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1., INTRODUCTION

The current emphasis on fuel conservation has prompted the study of
many devices and techniques oriented toward a reduction in engine fuel con-
sumption. This report describes the procedures used and the results obtained
during a study of unstabilized water—in-fuel emulsions as fuels for engines
representative of U.S. Coast Guard main propulsion systems.

The complete program involved an investigation of two high-speed
diesel engines with nominal maximum power ratings in the 1000 hp range. A
Cummins VTA-1710 engine was used to represent the military version (VT12-900M)
that is utilized by the USCG. 1In addition, a Detroit Diesel 12V-149TI engine
was employed for the acquisition of data representative of the 16 cylinder

version installed in the USCG cutters.
1.1 BACKGROUND

The use of water-in-fuel emulsions for fuel conservation has been a
subject of continuing interest for several years. During 1977, Southwest
Research Institute conducted a program for the department of Transportation
in which fuel-water emulsions were examined in the context of a single-
cylinder test engine. The results obtained during that study indicated that
a reduction in fuel consumption on the order of five percent might be
available for engines representative of marine propulsion.l It was recommended
that the testing effort be continued using multi-cylinder engines, and the
present study describes the partial fulfillment of that recommendation.

Various investigators have recommended the use of different devices and
philosophies for the production of water-in-fuel emulsions used as engine
fuels. One approach suggests the addition of surfactant compounds to the
fuel-water mixture. The surfactants stabilize the emulsions and allow batch
mixing of fuel supplies. For the present study, however, this approach was
not considered feasible, since the USCG would prefer to avoid the requirement
for precise blending of fuel additives with the large quantities of fuel

utilized for partol boats. Furthermore, it was considered necessary to view



1.3 APPROACH

The program was initiated with a selection process devoted to the
definition of emulsification systems appropriate to the study. Invitations
were sent to all individuals or companies known to be involved in the
development of emulsification systems, and an advertisement was placed in
the Commerce Business Daily that outlined the program requirements. Six
prospective suppliers responded to the invitation and offered devices for
evaluation in the SwRI laboratory.

A system was provided by SwRI that would supply metered quantities of
fuel and water to the prototype systems on a uniform basis. The emulsifica-
tion systems were exercised within their performance limits as defined by the
supplier, and samples of water-in-fuel emulsion were obtained over the
0 to 25 percent concentration range that was of interest. Immediately
following collection of each sample, the time required for accumulation of
an obvious separation layer was observed. This process allowed the assess-
ment of the capability of each device to produce an emulsion that would be
useful during the engine studies.

In addition, each prospective emulsification device was evaluated on
the basis of energy usage, physical size, complexity, compatibility with the
shipboard environment, and the need for auxiliary hardware such as pumps and
controllers. Individual evaluations were performed by representatives of
SwRI, the Transportation Systems Center, and the USCG. As a result of the
evaluation process, two emulsification systems were selected for use during
the engine operation phase of the program, and purchase orders for units of
an appropriate size were executed.

Since the response of the engine fuel system to the presence of water
was unknown, a brief sequence of test runs was performed using stabilized
emulsions containing 5 and 20 percent water by volume. The single purpose
of these tests was the determination of any observable detrimental effects
on engine operation as a result of water in the fuel system. No detrimental
effects were observed, therefore the testing with unstabilized mixtures was

initiated.




repeated. During the performance of each test run, extensive observations
of fuel consumption and other engine operating parameters were made.

The complete body of data includes information at speeds along the
entire prop load curve for each test engine. In addition, the data include
extensive testing at two spped-load points for the Cummins engine; the two
points represent high utilization by operating USCG cutters. The data allow
the determination of the optimum water concentration at each speed-load point;

>

this information would be useful for the design of a shipboard control system.



The engines used to power 95-ft WPB cutters are manufactured by the
Detroit Diesel Allison Division of the General Motors Corporation; the
specific model designation is 16V-149TI. The displacement of each unit is
2384 cubic inches, and each engine is rated at 1235 shaft horsepower at
1800 rpm.

The engine that was available for use during this study was a Detroit
Diesel Model 12V-149TI; this unit is a twelve-cylinder version of the USCG
engine. During the testing program, the engine was operated at approximately
the same horsepower output per cylinder that the marine version would produce.
Thus, although the total output of the twelve-cylinder engine was low, the
details of engine operation were quite representative of the sixteen-
cylinder counterpart.

The major specifications of the engines used during the test program
are outlined in Table 2-1, and data from the manufacturers is shown in

Appendix A.

2.1.2 Dynamometer and Test Cell

Each engine was installed in a test cell at the SwRI laboratory and
connected to an eddy-current dynamometer capable of absorbing up to 1000
horsepower. The engine installation is shown in Figures 2-1 and 2-2. The
dynamometer utilized was an absorbing unit only; no motoring capability was
available.

The engine speed was determined through the use of a magnetic pickup
and a 60-tooth gear installed in the engine-dynamometer coupling. The speed
signal was transmitted to a digital counter used as an output device, and,
in addition, the signal was supplied to a dynamometer controller capable
of maintaining engine speed within a tolerance of one rpm., The dynamometer
beam load was measured through the use of a strain gauge type load-cell
connected to an output device at the control console. The load-cell was

subjected to a weekly deadweight calibration.

2.1.3 Fuel System

A fuel supply system was assembled that would meter, premix, and emulsify

the fuel and water in concentrations that were of interest. Although certain
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features of the system were designed specifically to accommodate the Cummins
engine, the same system proved useful for both of the engines tested.

In ordinary operation the fuel would be supplied directly to the
injection pump of the engine, and fuel not used by the engine would be
returned to a storage tank. The Cummins injection system is unique in that
the returned fuel typically contains quantities of gas which must be removed
prior to recycling of the unburned fuel through the engine. In usual
installations, this capability is provided by a vented storage tank.

For the purposes of this study, it was necessary to assemble a fuel
system that would generate the fuel-water emulsion while simultaneously
satisfying the requirement for degasification of the return fuel. A schematic
diagram of the system used is shown in Figure 2-4, and the fuel system is
visible in Figure 2-1. Fuel and water were supplied independently to a
mixing tee; this device provided a crude mixture prior to emulsification. Tap
water was utilized throughout, and the line pressure provided the driving
force. Fuel was pumped from a storage tank into the mixing arrangement. A
constant fuel level was maintained in a float-controlled tank having a volume
of approximately one-half gallon. This open tank allowed gases trapped in the
return fuel to escape prior to fuel recycling. Fuel was removed from the
float-controlled tank by a one horsepower gear pump which supplied a pressure
of approximately 100 psi to the fuel-water emulsifier. The emulsifier used
in this system was a Hydroshear device supplied by Gaulin Corporation; the unit
operates by subjecting the fuel-water mixture to an extremely high shear state.
A drawing of a typical Hydroshear after Lawsonll is shown in Figure 2-3. The

pressure at the outlet of the emulsifier was typically 20 to 25 psi.

