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Four military engines were tested to determine the effect of fuel properties

on engine performance. These engines were the Detroit Diesel (DD) 4-53T,

Continental Motors LDT-465-1C, Cummins NTC-350, and the Caterpillar 3208T.

For this program, 18 fuels were blended to attain wide variations in kine-

-atic viscosity, cetane number, ten-percent boiling point (IOZBP), and

aromatic content. Each of the eighteen fuels was run at the same relative

speed and energy levels in each engine* Loads attained from the given

speed-energy points were analyzed using the computer program BMDPIR. These

multiple linear regression analyses yielded a stable load prediction equa-

tion for each engine with energy, speed, aromatic content, kinematic via-

cosity, and 10ZBP as the independent variables. Two additional fuel blends

were run as cross-validations. Predicted loads agreed well with observed

loads for these fuels except at low speed-energy points in some engines.

The performance of the 4-53T engine was adversely affected by highly aro-

matic fuels. The performance of the LDT-465-IC engine was adversely af-
fected by low IOZBP fuels. Neither the NTC-350 or the 3208T engines were

significantly affected by changes in fuel properties over the ranges tested.

In general, the 3208T engine produced the highest load per unit of energy

input, primarily because the engine was derated due to miscalibration of the

injection system by the manufacturer. The 3208T engine was operated sig-

nificantly below its rated power, and results obtained in this report should

be considered a subset of total engine performance. This series of tests

did not address maximum power availability, cold weather operation, or

long-term operational problems that could arise from operation of these V

engines on off-specification fuels.

Combustion performance measurements were made in a T-63 gas turbine com-

bustor at operating conditions of idle, cruise, climb, and takeoff. Igni-

tion measurements were made at air flow conditions typical for the T-63

engine; the tests were made with room temperature (25*C) air. Combustion

performance measurements on eighteen test fuels and two referee fuels In-

cluded flame radiation, exhaust smoke, gaseous emissions (THC, CO, and NOx),

€ , . , , , , , ,. .- ." .. .- ,- .. , . . .. .. ', , " - - . . , ! . , - ., .. : . , • - . . - . . . .. _. . ,



* and combustion efficiency. The exhaust smoke and flame radiation measure-

ments for the eighteen test fuels at the takeoff condition correlated favor-

ably with H/C ratio. Correlations based on multiple linear regression

analyses of total hydrocarbons (THC), CO emission, and combustion efficiency

at the Idle condition with fuel viscosity and end point were poor; neverthe-

less, they predicted trends in the two referee fuels and agreed with theory.

The regression analysis indicated that viscosity was a more important pro-

perty in determining gaseous emissions of THC and CO than the end point.

However, xbis indication was somewhat tenuous because there was a strong

correlation of viscosity with end point in the test fuels. The NO emis-
x

sious were essentially independent of the fuel properties. None of the

fuels contained significant amounts of nitrogen, so NO was formed- princi-

pally from the nitrogen in the air.

The spray quality of the T-63 nozzle was measured at ignition conditions. A

forward laser light-scattering instrument was used to measure the

Rosin-Rammler parameters at one location in the spray. A multiple variable

regression analysis was used to predict the Sauter mean diameter of the

droplets as a function of fuel properties and fuel pressure.

Ignition data for the T-63 combustor ware correlated with fuel properties

and droplet size.
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Is INTRODUCTION

Due to the tightening world oil supply, the Army wishes to develop its cap-

ability to utilize multisource mobility fuels. As the sources of these

fuels change, the basic properties of the fuels will also change. The Army

currently specifies acceptable property limits for its fuels, but future

economical considerations may necessitate expansion of these time-proven

limits. 0

Qualitative fuel property effects on engine performance have long been known

and have been incorporated into existing specification limits. Expansion of

these limits requires quantitative knowledge of these fuel property effects

Sin order to minimize performance degradation of Army vehicles.(- Figure

1 illustrates the process for evaluating new/synthetic fuels to assure that

there will be no impairment to overall Army mission. 4) This work falls

under the heading of Full-Scale Multicylinder Engine Performance Testing and

* basically provides feedback information to the qualification system.
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0

*' For this study, four compression ignition (CI) engines were chosen because

of their diverse fuel injection/combustion systems and their widespread use

(or potential use) in Army tactical vehicles. Spark ignition (SI) engines

were not included due to the predominance of CI engines in the Army tactical

inventory and potential phaseout of SI engines. The four engines used were

the Continental Motors LDT-465-1C, Detroit Diesel (DD) 4-53T, Cummins NTC- . .:

350, and the Caterpillar 3208T. Test setups and engine specifications for

the engines are shown in Figures 2 through 5, respectively.

Fuel properties affecting diesel engine performance are heat of combustion,

viscosity, volatility, cetane number, and aromatic content. Heat of com-

bustion is a measure of how much energy the combustion of a given amount of

fuel will produce. The net heat of combustion (accounting for water in the

combustion byproducts) was used throughout this report in order to quantify

the amount of energy introduced into the combustion process. Fuel viscosity

affects atomization and penetration of the fuel into the combustion chamber.

This, in turn, affects combustion due to changes in fuel surface area and

charge placement. Throughout this report, kinematic viscosity at 40*C is

used as a measure of fuel viscosity. Fuel volatility affects the vaporiza-

tion of fuel and thus affects combustion. AS24 D 86 percent recovered

temperatures are a convenient way to measure volatility and are used

throughout this report. Cetane number is a measure of ignition delay. This "".

affects performance by releasing the fuel's energy earlier or later in the

cycle. Aromatic content is a measure of the percentage of ringed carbon

molecules in a fuel. Since aromatics generally ignite poorly under com- ,--

pression ignition, the percentage of aromatics should generally affect

engine performance.

Fuels utilized in these tests are listed and discussed in Section II of this

report. Cat I-H/I-G reference diesel fuel was selected as the base fuel due

to its batch-to-batch uniformity and general acceptance as a base fuel.

Other fuels utilized were chosen or blended on site to obtain a wide range

of fuel properties.

8* -. . . . . . . . .. . . . . . . . "."
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Molnde: T6, 5 3

Cylindes: 6, nline

Displacement: 7.83 L (478 in.)
Bore: 11.58 cm (4.56 in.)
Stroke: 12.37 cm (4.87 in.)
.Compression Ratio: 22:1
Fuel Injection: Bosch Rotary Distributor
v/Density Compensation

Rated Power: 145-156 kW (194-209 BHP)

at 2800 RPM
Rated Torque: 597 NM (429 lb-ft)

at 2000 RPM

FIGURE 2. CONTINENTAL MOTORS LDT-465-IC TEST SETUP
AND ENGINE SPECIFICATIONS

9
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Model: 4-53T (5047-5340)
Engine Type: Two-cycle compression

ignition, direct injection, uniflo
scavenging,* turbosupercharged

Cylinders: 4, inline 3
Displacement: 3.48 L (212 in.)
Bore: 9.84 cm (3.87 in.)
Stroke: 11.43 cm (4.5 In.)
Compression Ratio: 18.7:1
Fuel Injection: DD WO6 unit injector.
Rated Power: 127 kW (170 BHiP)

at 2500 RPM
Rated Torque: 545 M M (402 lb-f t)

at 1800 RPM

FIGURE 3. DETROIT DIESEL 4-53T TEST SETUP

AND ENGINE SPECIFICATIONS2

10



Model:2 NT.35

Bore: 1 c (5. ~U - .-

o.-

. o4

Model: NTC-350
Engine Type: Four-cycle compression

ignition, direct injection t"
Cylinders: 6, inline BPDisplacement: 14.01 L (855 in. 3 ) :-

Bore: 13.97 cm (5.5 in.).:-
Stroke: 15.24 c (6 in.) "'
Compression Ratio: 14.5:11-:"
Fuel Injection: Cuizmins pressure-time ": '

Rated Foyer: 261 kW (350 BHiP)

at 2100 RPM
Rated Torque: 1519 N.M (1120 lb-ft)
at 1300 RPM

FIGURE 4. CUMI NS NTC-350 TEST SETUP
AND ENGINE SPECIFICATIONS

Al..l.... ... ... .......
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Model: 3208T

Engine Type: Four-cycle compression
ignition, direct injection

Cylinders: 8, V configuration 3
Displacement: 10.42 L (636 in.3 )
Bore: 11.43 cm (4.5 in.)
Stroke: 12.70 cm (5 in.)
Compression Ratio: 16.5:1
Fuel Injection: Caterpillar scroll system
Rated Power: 224 kW (300 BHP)
at 2800 RPM

Note: Engine would not attain 300 BHP due
to factory misadjustment of fuel system.

Test was run under derated conditions.

FIGURE 5. CATERPILLAR 3208T TEST SETUP
AND ENGINE SPECIFICATIONS

12
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Several recent studies (5-9) have been conducted to determine the properties

of gas turbine fuel that will allow adequate fuel availability, but will

also avoid sacrifices in engine performance and environmental acceptability.

All engines now in production or under development were designed for satis-

factory performance and life on the current specifications for petroleum

distillate fuels. Many engines may not be able to tolerate the changes

implied by a broader fuel specification, e.g., higher liner temperatures or %-
longer droplet lifetimes. Operation on other fuels say or may not lead to a

reduction in performance or increased maintenance requirements; however, at
present there is a general lack of knowledge on fundamental relationships

between fuel composition, properties, and performance, making a prior judg-

sent on the acceptability of nonspecification fuels somewhat tenuous.

Among the properties of greatest concern to gas turbine combustion perform-

ance are fuel composition, distillation curve, and viscosity. The first

property is generally associated with flame radiation and exhaust smoke; the

latter two affect atomization and vaporization, and therefore, affect igni-

tion, gaseous emissions, combustion efficiency, and flame stabilization.

Because of the additional NOx found in the exhaust, fuel-bound nitrogen is

one new fuel property hich has emerged from the use of syncrude fuels,

primarily shale oil.

