIENCY OF HYDROCARBON COMBUSTION

by
James A. Martinez



ProQuest Number: 10781835

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest
ProQuest 10781835

Published by ProQuest LLO (2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode

Microform Edition © ProQuest LLO.

ProQuest LLO.
789 East Eisenhower Parkway 

P.Q. Box 1346 
Ann Arbor, Ml 48106- 1346



T 1545

A Thesis submitted to the Faculty and the Board of 
»

Trustees of the Colorado School of,Mines in partial ful
fillment of the requirements for the degree of Master of 
Science in Chemical and Petroleum Refining Engineering.

Signed: f a /vwaj^AJËmes A.'̂ MaYtine'z

Golden, Colorado 
Date; 7 0,____ , 1973

Approved :
James H. Gary 

esis Advisor

Department

GoIden, Colorado
Date : 3 ^  , 1973

11



T 1545

ABSTRACT

The effects of Diisobutyl^Dichloro-Stanane, Tetraethyl- 
Stannane, Pheny1-Methy1-Silane, and Silicone-Triethyl on the 
efficiency of hydrocarbon combustion were evaluated. The 
organometallics were blended in unleaded straight run gaso
line to 0.1 and 0.5 weight percent.

Each fuel was burned in a single cylinder spark-ignition 
engine and the exhaust gases analyzed for total hydrocarbon 
content. Each test fuel hydrocarbon content was compared to 
the hydrocarbon content of exhaust obtained by burning the 
base fuel with no additive. Duplicate runs were made at two 
engine loads.

The additives studied either had no effect or increased 
hydrocarbon content of the exhaust gases.

Ill
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INTRODUCTION

U.S. vehicle exhaust emission standards and procedures 
for 1975 were published in the Federal Register, volume 36, 
number 128, July 2, 1971. Federal standards are specified 
in grams of hydrocarbon per vehicle mile. These standards 
require a 99% reduction in exhaust gas hydrocarbon concentra
tion over 1971 vehicle exhaust levels.

Several investigators have studied the effects of var
ious engine operating vehicles to determine operation optimums 
to minimize exhaust emissions. Specifically, T. A. Huls 
(p. 699, 1967) has concluded that hydrocarbon emission was 
reduced by lean operation (air to fuel ratio less than 14:1), 
increased manifold pressure, retarded spark, increased exhaust 
temperature, increased coolant temperature, increased exhaust 
back pressure, and decreased compression ratio.

Unlike carbon monoxide and nitric oxide, exhaust hydro
carbons cannot be accounted for by equilibrium calculations. 
Most of the hydrocarbons appearing in the exhaust of an 
engine are now recognized to be a consequence of the failure 
of the combustion reaction to reach completely to the cylinder 
wall. The reaction is in effect quenched.

According to Hershey (p. 409, 1936), if chemical equilib
rium is reached, the following species would be present in the



T 1545

exhaust: COg, HgO, 0̂ , CO, OH, H, 0, and NO. Equilib
rium, therefore, cannot account for the presence of hydro
carbons in the exhaust of an engine. Confirmation of this 
conclusion can be found in studies where air is added to hot 
exhaust gases.

Under temperatures that are significantly lower and in 
times that are only several times as long, a large portion 
of the hydrocarbons disappear. If equilibrium is achieved 
under these low temperatures, it seems reasonable to assume 
it is achieved even more closely during combustion. This is, 
however, an erroneous assumption. The most important consid
erations, therefore, are of chemical kinetics and heat trans
fer.

Ninomiya (p. 314, 1970) evaluated the effect of Methanol 
on exhaust hydrocarbons. Mixon (p. 8 , 1971) evaluated the 
effect of 50 different fuel additives on exhaust hydrocarbons.

In an attempt to alter hydrocarbon combustion kinetics,
I have evaluated the effect of four organometallic fuel addi
tives. Each fuel additive was tested at two concentrations,
0.1 and 0.5 wt %, and two engine loads, no-load and half-load. 
Hydrocarbon levels were then compared to those obtained by 
burning the same base fuel with no additives.

Total hydrocarbon content of the exhaust gas was deter
mined by a flame ionization detector and reported as mole 
percent hydrocarbon as equivalent Methane.
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Unleaded, straight run gasoline was burned in a single 
cylinder spark-ignition engine.

Table 1 lists the four additives used in this experi
ment.

Table 1
Fuel Additives

Diisobutyl-Dichloro-Stanane (DOS) 
Tetra-Ethyl-Stanane (TES)
Phenyl-Methyl-Silane (PMS)
Silicone-Triethyl (STE)

An attempt was made to test two organosodium compounds : 
sodium paraperiodate (Na^H^IOg) and sodium methylate (CH^)Na) 
These compounds were insoluble in gasoline. An attempt was 
made to dissolve the additives in other solvents and add the 
solvent-additive to the base fuel. Ethanol, Isopropinol, and 
Methyal were tried but failed as organosodium solvents.