R
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\\\\\ N
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FIGURE 2-3. TYPICAL HYDROSHEAR
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At the emulsifier outlet, the fuel was directed either to the engine
fuel pump or to a by-pass loop. Fuel directed toward the engine passed
through a control valve which lowered the pressure to a value below 5 psi in
order to meet the requirements of the engine fuel system. Fuel returned from
either the engine fuel pump or the engine fuel injectors was routed into the
by-pass portion of the system. The unused emulsion was conducted through a
heat exchanger for cooling prior to return to the float-controlled tank.
Pressures and temperatures were measured at points of interest throughout the
fuel supply system, and a sample port was provided at the engine fuel pump
for use in the verification of water concentrations.

During the tests, the fuel system was operated at a continuous flow rate
approximately equal to the engine maximum demand. Thus, a substantial flow
rate was always present in the by-pass loop, and the emulsifier was not
subjected to varying conditions as the engine load changed. During steady-
state operation, the flow rate of the fuel-water mixture to the float-
controlled tank was equal to the rate at which the fuel was consumed by the

engine, but the flow through the emulsifier loop was constant.

2.1.4 Instrumentation

The documentation of engine performance using emulsified fuels required
the measurement of a number of quantities during engine operation. The
individual parameters for which data were recorded during each test run are
listed in Table 2-2.

The dry bulb and wet bulb temperatures used for calculation of humidity
were measured using mercury-in-glass thermometers. Exhaust temperatures were
measured with type K thermocouples, and other temperatures were measured using
type J thermocouples. All of the thermocouple readings were obtained through
the use of multi-point switches and readout devices appropriate to the
thermocouple calibration.

Pressures were measured using Bourdon tube gauges, mercury manometers, or

water manometers as appropriate for the value and range of the metered quantity.

The value of barometric pressure was obtained during each test runm.

13
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The water flow was monitored through the use of a variable area flowmeter
installed in the water inlet line. The meter was calibrated prior to the
beginning of the test program, and tables were prepared which listed the water
flowmeter reading for each desired water concentration over a range of fuel
rates applicable to each test point. To establish a particular water con-
centration in the fuel, the engine operator would read the fuel mass flowmeter,
consult the table, and set the water flow rate accordingly. The water con-
centration was then verified by obtaining a sample of the emulsion at the
engine inlet and allowing separation of the water and diesel fuel to occur.

The air flow to the engine was measured using a laminar flow element
rated at 2000 cfm. The pressure drops across the flowmeter filter and across
the metering element were measured using inclined water manometers, and the
air flow rate was established from the meter calibration using corrections
for ambient temperature and pressure.

During tests of the Detroit Diesel engine, additional air flowmetering
capability was required. The 2000 cfm laminar flow element was used in the
air supply to one-half of the engine (one bank of six cylinders). The air
flow to the remaining engine cylinders was metered with an ASME flow nozzle
installed in an inlet plenum chamber.

Instruments appropriate to diesel engine testing were used for the measure-
ment of gaseous emissions. The concentration of unburned hydrocarbons in the
exhaust stream was monitored using a heated flame ionization detector. Non-
dispersive infrared analyzers were used for measurement of carbon monoxide and
carbon dioxide, and a chemiluminescent analyzer was used to establish levels
of nitric oxide and oxides of nitrogen. The oxygen level in the exhaust was
monitored using a polarographic analyzer. Schematic diagrams of the components
of the emissions instrumentation system are shown in Figures 2-5, 2-6, and 2-7,
and descriptions of the individual hardware items are provided in Tables 2-3,
2-4, 2-5, and 2-6. Photographs of the instrument console are provided as
Figures 2-8 and 2-9.

The exhaust smoke was measured through the use of a USPHS type opacity

meter incorporated in the exhaust system at the boundary of the test cell.
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TABLE 2-3. INSTRUMENTS AND RANGES ON L-4 EMISSIONS CART
Detection Nominal
Emission Method Instrument Range | Concentration
T
Carbon Monoxide NDIR Horiba OPE-15 1 0 - 1000 ppm CO
(S/N AIA-23) 2 0 - 3000 ppm CO
3 0 - 6000 ppm CO
{
Carbon Dioxide NDIR Horiba OPE-15 1 0 - 16% CO2
(S/N 15395) 2 0 - 6% COp
3 0 - 2% CO,y
Oxides of Nitrogen | CL TECO 10 1 0 - 250 ppm
(S/N LOAR-9691-110) 2 0 - 1000 ppm
3 0 - 2500 ppm
Hydrocarbons FID Beckman 402 1 0 - 500 ppm C
(S/N 10010) 2 0 - 1000 ppm C
3 0 - 5000 ppm C
Oxygen Polaro- Beckman 1 0 - 25% 02
(S/N 271-001) graphic OM~11EA 2 0 - 5% 09

19




TABLE 2-5.
COMPONENT DESCRIPTION

NDIR CO AND COp FLOW SCHEMATIC

Component Description Description of Function
Valve V3 QC's act as CO selector valve V3
Valve V4 CO flow control valve
Valve V5 QC's act as COp selector valve V5
Valve j V6 CO7 flow control valve
Valve ! V19 CO2 sample/calibrate selector

; valve
Valve ; V20 CO sample/calibrate selector

f valve
Gage G3 CO, instrument pressure
Gage G4 CO instrument pressure
Gage P2 CO sample/span pressure
Gage P3 CO7 sample/span pressure
Regulator R1 CO span/zero pressure regulator
Regulator R2 Bypass backpressure regulator
Regulator R3 COp span/sero pressure regulator
Flowmeter FL1 CO2 instrument flow
Flowmeter FL2 C0/C0y bypass flow
Flowmeter FL6 CO instrument flow
Water trap WT1 Water trap (34°F) for CO/CO2

instrument
Filter F1 7.0 cm stainless steel flip top
filter holder

Pump Pu2 Sample pump

21




FIGURE 2-8. EMISSION INSTRUMENT CONSOLE » FRONT VIEW




Measurements of exhaust particulate emissions were obtained during some
of the tests of the Detroit Diesel engine. The primary tool utilized for
this series of measurements was a dilution tunnel of the type shown in
Figures 2-2 and 2-10; the dilution of the sample stream is utilized for cooling
and mixing prior to the accumulation of a particulate sample. In order to
obtain a sample of the exhaust, probes were located in each of the engine
exhaust ducts at a point downstream from the turbocharger outlets. A regu-
lating valve was located in each sample line, and the pressure drop across the
valve was used as a means of equating the sample line flow rates. Thus, a
single sample representative of both engine exhaust ducts was obtained and
supplied to the particulate tunnel. The tunnel had a nominal diameter of
eight inches, and air flow rates sufficient for a dilution ratio of 10 to
20 were utilized. Within the tunnel, the exhaust sample was mixed with the
dilution air and cooled to 125°F. A metered sample of the diluted stream
was obtained and applied to a 47 millimeter Pallflex T60A20 filter that was
weighed prior to the beginning of the test. Subsequent weighing, along with
the measured flow of the air stream, allowed the calculation of the particulate
weight per standard cubic foot of engine exhaust. In general, only one sample
filter was used during this test series; the multiple filters shown in
Figure 2-10 would be utilized when more elaborate analyses of the particulate

matter were required.