The fuels described in Section II of this report express a significant

variation in the fuel properties that affect soot formation, gaseous eas-

sions, combustion efficiency, and Ignition properties. In this work, com-

bustion performance measurements on the test fuels are made in a T-63 gas

turbine combustor at the operating conditions, idle, cruise, climb, and

takeoff. Ignition studies were performed at typical flow conditions with
room temperature air.

II. SELECTION OF FUELS FOR TESTING

An objective of this testing program was to assess the effects of a vanl-

ation in individual fuel property on engine performance, independent of

13
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other fuel properties. This information is of interest since it can be used

to evaluate and set fuel specification limits to maximize fuel availability

without adversely Impacting engine power or fuel consumption. The diffi-

culty is that it is virtually impossible to vary one fuel property of inter-

est without changing other properties as wll. Thus, some method of analy-

si must be used which will account or compensate for the effect of these

unintentional fuel property changes. The usual approach is to conduct a

* regression analysis which attempts to account for the observed data by

minimizing the error between the observed data and the predictions of a

"model" describing the engine response. In this project, the prediction

* model used was that each fuel variable of interest affected engine perform-

ance in a linear fashion. The model also accounted for engine speed and

fuel input rate.

The fuel properties of interest in this program were kinematic viscosity at

40-C, cetane number, volatility, and aromatic content. Both the ASDI D 86
10 percent recovered temperature and the average of the 10, 50, and 90

percent recovered temperatures were used as measures of volatility.

The ability of the regression analysis to predict accurately the dependent

variable being modeled is determined by the accuracy of the measurements,

the range of values that the independent variables span, and the number of

data points. The accuracy of measurents is generally equipment-dependent,

and the property value range is a function of the design of the test.

Therefore, the primary test design variable which can be controlled Is the

number of data points. Unfortunately, increasing the number of test points

also increases test cost. As a result, the number of points must be a

balance between cost and prediction accuracy. With this in mind, an analy-

sis was conducted to estimate the number of fuel test points required. This

analysis, detailed in Appendix A, indicated that a minimum of 16 fuel blends

would be required for a reasonable analysis. As a result, 18 test blends

were selected. 0

After the number of fuel blends was determined, the next objective was to

select the composition of the blends to maximize the information obtained.

14SP. . * ..



sThe Initial approach to specifying the test fuel compositions was to use a

commercial computerized experiment design program called Computer Optimized

Zxperimental Design (COiD).

It became apparent that this approach would not provide sufficient fuel

guidance. However, since COED placed points in the corners of the specified

property space, producible fuel blends were chosen with properties as close

to the corners of the property space as possible. To establish these

blends, a program was developed to estimate the properties of a fuel blend

given the properties of the blend stocks. Briefly, the program required

that the relationship between the blendstock concentration and the resulting

fuel composition be linear. This required that methods be found to describe

the blending of the fuel properties of interest in a linear fashion.

The aromatics may be treated directly by averaging the percent aromatics in

each blend component multiplied by its volume fraction (fi) in the mixture.

Also, an initial stage of the work using practice blends revealed that

kinematic viscosity using a Viscosity Blending Index Factor (VF) is treated

satisfactorily. For kinematic viscosity, the viscosity of the blend is

VFblend UF i f i """

and it would be convenient to work with VF.

The volatility offered more resistance to prediction. It is most appro-

priately expressed as moles evaporated at several fixed temperatures.

Averaging these oles of blendstock at fixed temperature was the most f es-

ible method of determining volatility. Faploying an ASl( Method D 86-type

measure (T at fixed volume reductions) in the trial formulations, averaging

temperatures at 10 percent evaporated and 10, 50, 90 percent, as well as

averaging volume off at three fixed temperatures, were checked. Though the

method of averaging temperatures is least like the "mole method," better

agreement was obtained. With this approach, approximately 7 percent devia-

tion between calculated and measured volatility was observed.

15
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The cetane number characterization required the most effort. The trial pre-

dictions shoved notable nonlinearities In blends of high and low cetane

fuels. To quantify these effects, nine blends of seven actual stocks were

made for masuring catane number (C). The matrix of points was selected to

determine noulinearities in the most efficient way.

The results from this investigation were regressed, yielding:

CN 11.44 + 5.562F 1 - 16.42 F2 + 31.38 F +

33.29 F4 + 16.42 F2 13.73 F + 7.697 F 2
42 3 4

where F- fraction of High Aromatic Naphtha (HAN)(AL-10223-F) n the

mixture

F 2  fraction of Benzene Toluene Xylene (BTX) Bottoms (AL-10233-F)

in the mixture

F3 = fraction of JP-4 (AL-9254) in the mixture

F = fraction of CAT I-H (AL-10433) in the mixture
4

This function is only valid for F1 if F2 -0 and conversely. ,

Many plots of this function show that HAN will blend closely enough to

linear at all combinations of high and middle components, so that its cetane

number may be used directly.

Heavy BTX bottoms do well with the middle-cetane stock, but induce marked

curvature when the other component has appreciable high-cetane stock in it.

After completion, this program was able to reasonably estimate the proper-

ties of any given combination of our blending components. This program was

then used to generate a large list (>5000) of potential fuel properties.

From this list, fuels were selected which had properties within the ranges

of interest.

Table 1 shows the volume percentage of the blendstocks in each of the 18

fuels in the test matrix. The first three fuels in the matrix were Cat 1-H,

16
9.



. JP-4, and Jet A. Table 2 lists predicted properties of the 18 test fuels

.. compared to the measured properties of the final fuels and blends. The pre-

* dicted values were based on the selected properties for the blending stocks

listed in Table 3. The properties of the blending stocks are listed in -

Table 4, and include the base fuels (Test Fuels 1, 2, and 3). The proper-

ties of the final test fuel blends (Test Fuels 4 through 18) are shown in

*. Table 5.

Since the engines undergoing evaluation were designed for using DF-2 as the

primary fuel, the properties of the 18 test fuels were compared to Federal

Specification VV-F-800C, Fuel Oil, Diesel, shown in Table 6.

This Federal specification permits a maximum temperature of 338*C at 90

percent evaporated in the ASM I ethod D 86 distillation test for grade DF-2.

Fourteen test fuels fell below the maximum allowed, and 13 were below the

end point requl-ement of 370°C maximum. The lowest 90 percent evaporated
temperature for the test fuels was 217*C and the highest was 3670C. End

points for the test fuels ranged from 2530C to 3980C.

VV-F-800C allows a range of 1.9 to 4.1 cSt, kinematic viscosity at 40*C for

DF-2. Of the test fuels, nine fell within these limits; eight had viscosi-

ties within the DF-1 limits; eleven met DF-A viscosity requirements; and two

fuels had viscosities below 1.1 cSt of the DF-A minimum requirement. The

lowest test fuel viscosity was 0.78 cSt and the highest was 3.55 cSt.

In addition, eight test fuels had cetane numbers above 45, the minimum value

shown for DF-1 and DF-2 in the federal specification; four test fuels had

cetane numbers between 40 and 45, and six were below 40. At present, a

cetane number of 40 is permitted for DF-I and DF-2 fuels. The lowest cetane

number for the test fuels was 31.3 and the highest was 53.1.

Aromatic content is not a specification requirement; however, it is a pro-

perty considered to be influential in the combustion event and was included

in the design of the test fuel matrix. The aromatics in these test fuels

ranged from 12.9 to 61.9 volZ, as measured by the ASTM D 1319 Fluorescent

Indicator Absorption (FIA) Test.

17
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TABLE 2. SELECTED PROPERTIES OF 18 FUELS
WHICH COMPRISE THE TEST MATRIX

K. Viscosity AS'nI D86 Avg. Boiling
at 406C, 1OZBP, Temperature Aromatic

Test cSt _ C C* Cetane No. Content, %

Fuel No. Pred. Meas. Pred. Maas. Pred. Meas. Pred. Msas Pred. Meas.

1 3.2 3.2 241 238 276 277 53 50.1 28 31

2 0.71 0.78 90 91 140 156 28 34.5 9 15

3 1.0 1.5 172 195 185 216 50 44.5 13 17

4 2.5 2.56 231 203 264 262 50 47.5 30 34

5 2.5 2.33 234 193 264 225 46 42.9 38 42

6 1.5 1.16 172 159 195 191 52 46.1 8 13

7 1.5 1.98 200 201 221 242 51 46.4 19 24

8 1.9 2.19 198 113 248 251 44 48.1 15 24

9 2.5 3.33 236 209 268 283 54 50.1 17 28

10 2.0 2.07 219 204 294 249 35 32.0 56 59

11 1.4 1.63 173 116 215 221 42 45.4 20 22

12 3.2 3.49 251 214 291 289 41 39.8 45 62

13 0.92 1.21 148 144 172 194 43 40.8 12 17

14 1.1 1.30 149 103 199 218 37 41.7 12 18

15 0.97 1.14 178 176 189 200 37 31.3 38 43

16 0.92 1.04 128 99 174 188 34 38.3 14 18

17 1.0 1.25 177 181 188 210 42 34.5 29 35 '4
18 3.5 3.55 248 241 285 286 54 53.1 27 31

* Average boiling temperature = (10% + 501 + 90119C '"'D8
3)by ASIMD 86. "',

** Predicted by blending correlations of the properties listed in Table 3.
*** Measured properties of test fuels with composition shown In Table 1.