Two-way analyses of variance and Dunnett's technique for 
comparing all means with a control were used to analyze the
results. A one-way analysis of variance was used to prove
engine reproducibility.
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LITERATURE SURVEY

The following is a list and short description of those 
articles in the bibliography having a most direct bearing on 
the design and interpretation of the results of this experi
ment.

T. A. Huls, P. S. Myers, and O. A. Uyehara; Spark-ignition 
Engine Operation and Design for Minimum Exhaust Emission; Tests 
were conducted on a single-cylinder engine to determine the 
mechanism of combustion that effect exhaust emissions and the 
relationship of those mechanisms to engine design and operating 
variables.

M. W. Jackson; Effects of Some Engine Variables and 
Control Systems on Composition and Reactivity of Exhaust 
Hydrocarbons; The effects of air-fuel ratio spark timing, an 
engine modification system, and the air injection reactor 
system on the composition and reactivity of the exhaust hydro
carbons are reported. This paper includes an 84 component 
typical exhaust hydrocarbon analysis by gas chromatography.

L. A. McReynolds, H. E. Alquist, and B. D. Wimmer; 
Hydrocarbon Emissions and Reactivity as Functions of Fuel and 
Engine Variables; This study was made to determine the effects 
of combustion and fuel variables on the relative amount and 
reactivity of vehicular exhaust hydrocarbons.
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L. W. Mixon, A. I. Rozmanith, and W. T. Wotring; Effect 
of Fuel and Lubricant Additives on Exhaust Emissions; The 
effect on exhaust emissions of additives; (1 ) in the engine, 
and (2 ) in gasoline, and (3 ) injected directly into the exhaust 
gas was studied. Fifty fuel additives were evaluated for favor- 
cibly modifying combustion kinetics. No substantial effects 
were found.

J. S. Ninomiya, A. Golovoy, and S. S. Labana; Effect of 
Methanol on Exhaust Composition of a Fuel Containing Toluene, 
n-Heptane, and Isooctane; This study describes the variations 
in the chemical composition of the exhaust from a single 
cylinder engine when up to 25% Methanol is added to a special 
fuel blend.

E. S. Starkman and R. F. Sawyer; Alternative Fuels for 
Control of Engine Emission; Alcohols, hydrogen, ammonia, re
formed hexane, and a few selected pure hydrocarbons are 
evaluated as alternative engine fuels.

J .T. Wentworth and W. A. Daniel; Flame Photographs of 
Light-Load Combustion Point the Way to Reduction of Hydrocarbons 
in Exhaust Gas; An investigation to determine why hydrocarbon 
content of automobile exhaust gas increases abruptly during 
deceleration. Additional experiments establish that excess 
residual-gas dilution is a major cause of incomplete combustion.

J. T. Wentworth and W. A. Daniel; Exhaust Gas Hydrocarbons • 
Genesis and Exodus; New evidence is presented that wall quench
ing is the principle cause of the failure of all the fuel to
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burn in the combustion chamber. It is shown that a signifi
cant portion of the quenched hydrocarbons are not exhausted 
from the engine cylinder.
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EQUIPMENT

The equipment used is discussed on a systems basis. The 
systems are engine, fuel, air, cooling, load, and sampling 
systems.

Engine
The test engine used is.a single cylinder Onan marine 

generator model 2.5 MAJ-IR/IM. Table 2 lists generator output 
specifications.

Table 2
Generator Output Specifications

A.C. volts 120
PH 1
K.V.A. 2.5
Amps 20.8
Watts 2500
P.P. 1
Cycles 60

The generator has both a revolving armature and revolving 
exciter. AC voltage regulation is 3% and AC frequency regu
lation is 5%.

Table 3 lists engine specifications.
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Table 3
Engine Specifications

Horsepower 5.5 @ 3600 RPM
Compression Ratio .6.25/1
Bore 2.75 in.
Stroke 2.50 in.
Displacement 14.9 eu in.
Piston Speed 1500 ft/min
Oil Capacity 3.5 pts

The water cooled, spark-ignition engine has both remote and 
manual starting systems. A 12-volt size 27 Sears Die Hard
battery is used to remote start the engine. Standard engine
equipment includes a Walbro carburator, automatic choke, fuel 
pump, water pump, and engine governor. The engine exhaust 
system consists of 5 ft of 3/4 in. pipe to a baffled 1 cu ft 
muffler. The sample port is located 6 in. downstream of the 
muffler followed by 5 ft of 1 in. pipe venting to the atmos
phere. Figure 1 is an outline drawing of the engine. See 
procedure section for detailed carburetor and governor draw
ings .