2.2 TEST PROCEDURE

The general philosophy that governed the performance of the alternate
fuel tests was closely related to the ultimate use of fuel-water emulsiong
on USCG cutters; thus, it was desired to obtain data that would be representative
of boat operation. A sample of engine speeds and loads was obtained for
one USCG cutter powered by Cummins engines, and the prop load curve for the
engine was calculated. This curve is shown, along with the engine maximum
output, in Figure 2-11. The specific test points for consideration during the

evaluation program were selected from locations along the prop load curve.

25
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this process involved repeated measurements of the fuel rate. This sequence
was then repeated at water concentrations of 10, 15, 20, and 25 percent by
volume. Upon completion of the test run at the highest water concentration,
the fuel system was flushed with clear diesel fuel, and the baseline test
run was repeated. Subsequent days of testing involved repetition of this
entire process at other speed and load conditions.

All data were recorded on a permanent record sheet, and individual

values were subsequently introduced into a computer data reduction program.

2.3 DATA REDUCTION AND CALCULATIONS

A computer routine was utilized for the calculation of performance
quantities and for the comparison of data obtained under the same operating
conditions. A set of sample calculations is included in Appendix B. The
sample calculations reflect the computations made by the computer program for
each test run.

The basic performance quantities, such as horsepower, torque, and specific
fuel consumption, were calculated using conventional relationships and
constants appropriate to the specific instruments employed. These basic
parameters are listed, along with measured quantities, in the tabulations of
the results shown in Appendix C.

At the test points described by 1200 rpm and 1800 rpm for the Cummins
engine, the test sequence over the spectrum of water concentrations was
repeated several times in order to build a statistical basis for the data.
Thus, a single point, such as 1200 rpm and 15 percent water, was evaluated
on several test days, and three to five individual runs were performed at
that point. Since each individual test run included several fuel rate
measurements, the flow rate of diesel fuel specified for each run in Appendix C
represents an average of several measurements. These averages for each run
were then included in an overall average applicable to each test point defined

by speed, load, and water concentration.
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obtained without water addition and with 15 percent water addition in fact:
represent different populations.

Some data were obtained for evaluation of the effect of water addition
on fuel consumption at a speed of 900 rpm and prop load. The results are
shown in Figure 3-3, using the same format as that described above. During
these tests the reduction in diesel fuel fiow was found to be 2.5 percent.

For the Detroit Diesel engine, fuel consumption results were obtained
at several points along the prop load curve. At the 1000 rpm test point, the
body of data was sufficiently extensive to allow statistical analysis; the
results are shown in Figure 3-4. For this case, the general tendency was
for the water to increase fuel consumption. The same trend was observed for
the tests conducted at other speeds; the results are shown in Figure 3-5. No
significant improvement in the rate of diesel fuel consumption could be inferred
from these tests.

The configuration of the Detroit Diesel engine did allow an assessment
of the effect of iniection timing on the performance of water-in-fuel emulsions.
Since the timing change can be effected through an injector adjustment, rather
than a camshaft change, it was possible to obtain data at several values of
the injection timing. Figure 3-6 describes the relationship between the fuel
injector adjustment dimension and injection timing; the standard value for the
engine was 2.205 inches. Tests were performed for values of the beginning
of injection from about 25° BTDC to about 15° BTDC; the specific dimensions
and timing angles are shown in Table 3-1. Most of the tests were performed at
1000 rpm, and examination of Figure 3-7 indicates that the timing change did
not affect the relationship between fuel consumption and water addition. One
series of tests was performed at 1400 rpm (Figure 3-8); the results again
indicate that the timing change did not improve the ability of the engine to
benefit from the addition of water to the fuel. In both Figure 3-7 and Figure 3-8,

the curves designated as baseline are reproduced from Figures 3-4 and 3-5.
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TABLE 3-1. DETROIT DIESEL 12V-149TI ENGINE

FUEL INJECTION TIMING

Injector Timing of
Adjustment Injection
Dimension Event

(inches) (degrees)

2.165 5.5 advance
2,185 2.8 advance
2,205 0

2.223 2.4 retard
2.235 4.1 retard
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3.2 EXHAUST SMOKE

During the perfurmance of the test runs on the Cummins engine, it was
observed that the presence of water in the fuel caused a significant per-
centage reduction in the presence of exhaust smoke. The test results are shown
in Figure 3-9 for the test point at 1800 rpm, and in Figure 3-10 for the test
run at 1200 rpm. TIn both cases, it may be observed that the smoke reduction
increased as water was added to the fuel. Although the percentage reductions
are dramatic, it must be noted that the opacity of the exhaust stream was
quite low even without water addition. Therefore, the effect of water addition
on smoke reduction is questionable from a practical viewpoint, although the

magnitude of the effect is statistically significant.

3.3 PARTICULATE EMISSIONS

During some of the Detroit Diesel engine tests, measurements were made i
of the particulate emissions using the procedures outlined in Section 2. A
sample of the exhaust was obtained from each of the engine exhaust pipes,
diluted with air, and passed through a pre-weighed filter. The difference in
filter weights, combined with gas flow measurements, provided an assessment
of the particulate loading per standard cubic foot of exhaust.
The results obtained from the particulate measurements are shown in
Figures 3-11 and 3-12 as a function of both water concentration and engine
speed. It may be observed from the data presented that the addition of water

to the fuel has no positive effect on the particulate emissions.

3.4 OXIDES OF NITROGEN

The potential of water addition in terms of reduction of emissions of
oxides of nitrogen from an operating engine was of particular interest at the
outset of the program; other investigators have suggested that the use of
water-in-fuel emulsions can provide a significant change in the emission levels

of this particular contaminant.
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Cummins engine. The emissions increase as the load increases; this result is

the usual consequence of increased cycle temperatures. Although some

reductions seem to occur at low rpm (800 and 1000) and high water concentrations,

in general, the addition of water does not appear to be effective for the re-
duction of emissions of oxides of nitrogen at any concentration examined during
these tests. The explanation used for the lack of influence of water addition
on emissions of oxides of nitrogen for the Cummins engine is not applicable in
this case; increased liquid quantities do not affect the timing of the
beginning of injection for the Detroit Diesel engine,

Two mechanisms may be postulated for the control of emissions of oxides
of nitrogen through water addition. First, the water tends to absorb energy
from the combustion Process, and lower peak cycle temperatures might be
attained. 1In addition, the bpresence of water tends to increase the ignition
delay period; the net effect in this case would be a retarded combustion event.
Since both cycle temperature reduction and retarded injection timing have
Previously been demonstrated as effective control techniques, it would appear
that'water addition should Provide the desired results. However, the data
obtained during this Program indicate that, if the mechanisms described were
operative, they were not sufficient in magnitude to provide effective control,

In other words, at the water concentration levels employed and at the engine

of oxides of nitrogen.