19
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TABLE 3. SELECTED PROPERTIES OF THE SEVEN BLENDING STOCKS

High Heavy
Aromatic BTI

JP-4 JET A Cat 1-H Gas Oil Nahh Kerosene Bottom

Kinema tic0
Viscosity
at 40*C, cSt 0.78 1.50 3.20 7.91 1.46 1.31 0.75

Viscosity
Blending
Index 0.123 0.247 0.350 0.442 0.240 0.224 0.114

101 SP, C 91 195 238 293 194 186 161

10+50+901 Points, 0C
3

156 216 277 336 222 200 164

t Cetane No. '34.5 44.5 50.1 61.0 17.1 50.1 5.0

Aromatic

Content, 2 14.8 17.3 30.6 47.8 82.8 12.4 99.4
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TABLE 6. PHYSICAL AND CHWICAL REQUIR ENTS FOR
FEDERAL SPECIFICATION VV-F-800C, FUEL OIL, DIESEL

Values. C~rade DF-2 ill

Properties Grade DF-A Grade DF-1 CONUS OCONUS

Density, kg/L @ 15°C Report Report Report 0.815 to 0.860
Flash point, OC min 38 38 52 56 (1)
Cloud point, *C max -51 (2) (2) (2)
Pour point, *C max Report Report Report (3)
Kinematic viscosity
@ 406C, cSt 1.1 to 2.4 1.3 to 2.9 1.9 to 4.1

Kinematic viscosity
@ 200C, cSt 1.8 to 9.5

Distillation, *C
50% evaporated Report Report Report Report
90% evaporated, max 288 288 338 357
End point, max 300 330 370 370

Residue, volZ, max 3 3 3 3
Carbon residue on

10Z bottoms,
:m assZ, max (4) 0.10 0.15 0.35 0.20 !

* Sulfur, massi, max 0.25 0.50 0.50 0.70
. Copper strip corrosion

3 hr @ 50"C,
max rating 3 3 3 1

Ash, msX, max 0.01 0.01 0.01 0.02
Accelerated stability,

total insolubles,
mg/100 ml, max (5) 1.5 1.5 1.5 1.5

Neutralization numberTAN, max 0.05 ... 0.10 S :

Particulate contamina-
tion, mg/liter, max 10 10 10 10

*Cetane number, min 40 45 45 45

(1) DF-2 intended for entry into the Central European Pipeline System shall
have a minimum value of 58"C.

(2) As specified by the procuring activity of VV-F-800C.
(3) As specified by the procuring activity. DF-2 for Europe and S. Korea

shall have a maximum limit of minus 18*C.
(4) See Appendix B of VV-F-800C. If the fuel contains cetane Improvers, the
(5) This requirement is applicable only for military bulk deliveries intended

for tactical, OCONUS, or long-tern storage (greater than six months)
applications (i.e., Army depots, etc.).
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III. DIESEL ENGINE TESTS

A. Test Matrix Design

The purpose of these tests was to determine the effects that fuel property 0..

changes would have on engine performance. Since these effects would be

small, it was necessary to control factors that might mask fuel property

effects. Speed, energy input, oil temperature, engine coolant temperature, 0

inlet air temperature, humidity, and fuel temperature all affect the load

that an engine produces. Speed and energy input are normally controlled by

either a mechanical governor or, in the case of a vehicle, by a driver,

Since most of the Army's engine applications are vehicular, it was deter-

mined that test matrix design should encompass normal speeds and loads found

in vehicular applications (e.g., idle to full rack). Oil temperature,

water outlet temperature, and fuel inlet temperature were all controlled in

order to avoid masking fuel property effects. Inlet air temperature and

humidity were not controlled due to lack of the required equipment. All

*" engines were broken in according to manufacturers' recommended procedures.

The initial test matrix design incorporated four speeds with four energy

levels each. In this report, energy input is expressed as Btu/injection and

is generally calculated as:

Btu Btu lb hr min. revolution

injection lb hr 60 aft. revolutions injection

Speeds were selected as 100, 75, 50, and 25 percent of full speed. Energy

inputs varied from full rack to minimum flow at speed. Energy input was

controlled so that corresponding points in different tests would be at the

same energy level. It was hoped that this would emphasize fuel property

effects rather than masking them with energy differences. A dynamometer

controller controlled the speed, and an operator controlled the rack setting

until the desired fuel flow (calculated from energy input) was achieved.

Unfortunately, the 25-percent speed points proved to be destructive to the

test apparatus. At these low speeds (slightly higher than Idle), low-

25
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frequency high-amplitude torsional vibrations between the engine and dyna-

mometer severely damaged driveshafts. Because of this damage, the 25-

percent speed points were dropped from the test matrix. Since a large

number of engine runs were required by this test procedure, an in-house -

" computer program was used to generate run sheets for the engines. Basical-

ly, the engine designation, test number, fuel number, fuel net heat of

combustion, and engine operating data were processed into the program, and a

run sheet was returned to the operator. To obtain the widest speed and fuel

flow range (to simulate vehicular use), the program assumed 100, 75, and 50

percent of manufacturer-recommended full engine speed. Maximum and minimum

" energy input levels were determined by running full load performance deter-

minations using JP-4 fuel and no load performance determinations using the

reference fuel. Maximum fuel flows (at full rack) were reduced slightly to

* compensate for density and net heat of combustion differences between fuels.

Maximum and minimum energy inputs at a given speed were then calculated from

* these fuel flows. This process produced energy input levels that could be

obtained using all the test fuels. Four energy points were placed to span

the difference between minimum and marimum energy levels. These four energy

levels and three speeds yielded twelve points per test. Table 7 shows a

typical run sheet generated by the computer program. In practice, opera-

tors could not control fuel flow to the engine with the precision desired.

TABLE 7. TYPICAL RUN SHEET

ENGINE: 4-53T FUEL: AL-10697-F TEST NO: 1

SPEED (RPM) FUEL FLOW (LB/HR)

1 2500 53.0
i 2 2500 44.8

3 2500 36.7 -

4 2500 28.5
5 1875 44.1
6 1875 35.1
7 1875 26.0
8 1875 17.0
9 1250 19.1
10 1250 15.9
11 1250 12.6
12 1250 9.3

26
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As a result, actual energy points were scattered in the vicinity of the

i desired energy points. At test completion, it was discovered that net heat

of combusion values obtained from the laboratory were also not as accurate

as desired. Repeating the net heat of combustion tests several times

yielded average values that were more representative of actual values. The

. correct net heat of combustions were incorporated into the statistical

analysis of results. To have an InnIxate check on the data and to minimize

errors, each test was run twice. This duplicate data provided the oppor- S

tunity to discover and correct many errors immediately rather than waiting

, for the data analysis phase. The data recording form for each test is show

in Table 8. Table 9 lists the test number, engine, and fuel for each of the

tests performed. Tests are actually in groups of two, with the odd-numbered

* tests preceding the even-numbered replicate tests.

*B. Engine Operation

As mentioned previously, some engine operating parameters were controlled to

emphasize fuel property differences. Table 10 summarizes the engine operat-

ing conditions. Oil temperature wee controlled by routing an external

source of cooling water through the normal angine-sounted oil cooler. Oil

temperature was measured at the oil cooler outlet. Set point for oil tem-

perature was 93*C (200"F). Fuel temperature was controlled by a heat ex-

changer on the engine fuel inlet line. An external source of cooling water

was utilized to bring the fuel to the desired 35"C (951F) set point. Cool-

ant-out temperature was measured at the thermostat housing of each engine.

Coolant temperature control was accomplished by blocking the thermostat in "i

the open position and utilizing an external heat exchanger. The desired
coolant-out temperature was 820C (180F). Inlet air temperature and humidi-

ty were not controlled. Inlet air temperature was measured in the air
filter housing of each engine. All data outlined in Table 8 were recorded

and entered into an in-house computer data base.

. During the course of the test, routine dynamometer load cell checks showed

*" that the load cell used on the 4-53T and LDT-465-IC tests was drifting.

lather than re-calibrating the load cell and invalidating all previous

27



*TAILE 8. DATA, RECORDING SHEET

MILITARY ENGINES M~L ROQUIRUINTS
LOG SHEE

EMINE:_____UE_____ TEST NO: DATE: PACE:

10 11 12
Technician___ 1 2 3 4 5 6 7 8 9

Actual speed, RPM

Fuel consumtion, lb.4hr. Flovtro __ - - - - - - - - -

-iFuel consumtion, lb./hr.(W

TEMPERATURES.. F

Exhaust beforetur~b"-------------------------------
Exhaust after turbo--------------------------------
I Water inlet*

2ter outlet%

3Inlet air--------------------------------

6 i fer r

A7 01 fter MoE - -- -- --- -- -- -GL

PRESSURES

Oil, Dois
* ~~Fuel, Dole- - -- - -- -

Air after blower 4- ---------------------------------

Exhast aterturbo. Ing ft
Air before compressor. in. 1.20- - - - - - --

t ------------------------------------------------------ 8-



TABLE 9. LIST OF TESTS UN-

TEST ENGINE FUEL
.Nu BER ,,__._ _

-!

I 4-53T AL-I 4697-F 0
2 4-53T AL- I 0697-F
3 4-53T AL-t 0503-F
4 4-53T AL- I 053-F

,j 5 4-53T AL-I 0582-F -"
6 4-53T AL-I 0592-F
7 LDT-465 AL-I 0697-F
0 LOT-465 AL- 10697-F
9 LDT-465 AL-I 053-Ft 0 LOT-465 AlL-1 0593-F ' ''
I ! LDT-465 AL-10582-F .