Fuel System
Warm-up fuel is stored in a 5 gal galvanized steel reser

voir. Test-fuel is metered through a 250 ml glass burett.
A three position valve is used to switch the engine from 
warm-up fuel to test-fuel operation.
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Air System
A Meriam model 50MH10 laminar flow element was adapted 

to the engine carburetor to meter intake air. Pressure 
drop across the 2 in. laminar flow element was measured with 
a Meriam 15 in. standard clean out manometer. Intake air 
temperature was measured by a 15 in. 19 to 31°C mercury 
thermometer suspended directly over the laminar flow element 
intake. The barometric pressure was read on a standard 
laboratory barometer.

Cooling System
The engine is equipped with a 180°F thermostat. Water 

pump discharge is 0.85 gpm when the thermostat is open.
Temperature Control : Tap water is supplied to a 15 gal

reservoir through a toilet-float valve. The reservoir water 
level (hence tap water inlet flow) is controlled by an outlet 
valve. Water is cycled from the reservoir to the engine and 
back to the reservoir.

Temperature Measurement: Engine water coolant tempera
ture was measured by a type K chromel-alumel thermocouple.
The coolant temperature was recorded on a Bristol Dynamaster 
model 24 PGC 570-21 multipoint recorder. The chart speed was 
7.5 in. per hr. The 24 point recorded was shunted to record 
one point. Response-point cycle time was 2 sec.
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Load System
The engine was loaded with a General Radio Company 

resistor load bank. A model 500 C Hewlett Packard frequency 
meter was used to measure engine speed. A Sensitive Instru
ment Research Corporation model DWEW watt meter was used to 
measure engine power output.

Sample System
Exhaust gases were sampled 6 in. downstream of the muffler 

A modified Gast Manufacturing Corporation model AD 440 gas 
sampling pump was used to purge and fill the sample system. A 
Mercury filled Meriam 36 in. standard clean out manometer was 
used to measure sample gas pressure. A type K chromel-alumel 
thermocouple, located just upstream of the sample injection 
valve, was used to measure sample temperature. The tempera
ture was read on a Leeds and Northrup Company catalog number 
8695 temperature potentiometer.

A Hewlett Packard model 5750 Research Gas Chromatograph 
was used to measure exhaust gas hydrocarbon content. The 
Chromatograph column was not packed, therefore the sample was 
carried unseparated to the chromatograph Flame Ionization 
Detector (FID). Since the FID is insensitive to all compounds 
but hydrocarbons, the FID response is directly proportional to 
the amount of hydrocarbon in the sample loop. The sample loop 
volume is approximately 1 ml. The calibration techniques 
employed precludes the necessity of measuring the sample loop
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volume exactly. FID response was recorded on a Hewlett 
Packard model 7127A Strip Chart Recorder. Helium and Hydrogen 
were supplied to the chromatograph by high pressure bottle. 
Chromatograph Air was supplied by a departmental refrigerator 
compressor. A Cenco Presso-vac vacuum pump was used to 
evacuate the sample system between runs.
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MATERIALS

Table 4 lists material specifications and suppliers

Table 4
Materials Specifications and Suppliers

1. Calibration Gas
0.254 Mole % Methane in Helium 
Air Products and Chemicals Inc.
Emmaus, Pa.

2. Chromatograph Carrier 
Laboratory Grade Helium 
U.S. Welding
Denver, Colorado

3. Flame Ionization Detector Fuel 
Laboratory Grade Hydrogen 
U.S. Welding
Denver, Colorado

4. Engine Lube Oil
Phillips Trop-Arctic 10-20W-30 Motor Oil 
Meets API Service Designations MS, MS/DG 
Passes MS Sequence Tests and M1L-L-2104B Tests 
Meyer Hardware 
Golden, Colorado

5. Warm-up Fuel 
Lead-free Amoco Gasoline 
Standard Oil Company of Indiana 
Golden, Colorado

6 . Base Test Fuel
62.2° API Straight Run Gasoline 
Continental Oil Co.
Commerce City Refinery 
Commerce City, Colorado
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Table 4 (Cont.)
7. Organometallic Fuel Additives

a. Diisobutyl Dichloro Stanane (DOS)
(C4Hg)2SnCl2
M.W. = 303.85

b. Tetra Ethyl Stanane (TES)
(C2Hs)4Sn
M.W. = 234.95

c. Phenyl Methyl Silane (PMS)
CH3 (C6H5)SiH2
M.W. = 122.25

d. Silicon TriEthyl (STE)
(C2H5)3SiH
M.W. = 116.09

Sargent-Welch Scientific Company 
Denver, Colorado

Eight test fuels were gravimetrically blended with the 
above organometallic additives to produce nominal 0.1 and 0.5 

wt % additive concentrations. Table 5 lists the exact addi
tive concentration in each test fuel.