3.5 UNBURNED HYDROCARBONS

Unburned hydrocarbons are another exhaust contaminant of particular

interest in engine exhaust Streams. 1In general, it has been found that the
hydrocarbons in the exhaust due to a reduction in the cycle temperatures. The

hydrocarbon results for the Cummins engine are shown in Figures 3-17 and 3-18

for the test points at 1800 rpm and 1200 rpm. The effect of water addition
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addition of water on the ignition delay might be sufficient to cause increased
emissions of carbon monoxide, although no effect on emissions of hydrocarbons

and oxides of nitrogen was discernible.

the Detroit Diesel engine in the context of mixing within the engine cylinder.
During the 800 rpm tests, the fuel rate was quite small at the prop load
condition. The addition of an inert component to the fuel stream would tend
to diversify the jet of injected fuel with respect to the interior of the
cylinder; the local fuel-air ratio in the vicinity of a fuel droplet would
tend to become leaner. Since successful combustion depends upon ignition at
points within the chamber and subsequent mixing of burning and unburned
materials, it is possible that the addition of water allowed portions of the
charge to €scape complete inflammation. At the higher fuel rates, this

effect of water addition would be reduced, and the effect of water addition
on carbon monoxide emissions would be reduced. This argument does not

explain the high carbon monoxide levels at the 1600 rpm test point; the
baseline carbon monoxide emissions at that point seem uncharacteristically
high. Since the fuel-air ratio at this point is well within customary limits
for good combustion, poor mixing of air and fuel could be the cause of poor
combustion. It ig possible that the injection of an increased volume of liquid
allowed improved penetration of the fuel injection jet, and increased mixing

caused a reduction in carbon monoxide levels to values typical of lower speeds.

3.7 CARBON DIOXIDE AND OXYGEN

The emissions of carbon dioxide and OXygen are recorded in the test data
shown in Appendix C. These substances, although not regulated contaminants,
are of interest in the generalized context of engine testing. The carbon
dioxide measurement is particularly important to carbon balance fuel-air ratio

calculations, and results for these estimates have been presented in Figure 2-14.
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The fuel consumption tests for the Cummins engine suggested that diesel
fuel savings averaging two to three percent could be obtained using emulsion
concentrations of fifteen to twenty percent water. No significant fuel saving
could be associated with the use of emulsions in the Detroit Diesel engine.
Since the laboratory test conditions were generally more favorable than those
that would prevail in actual marine use, it is necessary to conclude that the
use of water-in-~fuel emulsions would not be beneficial to UScG operations.

Measurements of exhaust smoke were performed for the Cummins engine, and
particulate emissions were measured for the Detroit Diesel engine. Although
dramatic reductions in exhaust plume opacity were observed, the smoke levels
for engine operation without water addition were not excessive. Thus, although
the data suggest that water-in-fuel emulsions could be used for smoke control,
the observation of excessive smoke at any operating point other than full
rated load is probably indicative of defective engine components or poor
adjustment of engine systems, and smoke control should be effected through
correction of those conditions. The addition of water to the fuel did not
have a significant effect on the emission of exhaust particulates, although
the Detroit Diesel engine was generally insensitive to the presence of water
at all test points.

In terms of gaseous exhaust emissions, the expected effects of water
addition were not generally observed. The addition of water to the fuel
should yield an increase in the emissions of oxides of nitrogen. Although
Some trends toward these effects could be observed in the test results, no
definitive conclusions can be drawn concerning the effect of water addition
on emissions.

From a theoretical viewpoint, the addition of water to diesel fuel can
result in a mixture which would exhibit unique properties at the onset of
combustion. Specifically, it is believed that the vaporization of the water
phase causes a "micro—explosion" that is capable of shattering a fuel droplet;
the result of this Process would be improved mixing of fuel and air and enhanced
combustion quality. 1In addition to improving combustion in a diesel engine,

the presence of water in the fuel should lower combustion temperatures, and
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significant changes in engine performance.ll Such water concentrations lie
beyond the range of practical interest for USCG operations.

Both the data obtained during this study and the results reported by other
investigators indicate that the effect of water-in-fuel emulsions on engine
performance is dependent upon the engine system configuration. Although
inferences can be drawn from the body of accumulated information, it is not
possible, as yet, to predict the response of an untested engine to the addition
of water to the fuel. Additional information must be obtained to define the
specific mechanisms which are operative and the effect that these mechanisms
exert on the combustion process.

It is possible that further investigation would reveal significant
differences between techniques for the Production of water-in-fuel emulsions,
both in the microstructure of the emulsion product and in the effect on engine
operation. Aside from the assurance of a stability sufficient for transit
through the fuel system, this study did not address the details of emulsion
production. An investigation of the effects of different production techniques,
if attempted, should be closely coupled with a study designed to reveal the

dominant mechanisms of combustion process control.
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TABLE A-2. MARINE ENGINE PERFORMANCE CURVE
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The above curves are based on 500 ft. altitude (29.38" HG.) and 85°F

intake air temperature; fuel consumption curves are based on fuel weight

of 7.0 1b/US gal. Manufacturer's data for Model VT12-900M engine

(turbocharged-aftercooled, 12 cylinders, 1710 cu. in. displacement, with

5-1/2 in. bore and 6 in. stroke, military version).
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APPENDIX B
SAMPLE CALCULATIONS

During each individual test run, engine data were entered on a permanent
record sheet. The data items that were recorded are listed in Table B~1 along
with the numerical values associated with run number 235 for the Cummins engine;
the sample calculations which follow will be based upon the numerical values
shown.

The differences between the data items recorded for the Cummins and
Detroit Diesel engines were minor. The Detroit Diesel engine was equipped
with four turbochargers; therefore, the number of turbocharger-related
temperatures and pressures was doubled by comparison with the Cummins engine.
Also, air box pressure, rather than fuel rail pressure, was recorded for the
Detroit Diesel engine.

Recorded engine test data were entered into a computer program, and
gseveral calculation routines were executed. The following discussion describes
the details of the calculation procedure, and the numerical values for

Cummins run number 235 are presented as an example.