12 LOT-465 AL-10592-F
13 NTC-330 AL-10697-F
14 NTC-350 AL-10697-F
15 NTC-358 AL-10583-F
16 NTC-350 AL-!0593-F
17 NTC-30 AL-1 0592-F
is NTC-350 AL-1 052-F
31 LOT-465 AL- 10813-F
20 LOT-465 AL-I 0811-F
21 NTC-350 AL-10S1-F
32 NTC-35S AL-1081t-F
3 4-53T AL-1 0811-F
4 4-53T AL-1 0911-F
2732 NeT AL- !0582-F .. :
2i 3208T L-OI 058-F
32 4-53T AL-I 0813-F
a 4-53T AL- 0813-F
1328T AL-1 913-F

42 3208T AL-10813-F

3 LOT- AL-O, 7-F

44 32001 AL-1O01-F

33 NTC-350 AL-10813-F
34 NTC-35s AL-10813-F 71
4 3269T AL-1 0697-F
40 32t9T AL-1 0607-F

49 NT5 AL-10592-F

30 32C-T AL-I 0512-F
3I 3280T AL-10503-F46 209T AL-053-F".:'
41 320O9T AL- 10916-F '"":

42 32309T AL-I 0807-F
44 320ST AL-1 O00-F

45 LOT-465 AL-10816-F

47 LOT-465 AL-10907?-F

49 NTC-330 AL-10816-F

52 NTC-350 A L-1O007-F
53 4-53T AL-1I08 !6-F. :i

29
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TABL 9 LIST OF TESTS RUN (CONT'D)

TEST NO. ENGINE FUEL

54 4-53T AL- 10 1 6-F
55 4-53T AL- 0 07-F .
56 4-53T AL- 1 0807-F
57 4-53T AL-I 012-F
56 4-53T AL-I 0812-F
59 NTC-350 AL-1 0812-F
60 NTC-350 AL-10912-F
61 LDT-465 AL-I 0812-F
62 LDT-465 AL-10812-F 0
63 3208T AL-10912-F
64 3209T AL-10812-F
65 4-53T AL-10804-F
66 4-53T AL-I 0004-F
67 NTC-350 AL-I 0804-F
68 NTC-350 AL-1004-F
69 LDT-465 AL-10804-F
70 LDT-445 AL-I 0804-F

S 3200T AL-1 0604-F
72 3206T AL-1 0804-F .7
73 4-53T L- 109S-F
74 4-53T AL-1 5065-F
75 NTC-350 AL-1 0805-F
76 NTC-356 AL- I Go 05-F
77 LDT-465 AL- 1S00-F
76 LOT-465 AL-I 0005-F
79 32"T WL-10ee-•
s0 3209T AL-! 065-F
ofl 4-53T AL-I 0906-F
62 4-53T AL- I " 06-F
63 UTC-350 AL-10 66-F
04 NTC-35O AL- I06-F
85 LDT-465 AL-I 01006-F
96 LDT-465 AL- 10 06-F
97 320T AL-I 006-F
so 320T AL- I 0806-F
69 4-53T AL- I1009--
90 4-53T AL-100W0-F
91 NTC-358 AL-I 060W-F.
92 NTC-350 AL-I 00t-F
93 LDT-465 AL-1000-F
94 LDT-465 AL-1 000-F
95 3208T AL-I 090-F
% 3200T AL-I 01 00-F
97 4-53T AL- 10009-F
96 4-53T AL-I 0009-F
99 HTC-350 AL-1009-F
to0 NTC-350 AL-I0909-F
let LDT-465 AL-10909-F
102 LDT-465 AL-1 0809-F
103 3200T AL-10809-F
104 3208T AL-10809-F '"
105 4-53T AL-1Ot1O-F
1I6 4-53T AL-10810-F
le? NTC-350 AL-10910-F
10 NTC-350 AL-10t0-F
109 LDT-465 AL- 0810-F
It* LDT-465 AL-10810-F
III 320ST AL-10810-F
112 3208T AL-t0O81-F
113 4-53T AL-10814-F
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TABLE 9. LIST OF TESTS RUN (CONT'D)

TEST NO. ENGINE FUEL
114 4-53T AL-10814-F
115 NTC-350 AL-10814-F

16 NTC-350 AL-10914-F
117 LOT-465 AL-10814-F
i18 LDT-465 AL-10814-F
119 320T AL-10814-F
120 3208T AL-10814-F
121 4-53T AL-10815-F
122 4-53T AL-10815-F
123 NTC-350 AL-10915-F
124 NTC-350 AL-1OOtS-F
125 LDT-465 AL-10915-F
126 LDT-465 AL-1O015-F
127 3208T AL-1 0915-F
128 3208T AL-1O015-F
129 4-53T AL-10017-F
130 4-53T AL-1 0917-F
131 NTC-350 AL-1017-F
132 HTC-350 AL-10817-F
133 LDT-465 AL-10017-F
134 LDT-465 AL-I 0817-F.
135 3208T AL-1 0917-F
134 3209T AL-10017-F
137 4-53T AL-10919-F
138 4-53T AL-1009-F
139 NTC-350 AL- 10919-F
140 NTC-350 AL-i 0819-F
141 LDT-465 AL-10919-F
142 LDT-465 AL- 10919-F
143 320BT AL-10919-F
144 3208T AL-1 0919-F
145 4-53T AL-1 0999-F
144 4-53T AL-10999-F
147 NTC-350 AL-10999-F
148 NTC-350 AL-10999-F
149 LDT-465 AL-I 0999-F
150 LDT-465 AL- 1 09"-F
151 3200T AL-1099-F
152 3200T AL-10999-F
153 4-53T AL-11017-F

155 NTC-350 AL-il0I7-F
156 NTC-350 AL-11017-F
157 LDT-465 AL-11017-F
158 LDT-465 AL-11017-F
159 3208? AL-11017-F
140 3209T AL-11017-F

-'-
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TABLE 10. SUMMARY OF OPERATING CONDITIONS

Bgine 4-53T LDT-465-1C NTC-350 3208-T

Oil AL-7074-L AL-7074-L AL-7074-L AL-7074-L

Oil Temperature,:, o~C(OF)

Minimum 92 (198) 92 (198) 90 (194) 81 (178)

Maximum 97 (207) 98 (209) 98 (209) 98 (209) 2
Average 94 (202) 94 (201) 93 (200) 93 (200)

Fuel Temperature,
°C(°F)
Minimum 34 (94) 31 (87) 32 (89) 29 (85)

Maximum 36 (97) 36 (97) 37 (99) 37 (98)

Average 35 (95) 35 (95) 34 (93) 34 (93)

ture, *C ('F)
Minimum 81 (177) 80 (176) 79 (175) 80 (176)

Maximum 84 (183) 86 (186) 84 (183) 83 (182)
[,Average 82 (180) 82 (180) 82 (180) 82 (179)

Inlet Air Tempera-

ture, OC (OF)
Minimum 31 (87) 24 (75) 26 (78) 26 (79)

Maximum 42 (108) 43 (110) 38 (100) 43 (110) 2
Average 36 (97) 37 (98) 32 (89) 34 (93)

Speeds, RPM
100% 2500 2600 2100 2800

752 1875 1950 1575 2100

502 1250 1300 1050 1400 :.i

Load, N*M (lb-f t)

minimum 90 (66.4) 56.7 (41.8) 50 (36.9) 23.7 (17.5)

Maximum 435.9 (321.5) 525 (387.2) 1155.3 (852.0) 544 (401.2)

Energy Input,
Btu/injection

Minimum 0.555 0.731 0.908 0.476

Maximum 1.863 3.332 6.246 2.007

Maximum Power

Output During
Test, kW (BHP) 102 (136.4) 107 (143.5) 202 (270.7) 99 (132.6)
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tests, periodic checks were made of the drif t. At the conclusion of the

test, the drift was plotted against time and found to be roughly linear. A

correction factor was then introduced to correct the affected loads based on

the test date* This was implemented through the computer system.

During statistical analysis of the fuel properties, the computer program

" BNDPIR revealed high correlations between many fuel properties. Underlined

values in Appendix B indicate high correlations between properties. It was

deemed inadvisable to include highly correlated properties in further analy-

*" sis due to the duplicate information contained in the properties. There-

fore, since 50-percent boiling point was highly correlated with viscosity,

50-percent boiling point was dropped from further analysis. Next, B1DP1R

was used to develop linear regression equations for the four engines.

Initially, load was the dependent variable, and speed, speed squared, ener-

gy, energy squared, and speed times energy were the independent variables.

Speed squared and energy squared correlated well with speed and energy,

respectively, so they were dropped from further analysis. Next, the fuel

properties viscosity, aromatic content, 10-percent boiling point (1OZBP),

and cetane number were introduced into the analysis. Multiple linear re-

gression analysis of the data uaing the computer program B1DPIR yielded load

equations for the engines.

The equation for the Detroit Diesel 4-53T with speeds of 1250-2500 rpm

(50-100Z of full speed) is:

Load - 5.43158 - 0.02564 Speed + 166.9574 Energy + 0.01699 Speed
'. Energy - 0.15976 Aromatic Content - 0.0001 IOBP + e o102

0.13093 Viscosity - 0.08676 Cetane Number ."

The equation for the Continental Motors LDT-465-IC with speeds of 1300-2600

rpm (50-100% of full speed) is:

Load - 29.25141 - 0.04308 Speed + 114.98773 Energy + 0.01298 Speed
Energy - 0.11661 Aromatic Content - 0.02770 IOZBP -
0.08003 Viscosity - 0.14092 Cetane Number
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- The eqation for the Caterpillar 3208T with speeds of 1400-2800 rpm (50-1001

of full speed) Is:

Load - 2.77937 - 0.04426 Speed + 235.20103 Energy + 0.00146 Speed
Energy - 0.11902 Aromatic Content - 0.00074 1OZBP +
1.59395 Viscosity - 0.09825 Cetane Number

The equation for the Cummins NTC-350 with speeds of 1050-2100 rpm (50-1001 

of full speed) is:

Load = 109.86153 - 0.1151 Speed + 116.04908 Energy + 0.02703 Speed
Energy - 0.17976 Aromatic Content - 0.00387 1OZBP +
0.582 Viscosity - 0.12697 Cetane Number

Units for these equations are: Load - lb-ft, Speed - rpm, Energy - Btu/

injection, Aromatic Content - volZ by FIA, 1OZBP - "F by ASIN Method D 86,

Viscosity at 40*C - cSt, and Cetane Number - no units.

" Tables 11 through 14 summarize the statistics associated with each of these

* equations. An attempt was made to correlate residuals (residual-predicted

,* value-observed value for each point) with fuel properties, but no strong

correlations were found. Several methods were tried in order to rank each

test fuel in relation to the reference fuel. Average loads produced by each

fuel were compared under the premise that each fuel was subjected to exactly

the same energy input levels. In reality, however, human and experimental

error scattered the energy points slightly. While this did not adversely

affect the load equations, it did invalidate ranking schemes.