Table 5
Exact Additive Concentrations

Fuel Wt % Add
TES 1 0.104
TES 5 0.503
DDS 1 0.098
DDS 5 0.503
STE 1 0.101
STE 5 0.502
PMS 1 0. 101
PMS 5 0.503

Note: Diisobutyl Dichloro Stanane apparently complexed or
reacted with the base fuel. The complex was a small particu
late dust. If DDS test fuel is stirred for 2 to 3 hrs, the 
complex will go into solution with the base fuel and remain 
in solution for 6 to 8 hrs.
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PROCEDURE

Chromatograph calibration and operation, engine starting, 
engine adjustment, engine operation, test fuel operation, and 
exhaust sampling will be discussed. Figure 2 is a schematic 
of the experimental system.

Chromatograph Calibration and Operation
The sample pump P-1 discharge is disconnected and the 

sample line is directly connected to the regulated comppressed 
calibration gas bottle.

Chromatograph start-up; Table 6 lists chromatograph 
operating variables.

Table 6

Chromatograph Operating Variables
Carrier gas Helium
Carrier gas pressure 45 psig
Carrier gas flow rate 50 ml/min
FID fuel Hydrogen-Air
Hydrogen pressure 9 psig
Hydrogen flow rate 28 ml/min
Air pressure 30 psig
Air flow rate 450 ml/min
Column temperature 200^F
Injection port temperature 200°F
Detector temperature 210®F

Table 7 is a chromatograph and recorder switching check
list.



T 1545 16

C\J
ill(H
3
0
ÜJ

U
H<
U
I
0(J)

UJ
Ht/)
10

r t W x

O - K }

<
:

ccO
<

ÜJZ
q: oLiZ z
UJ Li
o

1
1

'■'oj
Q  h:< zO <_J CD2



T 1545 17

Table 7 
Switching Check List

Oven power
Injection port temperature 
Injection* port temp, dial 
Flame detector temp.
Flame detector temp, dial
EC/MCS/AUX temp.
Electrometer
Pulse interval
Range
Attenuation 
Program selector 
Post injection interval 
Upper limit interval 
Fine temp, manual set 
Coarse temp, readout 
Degrees per minute 
Oven cover 
Oven control
Electrometer power supply 
Chart drive power 
Chart drive start 
Input selector

. On 
On 
2 

On 
2.8 

Off 
Dual 
Off 
1 0 %
64
Isothermal 
0 
0 
0 

100 
Neutral 
Close 
On 
On 
On 
On 

DET 1

With all switches in proper position, the chromatograph 
is ready for start up:

1. Throw main power switch to on position
2. Wait 3 hr
3. Start with all valves closed
4. Start air compressor C-1
5. Open helium and hydrogen bottle valves V-6 , V-7
6 . Helium bottle regulator should be set and left in 

position at 45 psig
7. Hydrogen bottle regulator should be set and left in 

position at 9 psig



T 1545 18

8 . Open hydrogen valves A and B (on face of chromato
graph) full wide

9. Auxiliary gas valves should be closed
10. Adjust carrier flow valves A and B until rotometer 

reads 1 .5
11. Open air compressor outlet valve V-5
12. Adjust air regulator R-1 to 10 psig
13. Depress red manual ignite button for 5 sec. Two 

popping sounds will be heard upon ignition
14. Adjust air regulator R-1 to 30 psig
15. Wait 10 minutes
16. Scan detector, injection part, and column tempera

tures by rotating temperature, selector dial on face 
of chromatograph. Temperatures should read as indi
cated in Table 6 . If not, adjust detector, injection 
port, or column temperature dials. Once set, these 
dials require no further adjustment upon restart.

17.. Chromatograph is now ready for sample injection
Calibration : A 0.254 mole % mixture of Methane in Helium

was used to calibrate the chromatograph. Approximately 1.0 ml 
samples of calibration gas were injected at a known temperature 
and varying pressures. Varying the pressure allowed varying 
amounts of methane to pass the flame ionization detector.
Peak height may then be directly correlated to moles of methane 
present in the 1.0 ml sample. Figure 3 is the calibration
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curve obtained and used in this experiment. See Appendix I 
for sample calculation.