Humidity Calculations

The air supplied to the engine contained some moisture, and the further
addition of water to the fuel affected the exhaust moisture. The following

equation was used for the calculation of the saturation vapor pressure of

water:
B 9 1-2
Pgp = exp BInT+ILFyT s (L)
1=0
where Pg = saturation vapor pressure, pascals

T = temperature, °K

B = -=-12.150799

Fo = -8.49922 x 103

F; = -7.4231865 x 103

Fo2 = 96.1635147
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TABLE B-1. TEST DATA, continued

Value For

Cummins
Data Item Units Run 235
Boost Pressure (Right) psi 9.9
Boost Pressure (Left) psi 10.0
Turbine Inlet Pressure (Left) psi 9.0
Turbine Inlet Pressure (Right) psi 10.0
Inlet Vacuum In. H0 13.9
Exhaust Pressure (Right) Inches - Hg 0.2
Exhaust Pressure (Left) Inches - Hg 0.5
Pressure Drop, LFE Filter In. H20 5.40
Pressure Drop, Laminar Flow Element In. Hy0 4.25
Exhaust Temperature, Cylinder IR °F 905
Exhaust Temperature, Cylinder 2R °F 890
Exhaust Temperature, Cylinder 3R °F 897
Exhaust Temperature, Cylinder 4R °F 873
Exhaust Temperature, Cylinder 5R °F 890
Exhaust Temperature, Cylinder 6R °F 898
Exhaust Temperature, Cylinder 1L °F 939
Exhaust Temperature, Cylinder 2L °F 913
Exhaust Temperature, Cylinder 3L °F 880
Exhaust Temperature, Cylinder 4L °F 882
Exhaust Temperature, Cylinder 5L °F 892
Exhaust Temperature, Cylinder 6L °F 904
Water Flowmeter 1, Glass Float mm 150+
Water Flowmeter 2, SS Float mm 115
Water Flowmeter 3, SS Float Tmm 0
Fuel Pressure, Tank psi 20
Pressure, Emulsifier Inlet psi 100
Pressure, Fuel at Engine psi 1.6
Water Supply Pressure psi 65
Emission Concentrations
Hydrocarbons ppmc 56
Carbon Monoxide ppm 148
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F3 =  2.4917646 x 10 2

F, = -1.3160119 x 10 °
F5 = -1.1460454 x 10 8
Fg =  2.1701289 x 10 I
F7 = -3.610258 x 10 1°
Fg =  3.8504519 x 10 ©
Fg = -1.4317 x 10 2.

Application of this equation to the dry and wet bulb temperatures for run 235

yields the following:

Pun 3168.62 pascals (at 298.15°K)

PpB 4382.41 pascals (at 303.71°K).

The vapor pressure at the wet bulb temperature was obtained from "Ferrels

equation",

Py = Pyp - 0.000660 (Tpp - Typ) Ppago |1 + 0-0015 (Typ - 273.15) ], (@)
where Py = vapor pressure, pascals
Tpg = dry bulb temperature, °K
TWB = wet bulb temperature, °K

Pgaro = barometric pressure, 98307.2 pascals.
Using this relationship, the vapor pressure was found to be
Py = 2797.50 pascals.

The relative humidity, by definition, was calculated as:

P

= —L & 100 = 63.8%, (3)
PpB

and the specific humidity was calculated from:
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TABLE B-2.

WATER FLOWMETER CURVE COEFFICIENTS

Meter 1
Glass Float

Stainless Steel Float

Meter 2

Stainless Steel Float

0.1124503 x 102
-0.1180202 x 10!

0.6830435 x 10

-0.7587800 x 10 3

0.3808533 x 10

-0.6943106 x 10 8

-0.3398302 x 10!
0.8969192

0.7994353

»

~0.1017442
0.5968658

-0.1340098

.1701297 x 10!
.7123502
.1005951
.1434834 x 10 2
.8912745 x 10 S

.2025536 x 10 7/




K = dynamometer constant.
Correction factors for the observed engine performance were developed

. \ s 1 .
on the basis of atmospheric conditions. 3 The dry barometric pressure

was calculated from

P
\'i .
PB, DRY = PBARO - R‘; = 28.20 in. Hg, (9)

where PB, DRy = dry barometric pressure, in. Hg

Kp 3386.4 pascal/in. Hg.

the value of the correction factor was then obtained

o = 29.00 Teest 0.7, (10)
D PR, DRY 545
where Cy = correction factor
trest = intake air absolute temperature, °R.
For the specific test case,
0.7
_ 29.00 90 + 460 _
¢ = |38.20 545 = 1.035,
therefore, the corrected horsepower was
CBHP = (431)(1.035) = 446.

The mean effective pressure is a useful parameter that describes engine
output per unit area of piston surface. In the calculation routine, values

were obtained from the relationship

Kn (CBHP)

bmep = ) ) 115, (1)
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where PCF
dp filter

pressure correction factor

pressure drop across filter, inches of water.

The correction for temperature was obtained from a curve fitted to data

supplied with the instrument (Table B-3).14

TCF = X; + Xo(Ty) + X3(T1)2 + X4(T1)3 = 0.937, (14)
where TCF = temperature correction factor
T{ = inlet air temperature, °F
X; = 1.28345
X9 = -0.0048289
X3 = 1.227782 x 10 °
X, = -1.618912 x 10 ©.

The air mass flow rate was then established in terms of air demsity at the

calibration condition (70°F) as:

AMF = (CFM) (PCF) (TCF) (ps) = 79.2, (15)
where AMF = air mass flow, pounds per minute
ps = density of air at 70°F and 29.92 inches of mercury, pounds

per cubic foot.

The air flow rate was adjusted using the previously calculated moisture

concentration:
DAMF = AMF (1.0 - H), (16)
where DAMF = mass flow rate of dry air, pounds per minute
H = moisture, pounds water per pound dry air.

For the example calculation,

DAMF = 79.2 (1.0 - 0.0182) = 77.8.
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Fuel Flow Calculations

During each test run, several measurements of the mass flow rate of
diesel fuel were performed. The determinations were made by observing the
time required for consumption of a known mass of fuel from a container om a
scale; the fuel masses were varied to permit time measurements on the order
of two minutes. Each fuel mass flow rate was calculated, and an average was

obtained. For the case of Cummins run 235, the following data apply:

Observation 1 2 3 4
Fuel mass, pounds 5.0 5.0 5.0 5.0
Time, seconds 102.3 102.6 102.4 102.7

Fuel rate, pounds per hour 175.95 175.44 175.78 175.27
Average Fuel Rate = F = 175.61 pounds per hour.

The brake specific fuel consumption was calculated from the average fuel rate

and the corrected brake horsepower:

o]
wn
rj
Q
Il
il

CRIP 0.3939 pounds fuel per brake (17)

horsepower hour.