C. Cross Validations -

Two additional fuels were run through the test program after load equations

had been obtained for the eighteen test fuels. These fuels had been blended

for a separate program but were included herein to obtain some cross valida-

tions. Predicted loads obtained from the equations on the preceding page

are compared with observed loads in Figures 6 through 9.
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TABLE 11. MULTIPLE LINEAR REGRESSION STATISTICS
FOR THE 4-53T ENGINE

Engine: 4-53T
Data Points: 432 (18 fuels x 24 data points per fuel)
Multiple R-Square: 0.9919
Standard Error of Estimate: 6.5175

Variable Coefficient Std. Error T -

Intercept 5.43158
Speed -0.02564 0.002 -10.484*
Energy 166.95740 4.264 39.156*
Speed x Energy 0.01699 0.002 7.707*
Aromatics -0.15976 0.068 -2.357*
IOZ BP -0.00010 0.006 -0.017
Viscosity 0.13093 1.220 0.107
Cetane -0.08676 0.157 -0.552

*Significant quantity (ITI >2). T Is a standard statistical method
for expressing the significance of a coefficient. T is equal to
the estimated coefficient divided by the standard deviation for
that coefficient.

TABLE 12. MULTIPLE LINEAR REGRESSION STATISTICS
4, FOR THE LDT-465-IC ENGINE

Engine: LDT-465-1C
Data Points: 432 (18 fuels x 24 data points per fuel)
Multiple R-Square: 0.9810
Standard Error of Estimate: 13.989

Variable Coefficient Std. Error T

Intercept 29.25141
Speed -0.04308 0.004 -10.524*
Energy 114.98773 3.550 32.388*
Speed x Energy 0.01298 0.002 6.412*
Aromatics -0.11661 0.145 -0.802
10 BP -0.02770 0.013 2.153*
Viscosity -0.08003 2.619 -0.031
Cetane -0.14092 0.338 -0.417

*Significant quantity (IT| >2)
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TABLE 13. MULTIPLE LINEAR REGRESSION STATISTICS
FOR THE NTC-350 ENGINE

• ~Engine: NTC-350 "

Data Points: 432 (18 fuels x 24 data points per fuel)

Multiple R-Square: 0.9946
Standard Error of Estimate: 19.438

Variable Coefficient Std. Error T

Intercept 109.86153
Speed -0.11510 0.005 -22.527*
Energy 116.04908 2.156 53.814

Speed x Energy 0.02703 0.001 18.229*
Aromatics -0.17976 0.202 -0.889
10% BP -0.00387 0.018 -0.217
Viscosity -0.58200 3.639 0.160
Cetane -0.12697 0.469 -0.271

*Significant quantity (ITI >2) w

TABLE 14. MULTIPLE LINEAR REGRESSION STATISTICS

FOR THE 3208T ENGINE

Engine: 3208T
Data Points: 432 (18 fuels x 24 data points per fuel)
Multiple R-Square: 0.9944
Standard Error of Estimate: 8.3879

Variable Coefficient Std. Error T

Intercept 2.77937 0.002
Speed -0.044426 3.241 -21.553* S
Energy 235.20103 0.087 72.561*
Speed x Energy -0.00146 0.002 -0.900
Aromatics -0.11902 0.087 -1.365
10% BP -0.00074 0.008 -0.096
Viscosity 1.59395 1.570 1.015
Cetane -0.09825 0.202 -0.485

*Significant quantity (ITI >2)
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- Figure 6 shows the results for the 4-53T engine and Indicates that the

prediction equation was slightly low in its prediction for both fuels. A

least squares curve fit on the observed vs. predicted data yields the equa-

tion Y - 3.8889 + 1.01181, with an R2 value of 0.99054. Ideally this equa- .

tion would be X - 0 + 1.01. This ideal observed - predicted line is shown

,' in Figures 6 through 9.

Figure 7 shows the results using the LDT-465-1C engine. The prediction

equation seems to have fit the data quite well except at the low load low

speed points using fuel 20 (AL-11017-F). A least squares curve fit on the

predicted vs. observed data yields the equation Y - -29.082 + 1.058X with an

R2 value of 0.99361.

Results for the NTC-350 engine are shown In Figure 8. A least squares curve
2

fit yields the equation of Y - 6.6832 + 0.98231 with an R value of 0.97940.

The cross-correlation points for the 3208T engine are shown in Figure 9.

Observed values were lower than the predicted values, particularly at the

low load low speed points. This probably Indicates that load has nonlinear

tendencies at low speed/load combinations when this engine-fuel coubiuation

is used. This trend is not evident in the 18-fuel analysis presented ear-

lier. A least squares curve fit yields the equation Y - -5.6282 + 1.0167X 61
with an R2 value of 0.99656.

D. Discussion of Results .. ]

The results presented herein represent the testing of eighteen fuels In four

different engines under controlled laboratory conditions. The equations and

results discussed should not be construed as universally applicable to each

engine. This would require testing many engines of a particular model in

order to account for engine-to-engine variability. Every attempt has been

made to preserve accuracy, and results may be interpreted as representative

of a particular engine's operations under the given conditions. All tests

* were short term and do not address long-term durability problems, such as ""-
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Pump wear or carbon buildup which may result from the use of non-specifica-

tion fuels.

None of the engines was run at manufacturer's rated full power. This fact
as due to the test matrix requirement that fuels be tested at the same

energy levels. Maximum fuel flow to an engine is generally controlled

volumetrically by the fuel injection system. Low-viswosity fuels generally

produce higher internal leakage than high-viscosity fuels. At full rack, an

engine will generally consume more (volumetrically) of a high-viscosity fuel

than a low-viscosity fuel. To attain the se energy levels (Btu/injection)

for all fuels, it was necessary to choose maximum and minimum energy points
that could be attained by all fuels. Because of viscosity and net heat of

combustion differences between fuels, all engines were run at maximum powers

lower than that attainable with No. 2 diesel fuel (see Table 10 for maximum

powers during test and Figures 2 through 5 for rated powers). This is

particularly significant for the Caterpillar, 3208T engine which was pre-

viously derated by a factory error in fuel system setup. Thus, all results
on the 3208T engine should be viewed in light of the fact that the engine

was operated well below its maximum power curve and probably low on its
brake specific energy consumption curve. This is also true of the other

engines, but to a lesser extent.

The multiple linear regression analyses presented in Table 11 through 14

indicate many things about the combustion processes taking place in these

engines. The dominant variable in all four analyses is, of course, energy

input. The energy coefficients, when divided by the number of injections

per revolution, allow a look at the efficiencies of the four engines. This

number reveals that, for a given energy input (fuel flow), engines with

larger cofficients produce greater load. In this study, the Caterpillar

3206T is the most ef ficient, followed by the DD 4-53T engine. The Cumins
IMC-350 and the Continental Motors LDT-465-1C tie for third place.

In all four analyses, speed has a negative and.. significant Impact on load.

This is to be expected, since engine friction increases with speed. By

controlling oil temperature at 93"C (200"F), such of the viscosity change
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* associated with higher speeds and loads was eliminated. The speed coeffi-
', cdent, therefore, represents combustion losses and friction losses. It is .

not possible to compare speed coefficients of different engines due to the

varying speeds and oil pressures.

The speed times energy coefficient represents the interaction of speed and

energy. In the three cases where the tern is significant, it has a positive

value. This seems to Indicate that high speed-energy conditions yield

higher loads in three of the four engines. The 3208T engine did not yield a

significant coefficient for speed tines energy; therefore, little can be

said about it.

The DD 4-53T engine seems to be sensitive to the aromatic content of the

fuel. This is indicated by the significant negative coefficient that this

variable displays. For a rise In aromatic content, a drop in load can be

expected. While this effect is small, it does appear to be significant

(ITI = 2.357).

The 4-53T engine did not appear to be significantly affected by changes in

IOIBP, viscosity, or cetane number. Load was expected to be adversely af-

fected by low cetane numbers, but the regression analysis did not indicate

this, Although the coefficient for cetane number is not statistically

significant (we have less confidence in its validity), it is slightly nega- 4.

tive. This negative factor seems to indicate that the ignition delay pro-

duced by a low cetane fuel is beneficial to the combustion process in this

engine. This would be true only to a certain point. Since the test fuels

spanned the cetane numbers from 31.3 to 53.1, it may be that the range did

not dip low enough to adversely affect performance. Low-temperature start-

ability would also be affected by low cetane numbers. No cold starts were

performed in this test series, due to warm weather and lack of equipment.

The Continental Motors LDT-465-1C seemed to be sensitive to the 1015P of the

fuel. The coefficient indicates that as TPBP increases, load decreases

slightly. The LDT-465-1C engine employs a MAN combustion system In which

the rate of combustion is controlled by the rate of vaporization of the

fuel. High 1015P fuels should vaporize more slowly than low TPBP fuels.
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The LVI-465-1C engine does not seem to be cetane-sensitive in the range of

cetane numbers explored. This was expected, due to the multi-fuel design of

this engine and its historical cetane tolerance. The engine did not appear

to be sensitive to either viscosity or aromatic content over the ranges

tested. The MAN combustion system was expected to be viscosity-tolerant

since combustion depends on vaporization rather than atomization.

The Cummins NTC-350 engine did not appear to be sensitive to either aromatic

content, 10ZBP, viscosity, or cetane number. Indeed, none of the coeffi-

cients for these variables was statistically significant. This indicates

that over the range of properties tested, this engine is quite fuel-tolerant

in terms of performance.

The Caterpillar 3208T engine was not significantly affected by aromatic

content, 10ZBP, viscosity, or cetane number. Although the coefficients of

these variables were not statistically significant, aromatic content and

viscosity seemed to have had a small effect. Higher aromatic contents may

produce slightly lover loads, while higher viscosities may produce slightly

higher loads. This engine seems to be quite fuel-tolerant over the range of

properties tested. The 3208T engine was run wall below its maximum power,

due to improper fuel system setup.