The following is a step-wise procedure for calibration 
gas injection:

1. Chromatograph is ready for sample injection
2. Start with all other valves closed
3. Start vacuum pump P-2
4. Place sample injection valve V-3 in out position
5. Open valves V-2 and V-4 and evacuate sample system
6 . Close valve V-4
7. Set calibration gas regulator R-4 to approximately 

5 psig
8 . Open valve V-11 and bleed calibration gas into sample 

system to desired sample injection pressure. Pres
sure is read in inches of mercury on sample manometer

9. Close valve V-2
10. If desired sample injection pressure is vacuum, bleed 

sample to desired vacuum by opening valve V-4
11. Record sample injection pressure
12. Record barometric pressure
13. Read and record sample injection temperature thermo

couple TC-2 by depressing GALV button on temperature 
potentiometer. Balance potentiometer and read upper 
scale in degrees Fahrenheit

14. Push sample injection valve V-3 to inject calibration 
gas
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15. Read and record response peak height on strip 
chart recorder

16. Calculate moles of Methane in sample loop
17. Repeat steps 5 through 16 for other data points
18. After all calibration data is collected, reconnect

sample pump P-1 discharge to valve V-2
Note: before shutting down vacuum pump P-2, open vacuum

relief valve V-13.

Engine Starting
The following is a step-wise procedure for remote electric 

starting :
1. Start with all valves closed
2. Close cooling water tank T-2 outlet valve V-10
3. Open valve V-8 , fill cooling water tank T-2 toilet 

valve V-9 will close when tank is full
4. Open valve V-12 to warm-up fuel tank T-1
5. Prime water pump if necessary
6 . Check crank case oil level
7. Check starting battery connections
8 . Prime fuel pump if necessary
9. Push start-stop switch to start position

10. Release the switch when plant starts
If the engine will not turn over, wind the starting rope on 
sheave in a clockwise direction; pull the starting rope 
slowly until the piston passes over compression. Repeat
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steps 9 and 10. If the engine will turn over but will not 
start, prime the fuel pump and choke the carburetor manually.

Engine Adjustment
(Refer to Figures 4 and 5)
Governor : The governor controls engine speed and engine

speed determines frequency and voltage of the generator current 
With engine stopped, the length of linkage A must, with ten
sion on spring B, allow the carburetor throttle stop lever to 
just clear (maximum 1/32 in.) the carburetor body. Alter 
linkage length by turning the ball joint on the threaded rod. 
Run the plant to thoroughly warm it up.

Connect a voltmeter across the generator output. With 
the engine operating at no-load, adjust the speed nut C for a 
voltmeter reading of 126 volts. Voltage should not fall below 
108 volts under full load.

If voltage drop from load to no-load is too great, turn 
sensitivity screw C clockwise. If voltage drop is within the 
above limits, but is unsteady with a tendency to alternately 
increase and decrease, turn the sensitivity screw counter
clockwise. Any change in sensitivity screw D setting requires 
a compensating change in the speed adjustment nut C.

Carburetor ; If the carburetor is completely out of 
adjustment, turn the idle adjustment and main adjustment 
needle in gently onto their seats. Do not use force. Back 
off idle needle 1 turn and main needle 2 1/2 turns to permit
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starting the engine.
Start the engine and allow it to warm up. With full 

rated load connected, turn main needle in slowly until the 
engine begins to lose speed. Then turn the needle back out 
to the point where the engine will carry the full load.
Check operation under various loads. If there is a tendency 
to hunt, turn the main needle out to the point where opera
tion is steady.

Adjust idle needle with no load connected. Turn the 
needle out to the point of smooth operation. With the engine 
still running under no load, turn the throttle lever stop 
screw so it just touches the stop lever, then back off one 
full turn.

Engine Operation
The engine load system and operating temperature control 

procedure will be discussed.
Load System: Figure 6 is a schematic of the load bank,

tachometer, and watt meter. The following is the engine load
ing procedure:

1. Start with all switches off
2. Turn tachometer power supply on
3. Turn load bank fan on
4. Load engine by turning switches S-5 through S-24 

to on position
5. Set tachometer RPM range at 6,000
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6 . Set sensitivity dial to 60 cycles mode
7. Read engine speed directly
8 . Read watt meter bottom scale times 5

The two upper load banks are operable. Switches S-5 and S-15 
turn on fine adjustment rheostat. The remaining switches load 
the engine in 250 watt increments.

Operation and Control: To start engine, follow procedure
outlined in the Engine Starting section of this paper. After 
following the above procedure the engine should be running under 
no-load on warm-up fuel. The engine coolant temperature will 
rise to approximately 180°F under half-load in about 1/2 hour. 
Coolant temperature is recorded on the Bristol multipoint 
recorder.