As a consequence of the fuel and air flow determinations, the observed fuel-

air ratio was calculated:

|

In order to obtain the fuel volume flow rate, a hydrometer measurement

F

?ﬁKﬁ?T?EBT' 0.0376. (18)

|

)MEAS

of the API gravity of the fuel was obtained and corrected to 60°F through
the use of ASTM IP Table 5-l5 The value at 60°F was then used in the
context of ASTM IP Table 315 to determine the specific gravity of the

fuel; for the test case, the specific garvity of the fuel at 60°F compared

to water at 60°F was:

SGgo/60 = 0.8483,
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(F) (A)

A 1591 21
F = Topp) (8 ’ (21)
where Vp = fuel volume flow rate, cc per minute
A = conversion factor, 3785 cc per gallon
B = conversion factor, 60 minutes per hour.

As a result of the fuel volume flow determination, the water concentration

in the fuel mixture was calculated:

WEFR
= = = 4 22
W ViR + vy X 100 19.4% , (22)
where W = water concentration, percent
WFR = water flow rate, cc per minute
Vg = fuel flow rate, cc per minute.

In order to facilitate subsequent calculations, the water content of
the exhaust was modified to include the water introduced with the fuel
along with the water entrained in the inlet air. Assuming a density of one

gram per cubic centimeter for water,

WE = EER- = 0.8466, (23)
where WF = water flow rate, pounds per minute
WFR = water flow rate, cc per minute,
then,
PR = - = 0.0109, (24)
where PR = moisture added with fuel, pounds water per pound dry

air

and
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calculation was for the stoichiometric fuel-air ratio:

Mc 4+ (HCR) My

B

STOICH  138.18 (1 + BOR

The equivalence ratio was then calculated from

F
¢ = —MEA—(I;) S = 0.544.

(A) STOICH

For convenience, the following ratios were calculated:

Ry = HCC
10°
Ry = CO
108
R3 = C02 N
102
where HCC = measured hydrocarbon concentration, parts per million
carbon
C0 = measured carbon monoxide concentration, parts per
million
CO2 = measured carbon dioxide concentration, percent.

The wet-to-dry correction factor was then obtained from:

= = 0.0691.

1
Ky = ;
14+ HCR(Ry + R3) + 2%— (Rp + Ry + R3) (1 + E%E)

Ry
I+ o
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0.929,

(28)

(29)
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- f§) calc - (£J meas

i H
A meas

(100) = -4.9, (35)

where D = percentage difference between measured and calculated

fuel-air ratios.

According to reference (12), the absolute value of D should be less
than 10 for most engine operating conditions.

The measured concentrations of nitric oxide were corrected for
humidity using relationships described in reference (12). The
calculation of the correction factor depends upon inlet air temperature,

exhaust stream humidity, and the measured dry fuel-air ratio:

= 1 -
o, T T AG-7%) +B(r-8s - 1% (36)
where A = 0.044 (1] - 0.0038
meas
B = —0.116(§) + 0.0053
meas
G = humidity in grains per pound dry air
= (7000)(H")
T = dinlet air temperature, °F,
then
DNO = (NO) (KNOx) s (37)
where DNO = corrected nitric oxide concentration
NO = measured dry nitric oxide concentration.

The above correction is based upon the use of a water-ice bath for condensa-
tion of the water vapor present in the exhaust stream. The specific
instrument used for this program employed a methanol-dry ice bath for this
purpose; the bath temperature was about -150°F. Thus, an additional

correction for moisture removal was used:
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Myo,, molecular weight of NO, = 46.0

Mc

My

molecular weight of carbon

molecular weight of hydrogen.

The specific emissions were calculated on the basis of the corrected

brake horsepower:

Weo
Sco = wpgp t+ 0-69 (43)
W
= = 4
where Syc, Scos SNOX = specific emissions, grams per brake horsepower
hour .

Statistical Calculations

During the Cummins engine tests, statistical procedures were used to
evaluate the confidence in certain measured results and to assess the
probable effect of the addition of water to the fuel. The performance of
the statistical tests required that test procedures be repeated several
times under the same conditions in order to provide suitable samples.,

As an example of the statistical techniques, two sets of test data
will be considered. Table B-4 contains a list of all of the diesel fuel
consumption rates observed for the Cummins engine with no water addition
and with 20 percent water addition. Sample 1, for no water addition, was regarded
as a sample of the entire population of test runs that could be performed
at the specified engine setting without water addition. Similarly, Sample 2
was considered to be representative of all of the test runs that might be
conducted at the specified engine condition with 20 percent water addition.

The mean of each sample was calculated according to the relationship

- n
X = -% X, 45)
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where sample mean

number of items in sample

=T ] |
]

value of each fuel rate in the sample.

The calculated mean value for each sample is shown in Table B-4.

The standard deviation for each sample was calculated according to:

(£%)2
IX2 -

s = —————n_ln . (46)

where the individual terms are defined above. The standard deviation for
each sample is also shown in Table B-4,

One statistical test was applied to each sample as an individual entity.
The Student's t-distribution was used to attach a confidence band to each
sample mean. Values of the t-distribution are shown in Table B-5.16
For a desired confidence level, say 90 percent, it can be argued that the true

population mean lies within the band defined by

> S
X # t0.95 (ﬂ—l) _\/—T ’ (47)

where the values of t are obtained from Table B-5. TFor the example
data, the values of the upper and lower limits of the 90 percent confidence band
are shown in Table B-4. Thus, it is possible to state with 90 percent con-
fidence that the fuel rate for an additional test at 1200 rpm without water
addition would lie between 54.86 and 55.54 pounds per hour.

Since the effect of water addition is desired, it is also desirable
to employ a test that compares the two samples. It is possible that the two
samples selected are a part of the same population; in that case no definite
statement could be made concerning the effect of water addition. The goal
of the second statistical procedure is a confidence level for the statement
that the means of the two populations (without and with water addition) are
different.

As a first step, it was assumed that the two population means were

equal. The pooled standard deviation was calculated:
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(M1 - 1) S12 + (N2 - 1) Sp2

S 0.3278, 48
N+ g - 2 _ (48)
where n = sample size
S = sample standard deviation,
then
1\ /sz s2
Sy v. =\/[— + — = 0.3194, 49
X1 - X n1 ny (49)
and
X, - X
T = =22 - 4.2272, (50)
SX1 - X2
now, if
TSt - %y, + 2)
- 7 nl n2 - ’ (51)
or
T > t a
- @1- —5—-)(n1 +ny - 2), (52)

where o is the probability of rejecting a true hypothesis, then the hypothesis

of equal sample means can be rejected. For the present case, using Table B-5,

T >t 995)(12),

and
a —
1 -7 = 0.995,

imply that o = 0.01.
Thus, it is possible to state with 99 percent confidence that the two
samples represent different populations and that significance can be attached

to the difference between the means.
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0

API GRAVITY OF DIESEL FUEL: 35.3 AT &0F
262,

ENGINE TEST RESULTS, CUMMINS ENGINE,
259.
0.
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API GRAVITY OF DIESEL FUEL: 35.3 AT 60F

ENGINE TEST RESULTS, CUMMINS ENGINE,

.78

900 RPM, 10% WATER
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API GRAVITY OF DI1ESEL FUEL: 35.3 AT &60F

ENGINE TEST RESULTS, CUMMINS ENGINE,

900 RPM, 20% WATER

TABLE C-5.

oM
ATIO: 1.78

DYNAMOMETER CONSTANT: 3000
H/C RATI
RUN NUMEER

NOM. WATER PCT.