IV. GAS TURBINE EXPERIMENTAL PROGRhM

Combustion performance measurements on twenty test fuels were performed in a

T-63 combustor at realistic operating conditions. The first eighteen test

fuels were for the "Military Engine Fuel Requirements" program, and fuels 19

and 20 were included as part of the "Multifuels Engine Development" program.

A low aromatic Jet A (fuel 0) was used as a reference fuel in the measure-

ments. The areas investigated for fuel sensitivity were:

r e Ignition

* Flame Radiation
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0 Exhaust moke

0 Gaseous emissions .(TBC, CO, and NO )

* Combustion efficiency

A. Combustor Facilities

This work was perf Ormed in the U.S. Army Fuels and Lubricants Research

laboratory (AFLRL), located at Southwest Research Institute, with the Army's

permission. This facility us specially designed to study fuel-related

problem in the operation of turbine engines. The air supply system pro-

vides a clean, smooth flow of air to the combustion test cell at rates up toI1.1 kg/s at pressures to 1620 kPa (16 atm) and temperatures to 1100K (un- .-

vitiated). Turbine flow meters and strain-gage pressure traMsducers are

used to measure flow properties of the air and fuel. Thermcouples are

referenced to a 339K (1506F) oven. Data reduction is performed on-line with

test sumnaries available Inmediately; these summaries provide average flow

data as wall as standard deviations (typically less than 1 percent of aver-

age values), exhaust temperature profiles, and emissions data and combustion

fficiency,

B. Combustor Rig

The combustor rig is based on engine harduare from the Allison T-63 en-

Sine. (Q, A) The burner shown in Figure 10 is a single-can type with a

dual-orifice pressure atomizer centered in the dome. At the burner exit,

there is a centerbody that directs the flow into an annulus where the not-

sles and turbine blades are normally located. Gas-sampling probes, pressure

probes, and thermocouples are arranged circuferentially in one plane of

this annulus at various radial positions. Table 15 presents the air flow
and fuel flow conditions that were established to correspond with various
power points followi~ng the guidelines of the manufacturer. ,

Exhaust" smoke was measured in accordance with SA]-ARPII79, and f lame

radiation from the prImary sone as measured with a water-cooled bolometer-

type radiation sensor attached to the side of the liner. The sensor had a
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ISO

LINE

FIGURE 10. T-63 CONUSTOR

4 TABLE 15. T-63 COM(BUSTOR RIG OPERATING CONDITIONS

zFull B IP, BIT, we, Wf,
Mode Power Paue OF Wla/u F/A

Ground Idle 10 33.4 300 1.40 0.92 0.0109

Cruise 55 53.6 430 2.06 1.79 0.0145

Climb 75 60.7 472 2.24 2.23 0.0166 #

Takeoff 100 69.2 524 2.42 2.87 0.0198
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sapphire window and a viewing angle of 150 degrees. Gaseous emissions (CO,

CO2 , NO NO2, 02, and THC) were also measured, and combustion efficiency was
calculated from the exhaust gas analysis. The NO and NO2 measurements were

combined and reported as NOx .

C. Experimental Results and Discussion

For gas turbine combustors, the fuel properties of greatest concern are the

composition, the distillation curve, and the viscosity. The first property

is generally associated with flame radiation and exhaust smoke; the latter

* two affect atomization and vaporization, and therefore, ignition, gaseous

emissions, and combustion efficiency. The measurements of the flame radia-

tion, exhaust smoke, gaseous emissions and combustion efficiency for the

test fuels 0-20 are given in tabular form in Appendix B.

D. Radiation and Smoke

Soot formed in gas turbine engines is observed n the form of exhaust smoke

and increased combustion chamber liner temperatures, i.e., radiant heat

transfer from incandescent carbon particles (10), The flame radiation

ntensity is a function of the gas temperature and the flame emissivity

which depends on soot concentration. Exhaust smoke is what remains after

about 98 percent (1) of the soot is oxidized in the secondary and quench

zones of the combustor; these oxidation rates are dependent on combustor

operating conditions such as burner inlet temperature, and not on fuel

properties. Therefore, exhaust smoke number measurements are normally

consistent with flame radiation studies.

Several studies (-7, 12-13) have shown that hydrogen content (H/C ratio)

correlates more consistently with the sooting tendency of fuels than the

traditional properties, smoke point, and aromatic content. The effects of

end point and viscosity are not Important because soot is formed in the gasa

phase and not by the pyrolysis of fuel droplets. However, carbon formed

* solely by gas phase reactions at conditions of high-combustion efficiency

should be distinguished for carbon deposits formed at low-combustion effi-
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-" ciency conditions by the pyrolysis of fuel droplets on the combustion chem-

bar walls. This aspect of carbon formation was not addressed in the present

study.

The correlation of the sooting tendency with H/C ratio is generally assumed

to be a linear function of the H/C ratio. However, when the sooting ten-

dency is measured over a wide range of H/C ratios, there is evidence for

significant curvature in the correlation. Earlier studies on the effects of

fuel properties on flame radiation and exhaust smoke in the T-63 combustor

for the U.S. Navy (5) and the U.S. Air Force (14) have produced a data bank

which includes fuels with H/C ratios ranging from about 1.5 to 2.5. These

test fuels varied significantly in composition, including petroleum base,

syncrudes, ater-in-fuel macroemulsions, microemulsions of ater-in-fuel,

and alcohol-fuel solutions. Flame radiation intensity measurements on the

fuels taken at the full power operating condition of the T-63 burner were

found to correlate favorably with H/C ratio. However, the plot of radiation

(R) versus H/C ratio was not a straight line; instead, it appeared as an

exponential dependence of R on H/C ratio. Figure 11 shows that an exponen-

tial model gives a surprisingly good correlation (CC - 0.934) of R and H/C

ratio. This method of correlating R and H/C ratio Is used in the present

study because it also correlates well with these data and may have predic-

tive value. Figures 12 and 13 show the respective correlations of flame

radiation and exhaust smoke number with H/C ratio. The least squares fit to

the data is based on Fuels 0-18. It is apparent that the flame radiation

and exhaust smoke from Fuels 0-18 correlate very well with R/C ratio. The

slight deviations from the correlations that are apparent can be attributed

to scatter in the data because they are not consistent in the correlations V

of both radiation and smoke. If a fuel shows high flame radiation, it

should also give a high smoke number. Fuels 19 and 20 show significant

deviations from the correlations of both the flame radiation and the exhaust

smoke with H/C ratio. Fuel 20 had a very low H/C ratio which my be outside

the limits of the correlation. It is interesting to note that the R/C ratio

of virgin soot is near unity. Not until the soot particles have been heated

and oxidized by the exhaust gases in the secondary and quench zones of the

combustor is most of the hydrogen lost. It stands to reason, then, that the
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correlation of sooting tendency with U/C ratio would break down at H/C

ratios near unity. The relatively high values of both radiation and smoke

from Fuel 19 are most unusual. Note, Fuels 19 and 20 were tested at a

different time than Fuels 0 through 18. It is possible that some change

occurred in the flame even though the operating conditions were the same.

E. Gaseous Emissions and Combustion Efficiency

The gaseous emissions (THC, CO, and NO ) were measured at each of the test
x

conditions: idle, cruise, climb, and takeoff. The THC and CO emissions are

, predominant at the idle condition where combustion is limited by the rates

of fuel vaporization and mixing. At the higher power operating conditions,

the missions of hydrocarbons and CO are relatively low and virtually Inde-

pendent of fuel properties. The fuel properties that affect vaporization

are the viscosity and the boiling point distribution. Viscosity affects
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fuel atonization and droplet size, while the boiling point distribution

determines the rate of droplet vaporization. The end point of the boiling

* point distribution is expected to correlate with THC emissions because the

highest boiling point components of the droplets are least likely to vapor-

ize and burn.

The rate of oxidation of CO is limited by the mixing processes in the burner

at low power operating conditions, and is not expected to be greatly depen-

dent on fuel properties. However, the characteristic time allowed for

mixing is dependent on the time required for fuel vaporization, so the CO

emissions index is indirectly tied to the fuel properties that affect the

THC emissions index.

A multiple variable linear regression analysis technique wes used in corre-

lating the THC, CO emissions indices, and the combustion efficiency (E),

with the fuel viscosity (V) and end point (EP). A simple polynomial model

*, of the type

2 2
Emissions Index - K + a-V + b V + c.EP + d.EP

was used. The values of the coefficients are listed in Table 16. Fig-

ures 14 and 15 show the results of the correlations, i.e., the observed I
versus predicted values. It is apparent that the correlation coefficients

are quite low (FdO.5) since the points scatter widely about the diagonal.

TABLE 16. CORRELATION COEFFICIENTS

Emissions Index K a b c d

THC 154.8 -44.3 10.60 0 3.5x1074

CO 106.5 -0.42 3.45 0.034 0

(100-C) 3.9 -0.78 0.175 7.9x10- 3  0

THC + 12 CO/28 164.8 -47.6 12.65 0.252 0

4
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WITHI FUEL VISCOSITY AND END POINT; OBSERVED VERSUS PREDICTED VALUES
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However, the regression analyses gives expected trends and indicates that

the 1C and CO emissions indices are more strongly dependent on viscosity

than end point. This suggests that droplet size is the more important

parameter in the fuel vaporization process for Fuels I through 18.

The correlations predict reasonable trends in the THC and CO emissions

indices of Fuels 19 and 20. Fuel 19 has a low viscosity and end point, and

its THC and CO indices are correspondingly on the low side. Fuel 20 has an

unusually high viscosity and end point and its emissions indices were higher

than any of the other test Fuels I through 18.