The engine coolant control apparatus is essentially a 
proportional control mode system. The operator, however, 
must serve as the system comparator and valve turner. If the 
engine begins to overheat, open coolant tank outlet valve V-10. 
This will lower the liquid level in the coolant tank T-2, 
which in turn will allow toilet float valve V-9 to open and 
introduce cold tap water to the coolant tank. As engine 
temperature drops the liquid level in the coolant tank will 
rise and eventually close toilet float valve V-9. The dura
tion and extent of the open position of valve V-10 is depen
dent upon engine operating mode, i.e., load, and the magnitude 
of coolant temperature set point error. Steady no-load 
operation is obtained with valve V-10 open 1/4 turn. Steady
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1/2 load operation is obtained with valve V-10 open 1/2 turn. 
It is possible to load the engine from no-load to half-load 
operation with minimal coolant temperature error by the follow
ing procedure:

1. Open valve V-10 full wide
2. Wait 90 sec
3. Apply engine load
4. Close valve V-10

The coolant temperature error introduced will be slight and 
will reduce to zero in less than 5 min of 1/2 load operation. 
When coolant temperature set point is reached, open valve V-10 
1/2 turn.

Test Fuel Operation and Exhaust Sampling
Fuel and air metering, test fuel switching and exhaust 

gas sampling will be discussed. Table 8 lists engine operat
ing variables.

Table 8 

Engine Operating Variables
No-Load Load

Coolant temp. 180°F 180°F
Speed 3600 RPM 3600 RPM
Load 0 1250 watts
Voltage 126 volts AC 120 volts AC
Exhaust back pressure 12 in. H^O 24 in. H^O
Air/fuel ratio 14.0 14.4
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Fuel and Air Metering: Fuel was metered through fuel
burett M-4 and a Security stop watch. Air was metered through 
laminar flow element M-3. The barometric pressure, intake 
air temperature, and pressure drop across the flow element 
are recorded. The air flow is determined in standard cubic 
feet per minute by use of these values and a manufacturer 
supplied calibration curve.

Test Fuel Switching: Assuming the engine is under steady
operation on warm-up fuel, the following procedure may be used 
to switch to test fuel operation:

1. Switch 3-way valve V-12 from warm-up fuel tank T-2 
to test fuel meter M-4

2. Operate engine under no-load for 10 min
3. Engine is now burning test fuel
Exhaust Sampling: Assuming the engine is under steady

operation on test fuel and the chromatograph is ready for 
sample injection, the exhaust gas sampling is similar in pro
cedure to the calibration procedure described earlier. The 
difference in procedure is that the sample system is purged 
and filled by use of the sample gas pump P-1. The purge and 
fill procedure is as follows:

1. Open valves V-1, V-2, and V-4
2. Place sample injection valve V-3 in fill position 

(out)
3. Turn on sample pump P-1
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4. Purge for 2 minutes
5. Close valves V-4 and V-2
6 . Turn off sample pump P-1
7. Adjust and record sample pressure, record sample 

temperature and inject gas sample by pushing sample 
valve V-3 inward to stop

To take another exhaust sample: close valve V-1 and open
valves V-2, V-3, and V-4 to evacuate sample system. Repeat 
steps 1 through 7 above.



T 1545 30

STATISTICAL DEVELOPMENT

A statistical model was developed to quantify the main 
effects of fuel, main effect of load, interaction effects, 
and sampling error on exhaust hydrocarbon content. A two-way 
analysis of variance and Dunnet's method for comparison against 
a control were applied to the reduced exhaust data. Engine 
reproducibility was verified with a one-way analysis of var
iance .

Model and Hypothesis ■
The model for the statistical analysis is given by the 

following equation:

%iik = " + *i. + b-i + ^ij + ®ijk
where :

X . = experimental value of the replicate of the jth
 ̂ treatment of the ith block

u = mean value
a. = effect due to the i^h treatmentj. •

bĵ j = effect due to the j th block 
ab^j = interaction
e . = independent, normally distributed random variables 

(error)
The null hypothesis to be accepted or rejected is given

by :
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al. = a2 . = ... ar. = 0

H2 • b»l — b . 2 — ... b»s “ 0

ab^^ = abg2 = ••• abrs = 0

Rejection of the null hypothesis means that at least one cell 
mean is statistically different and that either fuel, load, 
or both have an effect on the experimental value.

Two-Way Analysis of Variance
Johnson and Leone (1964, p. 6 8 ) developed the analysis 

of variance with unequal replication. Table 9 is the data 
layout for this two-way classification. Table 10 is the 
analysis of variance table. The following formulas define 
the analysis of variance, 

r s
N = S S t . . Total number of experiments

i=l j=l 13

n ̂ = Z t. . Number of experiments in i^^ row
^ j=i

r
m. = E t. . Number of experiments in j c o l u m n
] i=l

^ij
5.. = E X . Cell sums

J ' k=l ^
s ^ij

51..= E E X. Row sums
j=l k=l
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r ij
S.j. = Z t X. .. 

i=l k=l
Column sums

r s ij 
S = E E E X . . ,  Grand sum

i=l jF=l k=l ^
t. .r s 1] 2

SS = E E E X. ., Total sum of squares
i=l j=l k=l

^ Si^S, = E (— - rr- Treatment sum of squaresA . , ni N1=1

® S i ^S„ = E ( * * ) - ^  Block sum of squares
® j=l ^j ^

r s S..2 r S. 2
S = E E - Z

i=l j=l ij i=l i
® c 4 2 g2E ( ^  Interaction sum of squares

j=i ""j “
2r s S. .