[ TR
| (90— =
~oa Ta

[rstisfuliipdat]
B - 8 -

™ R0
M4152

B0y
-O0n VN0
m4152

OIS NMMMLNS MM AT DO N O OO INM OO NN
NOO M NHODOUNTOONN A AT DS NESNNe -oM
et it L i 9 nNTgTTTNTISCAT

©D0INAIOID DD TUIINYT IO OND O OIS LI O OO et
B D T e L - g RN ] nITsTTcicTeTTNT

O T U AL DD N T O SIS 1 (I A DD T NS
NOOAMNEOAOMTO SN NGO DA DN ONBS e

lhpbpbpuplen bp by b b by by bt

LUV GGG SLOULLLGLILLILMLLL

‘i bl itagiaitag Wit ) Wit i i G lg e i Gt

RASAQSOSOAQSSAQSOAQSAAaRaRAAaNn
~

[« 4 A~
oo e
—t Qs N o
- Zr b~ |
z3 e duiazii oL ATI RN . 4 40731 4. "4+ S0 N g P
-0 DA = =0 ] AT N0 TiN-0
o _FALOIZZO2DCCTTZe
EEZUD0 =00 e o e o o e o o o e e
ZZIOHaenoud Wil CnNuOmNuNNNun
TITW X . - . (30 o
ded i d_1Cmda aazor

Sstinfjioc oo

20 wljoooocooMO

< oo O
~

Synycoos
&8.1&0&000030
< MNe o

0

npnotucoes
3198 cicococoMme
< Ne o
i

o

o o0

I I

[ leianind Bie R e b

wHuRZURnZZONnNm

Ataf.-HMLY HHAA g
N~ .

~L_l w
fad o R P N 17 ]
i ~ Qi L N
o3 RE e« 15 |
30 NN Ba A0
BBA~AQUE - B ol
Do Il ZilZa o
W~ O ~t-HErOa
oz aa -]
a. = R 2 I - 4
[ 145172 1O SRS - < T < 00 N O 1Y
OO0 _J T T acdd il
HISIZXXIITEDT
OSYRS-ulid--obia3

103



193. 224, 233. 238. 243. 252.

ENGINE TEST RESULTS, CUMMINS ENGINE,
188.

API GRAVITY OF DIESEL FUEL: 35.3 AT bOF

i78.
0

3000

1200 RPM, BASELINE
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API GRAVITY OF DIESEL FUEL: 35.3 AT 60F

3000

ENGINE TEST RESULTS, CUMMINS ENGINE,

R CONSTANT:
RPM
LB-FT
PCT
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E

1200 RPM, 107 WATER
]
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API GRAVITY OF DIESEL FUEL: 35.3 AT &0F

3000

ENGINE TEST RESULTS, CUMMINS ENGINE,

1200 RPM, 20% WATER
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ENGINE TEST RESULTS, CUMMINS ENGINE,

TABLE C-13.

1800 RPM, BASELINE

35.3 AT 60F

API GRAVITY OF DIESEL FUEL :

1.78
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196.
S.

API GRAVITY OF DIESEL FUEL: 35.3 AT &0F
i84.

ENGINE TEST RESULTS, CUMMINS ENGINE,
i72.
S.

TANT: 3000

TER CONS

1800 RPM, 5% WATER
0: 1.78
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API GRAVITY OF DIESEL FUEL: 35.3 AT 60F

3000

ENGINE TEST RESULTS, CUMMINS ENGINE,

RPHM
LB-FT
PCT

ETER CONSTANT:
1.78

I0:

1800 RPM, 15% WATER
M
T

TABLE C-16.

AM

R
RUN NUMEER
NOM. WATER PCT.
ENGINE SPEED
OBS. TORQUE

TS T N DN T LA SO DS 0N B AT A DO SN O
N D31 et OV IO DD ) A D I IS it )
ANl v NN DN OO ON RO

U1 0NN D i N0 S0 T DG Dt UAM S SO
B 03t 111 O D300 P Y D) O DD D 5 Dot G O DAL IO O O ot
wRNEeE W AR NNEANN R DO-DONTDDVDON

DO A LN G LU0 S ot (D4 100N 0N w7 -D 0N OO
NOBH NP AP ANNND OBV Do oD ¢ OO0 v
e o RONNHEAHNN - OO Om

LD IO TDON D10 10D D SOOI T D
NORANIABO AR DONNS O ODSTONNDN
Wi NN 0DDOONONR DD D

LI TN DI B I I NS O ST L LM 00 O O
NBANO AN SR DEOMUNONIANDG Moo
WA RPN EANDN A I DOTC OO

0 O ST A0 4 w0000 (I DUk AN (I O DNt OO
NOURNO=IONMUNO OO SOARABSAIUN S -
et o NN SN VOO BSOSO O

iy bbb et e bp iy bbb intbeplon

GOUOBOULGLEOUBUOBLBUBOLULLLNLLG

Wwildigiu i ligsiia) Waibiwidigia g iulu g bigid g biu sl ug el

ARNAQRANOANARAAAQACAANRARSASAOA
~e

-
xaEMy] cXororerdd j.d il
O DA -t mH 00 AN TINO =N TinD
o FLOCZZOT3CCCIZX
FEEZLDg =00 et b b b e b b e e
Wlny  TOHWnMNNNNNAND
T<TY x - - - 30 o
LLLLLLABBPPRR.

eonNg NINeo

geoon oo NIN

N O vt - No O
-

Ot NN
VBooT ool
N Dttt - fNe 9

-

oTinnieTny
VoM SncoiNo
Ot - MNo 0
-

SMOD0ININ-
VoooM Socois
NOS vt “- Mo wn

-t

sBoon  SotiotNo
ND it «“ Q0No tn
-l

SMoMNNN
mnooon oo fis
Ot - 0No ©o

-l

o
o v
== b=
gt ottt || Mg
NBNONZNNZZUN0Nm
adao-aar-—-aana
—~ .

QBA~ONEG - D aw
Ml dguuZZuzZa o
W~ ~DraHHEODa
oo aa
a - R K- 4
Pt P e
0 4 | g
~ECOOZXXIIZDEICT
cxagn-wid-Fouin3

P . X1
Mmoo - - -
NS -

B
0
X
1
SMOUKE OPACITY PCT

2171

62

0.978 73.797 72.733
4
.6396

270 343¢°9 $93,°8
8.319% 7.2722 6.7974

3982

i

115



92

35.3 AT 60F
28

9

API GRAVITY OF DIESEL FUEL:
2

a5,

ENGINE TEST RESULTS, CUMMINS ENGINE,
176.