Combustion efficiencies tabulated in Appendix B were calculated from the

exhaust gas analysis according to a relationship developed by Hardin. (U5)

£ - - (THC) - 121,745 • f(CO) - 38,880 . f(NO) - 14,644, f(No2) .00
-, A • [f(CO2) + f(CO) + f(THC)j I]

where f(i) is the concentration of "I" in the exhaust and A is a constant

based on the heat of combustion and H/C ratio of the fuel. This combustion

efficiency is a ratio of the energy actually released in the reaction to the

energy that would have been realized if the fuel were totally oxidized to

CO 2 and H20. The combustion inefficiency (100- £) is determined, for the

most part, by the THC and CO emissions, and therefore, should correlate with

fuel viscosity and end point at low power operating conditions. Figure 16

shows a plot of the calculated (experimental) versus predicted values of
(100- E) from the multiple linear regression analysis; the constants in the

equation are given in Table 16. This correlation based on Fuels I through

18 has a very weak correlation coefficient (S0.4), but nevertheless, pre-

dicts the basic trends in the relative values of (100- E) for Fuels 19 and

20. Actually, in the equation given above for calculating the combustion

efficiency, it is assumed that the H/C ratio of the THC's is the same as

that of the neat fuel. This is probably in error, because some hydrogen may . -.

be lost due to partial oxidation of the hydrocarbons that escape. Since TiC

ad CO represent the Incompleteness of the oxidation process, it is sug-
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FIGURE 16. CORRELATION OF COHMTION INEFFICIENC'Y .
WITH FUEL VISCOSITY AND END POINT: OBSERVED VERSUS PREDICTED VALUES

gested that some combination of TBC and CO would give a more favorable

correlation. The quantity (THC + 12 CO/28) us chosen because it seems to
be a better measure of the amounts of carbon and hydrogen that escaped

oxidation. The constant 12/28 is simply the ratio of the atomic weight of

carbon to the molecular weight of CO. Figure 17 shows the observed versus

predicted values of (THC + 12 CO/28) based on the equation and the constants

in Table 16 obtained from the multiple linear regression technique. The

results indicate that the quantity (THC + 12 CO/28) correlates more favor-

ably (C.C. - 0.65) with viscosity and end point than either of the indivi-

dual quantities T IC, CO, or (100-c ). This correlation predicts the trends

in Fuels 19 and 20 with about the same accuracy as the other correlations.

F. ,Ox Emissions

Oxides of nitrogen (NOr) can form by the oxidation of molecular nitrogen In

the air or chemically bound nitrogen in the fuel. The oxidation of molecu-
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lar nitrogen, iamu as the Zeldovich mechanism, (&, is Important only at
high temperatures because the reaction has a very high activation energy

(751 cal/mole) and requires a high concentration of oxygen atoms. Oxides of

nitrogen originating f rom f uel-bound nitrogen may f orn at lower tempera-
tures, Depending on combustor conditions, a significant f raction (75 per-

* cent) of the fuael-bound nitrogen may be converted to NO . NO is f ormed inx z
the primary zone of the combustor because In that zone the temperatures are

the highest, and the f uel oxidation is almost complete. The emissions are

highest at high power operating conditions. Except for fuel-bound nitrogen.

fuel properties have very little ef fect on NO xemissions. Fuel hydrogen

content plays a minor role because f lame temperature Is weakly dependent on

U/C ratio.

NO 9 emissions f rom the test fuels tabulated in Appendix 3 originated

from the oxidation of nitrogen in the air since the f uoe contained only

negligible amounts of chemically bound nitrogen.
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The NO emissions indices were essentially the same for all the test fuels,
x

and therefore, showed virtually no effect of fuel properties.

G. Fuel Atomization and Ignition Properties

1. Spray Quality

The fuel spray quality is particularly Important for ignition and idle 0

conditions. For ignition, the smallest possible drop sizes are desirable,

but the fuel flow rates are low and hence the fuel pressure is low. For

pressure atomizing nozzles, the drop sizes increase as the pressure de-

creases, so atomization at the low fuel pressures used for ignition is

critical. This is one reason that a dual orifice nozzle is used in the T-63

engine; the primary nozzle is of low capacity but provides enough pressure

differential to get good atomization at low flow rates, while the secondary

nozzle provides enough fuel for higher power conditions without tremendous

increases in fuel pressure.

The purpose of these measurements was to determine which fuel properties are

Important for ignition in the T-63 gas turbine engine. Existing ignition

models (17) were used to determine the initial set of candidate fuel proper-
ties, and the results of this study were then compared with those models.

Drop size distributions were determined using the forward light scattering

diffraction instrument manufactured by Malvern Instruments called the Model

2200 Droplet and Spray Particle Sizer. The Rosin-Rimtler distribution

function fit the observed data well,

R exp (d/X)N)

where R represents the normalized weight (or volume) above size d. The

parmeter X gives a measure of (but is larger than) the peak of the weight

frequency distribution while the N value indicates the width of the distri- -.-

bution with narrow distributions giving high N values and vice versa. The

width of the distribution is important for Ignition because the smallest
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drops provide the most vapor. However, f or this nozzle, the value of N

varied only over the range of 2 to 4 with an average of 2.3, so a single

parameter called the Sauter mean diameter (SND), was used to characterize

the drop size instead of the two parameters X and N. The SMD is calculated

from X and N and represents an average drop size which would have the same

surface area and volume as the actual spray. The SHD is the parameter

normally used to characterize sprays for ignition studies. The spray char-

acteristics were measured at a distance of 25.4 mm (I inch) along the nozzle 0

axis away from the face, at a distance rf 12.7 m (0.5 inch) above the

nozzle axis. Drop size data were recorded at fuel pressures of 40 psid

(differential pressure) (377 kPa) and 50 paid (446 kPa) and flow rates were

determined at both conditions. The mesured flow rate at ignition was used

with these data to compute the SMD at Ignition.

A multiple-variable regression analysis computer program was used to predict

the mess flow, e, (grams/sac) as a function of the pressure drop across the

nozzle, AP (psid), the fuel viscosity, P (cSt), and the specific gravity or
3density of the fuel, p (unitless or g/cm3),

f

"- 0.7543 (1, - 32.5)0.554 -0.099 0.778

2 Pf
(r -0.98)

2, 2
The "r2" is the correlation coefficient where r2=l is a perfect fit.

The term 32.5 accounts for the pressure drop across the shutoff valve in the ,.-t

nozzle.

The droplet sizes expressed as SMD(Im) were correlated against several

parameters,

91D - 355.0(&P-32.5)-0.391 0.065 1.07,

(r 2 -. 82)

* or
30 = 293.1 -0.714 1.62

f
(r2-0.85)
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Trying to predict RID using both AP and 4 leads to problems because they are

not independent variables; their linear correlation coefficient Is 0.98.

The resulting equation Is

- 259.0 (AP-32.5)0 .2 17  *-1.10 -0.043 1.92

2 P(r -0.86)

2. Ignition 0

Having determined the effect of fuel properties on spray quality and having

computed the SOD at the ignition, the effects of droplet size and volatility

on Ignition were examined. Most of the Important Ignition data are shown in

Table 17. It may be seen from the table and the previous equations for S) -

that the drop size for a fixed mass flow rate is fairly constant, with the

viscosity variation by a factor of 4 having little effect In this nozzle at

a low flow condition, The SI at the ignition flow rate condition shows a

greater variation which is due to the lower Olow rates required for ignition

with the more volatile fuels and the correspondingly larger SlD'."

These Ignition data were first correlated using the model of Bl11 and

Lefebvre (:L7) based on the transfer number as given by Spalding. (g8) This

model has been used to correlate the Ignition of fuel drops in quiescent air

and in flowing mixtures. According to this model, the minimum ignition

energy, 'mia , required to Ignite fuel droplets In quiescent air is

(x6) , as (s 3  Pf 3/2 .:!
- (1/6) irC3  AT. (510)3[.l(+) 1 2

9a at

The parameters that varied in the experiment were Sauter mean diameter, RID,
the equivalence ratio,# , and the mss transfer number, B. The volatility7:

dependence is carried by the transfer number B.
1 ' " q' " " (T -')•

L + Cpof (Tb - To)
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qt fuel air ratio for stoichiometric mixture, by mass I

* - heat of combustion

C - specific heat at constant pressure, air

Cp f - specific heat at constant pressure, fuel

Tb - boiling point of fuel

Tase et

Ts  - surface temperature of fuel

L = heat of vaporization

Different authors have started with the above equation but interpreted the

terms differently. Spalding (LA) is usually quoted in reference to this

equation, and the conventions used here follow his examples. Thus, T is

taken as the inlet air temperature before combustion, and T is the initial

fuel temperature in the nozzle. Peters and Mallor (9), in particular, have

interpreted this equation differently, The boiling point was taken as the

10 percent distillation temperature, as suggested by Peters and Mellor. (1I9

In order to examine the effects of volatility, a first estimate of B was

made by fixing all values in the equation for B except Tg, Ts, and Tb, and

using typical values for Jet A fuel for the other parameters. Using q M

0.068, H - 10325 cal/g, C - 0.240 cal/g "K, C.f 0.51 cal/g K, L -

64.5 cal/g, and T - T - inlet temperature, the values of B shown in Table
g 2.

17 were computed.

This experiment use operated with a constant ignition energy, R in of

approximately 300 mJ, and the fuel/air ratio was increased until Ignition

occurred. According to the equation given above for E.In , the quantity

(aND) ln(+B) should be approximately constant for all the fuels tested.

Also, q was used in place of #, but these are proportional. This correla-

tion was less than a4equate to explain the observed variation In fuel/air

ratio for gnition. The variation of fuel/ air ratios was a factor of

approximately 2.9, while the "constant ratio" SND /q ln(1+B) varied by a

factor of 13.
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Why did this model fail? One of the assumptions in the model is that the

mixture at the spark plug is composed of fuel drops and air with negligible

fuel vapor. The model then assumes a steady-state process of balancing the

energy required to heat up and vaporize the fuel drops with that obtained by

the energy release in burning the fuel. Perhaps these assumptions are not

valid f or the T-63 combustor in that the spray may be highly vaporized at
the igniter. It is puzzling that Peters and Mellor successfully used a

modified version of this model to predict ignition in the T-63 combustor.