S„ = SS - E E - — ) Error sum of squares
i=l j=l ^ij

g2S^ = SS - g- Total sum of squares

Comparison Against a Control
Steel and Torrie (1960, p. 115) present Dunnet's method 

for comparing all means with a control, unequal replication:
I L t.. + t

d.. = T (EMS)^ ( I] t -" )
°  ^ i j  C

where :
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Table 9
Data Layout for Two-Way Analysis of Variance 

With Unequal Replication 
B(j=l,S)

*111 *211 *S11

A(i=l,r)
*11^11 *21^21 *S1^S1

*lrl *2rl *Srl

*lr^lr * 2r^2r *Sr'^Sr

«1 «2 «3

"r
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by :

I  ̂ hd = least significant difference between the i^
treatment, block mean, and the control mean

= Dunnet's T, tabulated by number of comparisons, 
error rate, and error degrees of freedom

EMS = error mean square
tĵ j = number of replicates in i^^ block, treatment
t^ = number of replicates in control

Joint confidence intervals for true differences are given

CL = .(X. . - X^) ±

where :
CL = confidence interval 

Xij = mean value of the i^^ treatment, block
X^ = control mean value.
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RESULTS AND DISCUSSION

Engine Reproducibility
Engine reproducibility was established by two one-way 

analysis of variance tests, one test on each set of emission 
data obtained on the base fuel at the two engine loads.
Table 11 shows engine reproducibility data and run mean 
hydrocarbon content.

Table 12 and Table 13 present engine reproducibility 
analysis of variance results. In both cases, tabulated F's 
at 0 . 001 significance level exceed the calculated error 
(within runs) mean square ratio by a factor of about 10. On 
this basis then, the null hypothesis on base fuel hydrocarbon 
content mean values, at one engine load, is accepted, i.e., 
there is no significant difference between data taken during 
four different runs. The engine reproducibility is accepted.

Test Fuels
Emission data and their statistical analysis and inter

pretation are discussed. Table 13 is a list of test fuel 
emission data and run mean values. Table 14 is the two-way 
analysis of variance test based on the above data.

Fuel Effects: From Table 14, the mean square ratio due
to fuel is 1188. The corresponding tabulated F at 0.001 
significance level is 3.97. Since the mean square ratio
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Table 11
Engine Reproducibility Data Based on 

Multiple Base Fuel Runs

(a) IDLE Mole % HC
Run 1 Run 2 Run 3 Run 4
0.266 0.242 0.260 0.206
0.267 0.250 0.250 0.264
0.257 0.257 0.262 0.259

0.258 0.253

0.263 0.252 0.256 0.260

(b) LOAD Mole % HC
Run 1 Run 2 Run 3 Run 4
0.228 0.214 0.226 0.221

0.223 0.217 0.215 0.224
0.225 0.218 0.214 0.224

0.218 0.224
0.219

0.225 0.217 0.220 0.223
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exceed the tabulated F, the null hypothesis about effects due 
to fuel is rejected at a 0.001 significance level. I conclude 
that differences in fuel composition (additive and weight per
cent) do affect the hydrocarbon content of the engine exhaust.

Dunnet's method for comparison against a control as 
reported in Steel and Torrie (1960, p. 115) was used to cal
culate least significant differences and confidence intervals 
on the difference of hydrocarbon content of the test fuel 
relative to the base fuel. This confidence interval on hydro
carbon content difference is propagated through to establish 
a confidence interval on percent increase or reduction due 
to test fuel.

Table 15 is a comparison of test fuel means at idle with 
base fuel mean at idle. All test fuel hydrocarbon contents 
are statistically significantly different than the base fuel 
hydrocarbon content except for fuel PMS 1. The hydrocarbon 
difference between PMS 1 at idle and the base fuel at idle 
is -0.007 Mole % HC. The least significant difference is
0.007 Mole % HC, therefore there is statistically no differ
ence between these two hydrocarbon content values. In all 
other cases at idle, the test fuel hydrocarbon content 
increased over base fuel hydrocarbon content from 0.028 to
0.243 Mole % HC or 10.9 to 94.2% increases. In every case, 
hydrocarbon content was increased with increasing fuel addi
tive weight percent.
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Table 16 is a comparison of test fuel means at load with 
base fuel mean at load. Results at load are parallel with 
those at idle except that both STE 5 and PMS 1 are not sig
nificantly different from the base fuel.