257 WATER
pCT

i.78

TABLE C-18.

1800 RPM,
DYNAMOMETER CONSTANT: 3000
H/C RATIO:
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NOM. WATER PCT.
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API GRAVITY OF DIESEL FUEL: 33.9 AT 60F

ENGINE TEST RESULTS, DETROIT DIESEL

LB-FT

ENGINE, 800 RPM, BASELINE
RPM

TABLE C-20.
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ENGINE TEST RESULTS, DETROIT DIESEL
API GRAVITY OF DIESEL FUEL: 33.%9 AT &0F

ENGINE, 1000 RPM, BASELINE

TABLE C-22.
1.82
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DYNAMOMETER CONSTANT: 2000.
H/C RATIO:
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API GRAVITY OF DIESEL FUEL: 33.9 AT &0F

ENGINE TEST RESULTS, DETROIT DIESEL

2000.

i.82

ENGINE, 1000 RPM, 20, 25% WATER
FR CONSTANT :

TABLE C-24.

ET
10

o
~ed

o
nay
<in
ey
oo
o8
e

oy

Mo
ey

ENGIN
OBS.

[LIFRTH

x

! (00— 1=
~afa Ta

302202
e Anidd
MetTTT
SNy

709708

N - O
93411

302444
2 .

109793
[ = J
WITOHS
MolieMa
Ny .

E?EWi?

NSO
Mg TT
Nt .

891%85

AN TO -
M TT
DNt .

303513

.99400
351444
DNt

@
I

i

Z 0ZTZ
[ ]
I [/EE
NNPENNN
LIRS LT T )
P 17T i O |

LI30[LC

O S0 TN AON DS O DOIONS DSt MM 0D T O S
DN 1T v D DODIND SO OV DN T T F D NG il
Al - el TgTTToNATTN

INe Sa UM OMMN DI O M M [N SN -0-0 S
NSO HOONINNDNA O OT NN ST I MM SO OO N
el - &+ Tececenede in

OV LU TN DG CID N T 190 9. 1t N PN O ML N D
N NN ONteecoo AN MNMANNINOIDTRNLs
CoTTTTTTETIN

R alals IR o S

N T SN UGN DD IO O TG O <05 [t 445 SO QI Ot
NDON DD ONINOORNNNNNNNTNTT O DJ ™)
Al e < <TeITTT AN

00000 T WIS (I LA LIS 90N 4T LA NS 00 it
799918977779999477643435096002
e TTeTTNnTNNLN

M AT LD OIS IN G 10N O o8 00 11163 1019 [0 G0 LN ~ODN OO
N o (RO DoVo ooy BANIIMAINN DN S
et 0 -t e o P TETITTITTSTTTTTN

[TRTH TR TN TR TRTR TN PR TR TR TR TR IR TATR TN PR TR TR TR TR TR T T T

LILIUIA LU LA L [LILT G I LU T T L IR T I L L LA AL
it i Lol g oo Lt uuta W Lt L ydtadig Luisg
AQAQRASASANARSSAAAARAAOARNOAO

Palalatal

Loy 0

oz _jd

N
| > AAnAN
z2 & _julorprory el e ld ororardrar At
D P i O (Yl OIS NG OIS NSO

FoLIOQCCCTr~r T Zxx

TTMNEUO T bt e e o e e e B o e
ZZIo=-enOuwllijue ooy TCONBNNNG NNNNNY
acacn MM M=i=-id 02 3223223232322

COCOOOSUIOSOOHSS O O
461001011440033330040
[0t ] ﬁo wn

COoCoSoONIVUAIRIDIDdHrwilD 0
5610010L1330033330040
(1] Ne

oo VSSMMMMe N
OGSl M Mo oMM Moo
M Ew n

CooRLoCUVHPOORwro
4&100L01144003333003%
M

DoCoSCOSUHNIOIOSH NS ©
551001011430033330040
Daelas) 20 un

CocoLoCNINIOSHENIS N
N0 A0 SN A Mo oMo fioSomMLN
211 EN n

[m]=]m]w]
NN L% L]
IXITX IITT
P el I IR s ST BT A e D e Sl
SBNONNNNZZZZNNZZZZHUN0NnM
PPPPPPP[IIIPPIIIIPPPP
PalalalaloXal
oy oZer A~ S
[ g TR - TN - S (7]
Y] N oy i Wi
o . e -1
o B P PP 2N .« nw ma._Jn
0 il ozl oz CCCCSS.. 0ol
N=xor.d AAAAEENNNNENPR
Win e r e XD OO Doer=HE 0D 0
[ <77 o ao. PIS
I o o o Lot B o o
ORNNY  widigld . BBBLLLE
LEDOUORLLLLHHRRRREUET
HSDOIORZZZZXXIDIDITITIZEDL
O GG S <C s = i il 3

123



API GRAVITY OF DIESEL FUEL: 33.9 AT 60F

ENGINE TEST RESULTS, DETROIT DIESEL

ENGINE, 1000 RPM, FUEL INJECTION TIMING RETARDED

TABLE C-26.
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i.82
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API GRAVITY OF DIESEL FUEL: 33.9 AT 60F

ENGINE TEST RESULTS, DETROIT DIESEL

TABLE C-28.
ENGINE, 1000 RPM, FUEL INJECTION TIMING ADVANCED
5.5 DEGREES
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1.82
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ENGINE TEST RESULTS, DETROIT DIESEL

TABLE C-30.

ENGINE, 1200 RPM, WITH WATER ADDITION
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ENGINE TEST RESULTS, DETROIT DIESEL
API GRAVITY OF DIESEL FUEL: 33.9 AT 60F

ENGINE, 1400 RPM, WITH WATER ADDITION
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AP1 GRAV1ITY OF DIESEL FUEL: 33.9 AT &60F

ENGINE TEST RESULTS, DETROIT DIESEL
2000.

i.82

ENGINE, 1600 RPM, BASELINE
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API GRAVITY OF DIESEL FUEL: 33.9 AT 60F

PERFORMANCE AND EMISSION TEST RESULTS,

DETROIT DIESEL ENGINE, 800 RPM
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33.9 AT 60F

144, i50.

API GRAVITY OF DIESEL FUEL:
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PERFORMANCE AND EMISSION TEST RESULTS,
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API GRAVITY OF DIESEL FUEL: 33.9 AT 60F

PERFORMANCE AND EMISSION TEST RESULTS
128.

DETROIT DIESEL ENGINE, 1400 RPM
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APPENDIX D

REPORT OF NEW TECHENOLOGY

This study documents the unique application of water-in-fuel emulsions
to large (900hp to 1200hp) diesel engines. A laboratory system was developed
to mix and meter the emulsions to the engine (p. 6 to 11). This system
performed well and allowed a determination of the emulsion effects on diesel

engine performance.
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