In summary, the effect of the organometallic additives 
on hydrocarbon content of.engine exhaust is detrimental. 
Although these organometallic additives were proposed to 
favorably alter combustion kinetics, they apparently are con
sumed in the combustion chamber and are consequently not 
available as a catalyst.

Load Effects: From Table 14, the mean square ratio due
to load is 6210. The corresponding tabulated F at 0.001 sig
nificance level is 12.16. Since the mean square ratio 
exceeds the tabulated F , the null hypothesis about effects 
due to load is rejected at a 0.001 significance level. I 
conclude that the difference in engine load (idle and half
load) do affect the hydrocarbon content of the engine exhaust.

Dunnet's method for comparison against a control was 
used to calculate the least significant difference and con
fidence interval on the difference of hydrocarbon content of 
the test fuel at idle relative to the test fuel at load.
This confidence interval on hydrocarbon content difference is 
propagated through to establish a confidence interval on per
cent increase or reduction due to load.

Table 17 is a comparison of test fuel means at idle with 
test fuel means at load. All test fuel hydrocarbon contents
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at idle are statistically significantly different than the 
test fuel hydrocarbon contents at load. The difference 
(idle-load) range from 0.025 to 0.212 Mole % HC or 11.1 to 
73.4 % increase. In every case the hydrocarbon content 
increase due to load increased with greater fuel additive 
weight percent.

Rose (1965, p. 363), McReynolds (1966, p. 906), and 
Wentworth (1955, p. 121) confirm the above effects due to 
load.

According to Wentworth (1962, p. 192), exhaust gas 
hydrocarbons found at lower intake manifold depressions 
(lower load) can be principally attributed to the wall 
quenching phenomenon. It is well known that in combustion 
tubes and burners, flames fail to actually touch the contain
ing walls. This phenomenon is commonly called wall quench
ing. Higher hydrocarbon content in the exhaust gases are due 
to incomplete flame propagation, which in turn is due to 
excessive residual gas dilution of the intake mixture. High 
residual gas dilution is a normal consequence of four-stroke 
cycle engine operation at low load.

Daniel (1957, p. 6 ) found that decreasing load reduces 
the combustion chamber pressure and temperature which increases 
the quench zone volume and ultimately increases hydrocarbon 
content of the exhaust gases. Flame quenching and residual 
gas dilution explain the decrease in hydrocarbon content due 
to increased load.
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CONCLUSIONS

1. Diisobutyl-Dichloro-Stanane (DOS), Tetraethyl- 
Stannane (TES), Phenyl-Methyl-Silane (PMS), and Silicone- 
Triethyl (STE) at 0.1 and 0.5 weight percent concentrations 
in straight run gasoline do not favorably affect spark- 
ignition engine combustion hydrocarbon kinetics.

2. Reducing engine load increases hydrocarbon content 
of spark-ignition engine exhaust gases.
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RECOMMENDATIONS

1. Continue screening organometallic fuel additives 
with the experimental system as is.

2. Change base fuel from multi-component straight run 
gasoline to pure component fuels or four to five pure com
ponent fuel blends.

3. Screen organometallic fuel additives at one engine 
load only.

4. If an effective fuel additive is found:
(a) Verify the effect by running metal-organic homologs,
(b) Conduct mechanistic experiments by burning pure com

ponent fuels (paraffin, isoparaffin, olefin, and aromatic) 
and making a hydrocarbon component analysis of the exhaust 
gases.
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APPENDIX I
SAMPLE HYDROCARBON CONTENT CALCULATION

Typical Data:
Barometric pressure 24.07 in. Hg
Sample pressure 1.92 in. Hg
Sample temperature 86°F
Peak height 6.38

-6From calibration curve, moles HC = 9.30 x 10 moles 
equivalent methane.

-6Total moles in sample = PV*/RT = 3490 x 10 moles. 
Mole % HC = moles HC/Total Moles = 0.216 % HC.

*Note that the calibration curve was based on a sample 
loop volume of 1.0 cc. Errors introduced by the lack of 
knowledge of the exact sample loop volume are eliminated by 
the use of 1.0 cc sample loop volume in the calculation of
total moles in sample: i.e., = 1 .0 0 0 0 .
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APPENDIX II
RANDOM EXPERIMENTAL ERROR

Engine Operating Variables:
Coolant temperature i5^F
Speed ±50 rpm
Air to fuel ratio ±0.5
Half-load ±50 watts

Chromatograph Operating Variables:
Carrier gas pressure ±3 psi
Hydrogen pressure ±1 psi
Air pressure ±1 psi
Column, injection port, and ^
detector temperatures ±5 F

Sample Data:
Barometric pressure ±0.05 in. Hg
Sample temperature ±2°F
Sample pressure ±0.1 in. Hg
Peak height ±0.05