However, they used a different Interpretation of B and also fixed 0 at a

constant value of 4 - 1.0.

It was possible to correlate this data by replacing the ln (1+B) term with

another term for predicting equilibrium vapor pri jures (i.e., the Clausius-

Clapeyron equation), so that the constant ratio may be written as

SMD2/qp,

where the vapor pressure P is expressed below
V

Pv - Clexp C2/(TIoz Tinlet)].

The constants C and C2 were determined by a least-squares analysis and a *2
reasonable correlation coefficient of r - 0.77 us obtained. To investi-

gate the importance of the SMD term, the correlation was repeated for the

constant term SND/qP and I/qP . Surprisingly, the correlation coefficient
remained about constant, giving no clue as to what power of SMD should be

included. The least-squares equations obtained were as follows,

In (SMD2/q) - 149.0 + 12.0 (r2- 0.77)
T -T10% inlet

in (SMD/q) - 103.5 + 7.84 (r2- 0.77)
T -T1o inlet I

ln (I/q) - 57.89 + 3.65 (r2- 0.78)

102 inlet

59

D

:,..........-..-..-........ . .. ...... . .. . .



* It a -PA that the fuel/air ratio required for ignition correlates more

favorably with the 10-percent distillation point than the drop size, These

results sugest that the vapor formed before the mixture reaches the igniter

is the significant parsueter, Since droplet size depends on viscosity, it

appears that this fuel property is less Important to ignition than 10 per-

cent point. However, it was not possible to independently vary the fuel/air :1

ratio and the drop size, so their effects are difficult to compare. Li

V. CONCLUSIONS

A. Diesel Engine Work

0 All four engines were successfully modeled using the camputer program

BMDPIR. Engine load was quantified In terms of energy input, speed, 2
aromatic content, kinematic viscosity, 1OZBP, and cetane number.

0 The performance of the DD 4-53T engine Is adversely affected by highly ,

aroati fuls.This efcissmall, but significant.

e The performance of the Continental Motors LDT-465-1C engine is adverse-

ly affected by low lOZBP fuels. This is attributed to the MAN combus-

tion system's dependence on vaporization for combustion. Again, this

effect was small but significant.

0 The performance of the Cuis NTC-350 engine was not significantly

affected by changes in fuel properties over the ranges tested.

0 The Caterpillar 3208T engine was operated significantly below its rated

power. Results of this Investigation should be considered a subset of

total engine performance, The 3208r vas not significantly affected by
changes n fuel properties over the ranges tested.

S-..

. The Caterpillar 3208T seemed to produce a higher load per unit of

energy consumption than the other engines. This is probably due to its
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derated operation. The DD 4-53T was very close to the 3208T followed

by the Cumins NTC-350 and the Continental LDT-465-IC.

* The prediction equations cross-correlated quite well, using two fuels

that were external to the analysis. This indicates that the equations

umy be valid for fuels with properties within or close to the test

fuels properties.

0 Cetane number did not significantly affect the performance of any of

the engines. This indicates that test fuel cetane numbers were not low

enough to adversely affect combustion at the ambient temperatures an-

countered in this test.

* Under the operating conditions listed herein and over the range of fuel-

properties tested, the Cummins NTC-350 and Caterpillar 3208T proved to

be more fuel tolerant han either the Detroit Diesel 4-53T or the

LDT-465-1C. The adverse effects (loss of power) associated with high

aromatics (for the 4-53T) and low 102 BP (for the LDT-465-LC) are small

and probably would not be noticed by a vehicle operator.

* Ranking the test fuels proved to be very difficult. Another statis-

tical method would have to be employed to accomplish this.

B. Gas Turbine Combustor Work

At ignition conditions, the Sauter mean diameter (SND) of the spray

from a T-63 nozzle at the edge of the spray cone and 25.4 m along the

nozzle axis is related to fuel properties by

SlID -355.0 (AP-325) 0 9  0.6 10

Over the range of fuel viscosities tested, the drop size varied only

slihtly at a given flow rate.
.4.,
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* Ignition models which assume that no fuel is vaporized prior to heat-up

by the spark plug are not applicable to the T-63 engine. The ignition

data correlate best with a model based on equilibrium values of vapor

pressure, where the vapor pressure of the lightest 10 percent fraction S

is chosen as the correlating parameter.

0 The flame radiation and exhaust smoke from the test Fuels 1 through 18
correlated favorably with H/C ratio. 

* The radiation and smoke from Fuel 19 were higher and Fuel 20 were lower

than the correlation.

0 The correlations of THC, CO, and combustion efficiency with viscosity

,. and end point based on Fuels 1 through 18 predicted trends in Fuels 19

and 20 which were not included in the correlations..

* Fuel viscosity had a greater influence than the boiling point distribu-

tion on the combustion efficiency and the emissions of THC and CO.

a NO emissions were essentially independent of fuel properties.

VI. RECOMMENDATIONS

A. Diesel Engine Work

• Additional tests should be performed to determine the effects of tem-.

perature and fuel properties on engine performance and startability.

. Additional tests should be performed to determine the effect of fuel

properties on the deliverability of fuels by the fuel systems on these

engines. Viscosity and volatility are known to affect deliverability, 0

but to date have not been quantified* Temperature plays an Important

role in deliverability and should be included in this analysis.
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B. Gas Turbine Work

. In the gas turbine studies, additional fuel blends should be prepared

3 that have low viscosities and high end points and vice versa. General-

ly, fuels that have high viscosity also have high end points. In

correlating the total hydrocarbon and CO emissions, it is difficult to

discern the relative effects of viscosity and end point when they both

follow the same trend. A similar problem was realized in the ignition 0

studies where there naturally exists a strong correlation between

viscosity and IOZBP.
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DETURMINATION OF THE NUMBER OF TEST FUELS

The determination of the appropriate sample size to use in this study is

contingent on several factors as will be discussed below. Consider a pre-

diction equation of the form

A-2-
*0 1 1 + 02 3 P 3  4 4.x 6 ()

where

Y - dependent variable (i.e., fuel flow or brake horsepower)

x- cetane number

x - viscosity

X - aromatic content (1)
3

X - volatility (102 recovered)

X - average volatility (IOZ-502-90Z recovered)
5

• estimated coefficient of X 1 J 1, 2, 3, 4, 5.

Assuming one desires to estimate the regression coefficients, , accurately

so that one can effectively evaluate the parameters associated with the

prediction of engine performance, it is necessary to specify or estimate the

following values:

1. t value determined from a statistical table by specifying the

confidence level, number of independent variables, probabil-

ity of detecting a specified difference n engine performance

and the error degrees of freedom.

2. a_2. squared standard deviation in measuring engine performance.

3. (X1 i)- diagonal element of the inverse of the matrix X'X where
X - Q1 1, .1 13 4- .d-7

4. v1  number of independent variables.
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5. d - smallest difference in engine performance measurement that is

desired to be detected as a significant result.

6. r1 
= range of the ith independent variable.

J, The formula used for determining the sample size, n i , required for each

independent variable is given by (see Wheeler, .E., Technometrics, 16,

193-202 (1974) termed "Portable Power"):

n 2 2 22 i)-1 2 2"ni mto(Xi) r(V I + l)d 2  (2)

After obtaining Ui, n2, U3, n4 , and n, the largest value of n1 is selected

as the desired sample size*

In the current study, the values chosen to be inserted in formula (2) are as

f ollows:

1. t - 2.1 (based on a 95 percent confidence level and a 95 percent

probability of detecting the difference specified below).

2
2. a - 0.50 (based on assuming a 2 percent standard deviation and an

average value of brake horsepower of 35., i.e., u - (0.02)(35) - 0.7.

3. 0.00985, i 1 (cetane number)

0.62540, i - 2 (viscosity)

(X 0.00000, i - 3 (aromatic content)

0.00178, I - 4 (volatility)

0.00245, i - 5 (average volatility)

4. V1 -5

-6-16, for brake horsepower
d , 3-7.5, for fuel flow
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6. 32, £ 1 (cetane no. 23-55)

4.3, 1 -2 (viscosity 0.7-5.0)

-i 40, 1 - 3 (aromatic content 10-50

149, 1 - 4 (volatility-lOZ 90-239)

132, 1 -5 (average volatility-1OZ-509-90Z 140-272)

Employing the above values, we find that

10.09, i-I
-1 2(X) ri 11.56, 1iw2

0.001, 1 w-3

3.54, 
£ - 4

42.69, 1£ -5

Hence, the largest n will be n and will be given by equation (2), i.e.,i 5

n 5  t ff (X i) 1r i (V1 1)

2 2 -2
-(256.13)(tva d )

The values of t, a, and d will control the size of the sample. If a -0.71,
and d -6, then t -2.1 and the sample size should exceed

2 2 -2n - (256.13) (2.1) (0.7) (6)

- 15.37

Therefore, the sample size required is 16 or more observation,

It should be noted that other choices of w or d will yield larger or
smaller sample sizes,
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FUEL PROPERTIES CORRLATION MATRIX

hIt 111*tio.*0- via- loe- DI-
Art Spefit I30 T&- 5o 1e- to to- cemity Ao- Avo- Are-

0oinit7  Gravity wSP Vered ewer" core i IALoduSl Ia e 0 4C umtit 0dlatim mt mtes
1 2 3 4 5.... 6 a 10 11 1 13 1

A Gravity a 1. 0000
sp. or.. $ /at 2 4.56254 1.0000
Duttilaom.1c

ISP 3 -0.8074 0.5794 1.000
102 ro.,verid 4 -. 10 0.02 0J.477 1.0000 2
MR3 reomed 0 ..1W 0.6570 0.533 1.0000
9I 6 -Z4.5567 0.5315 0.2405 0.2625 0.6171 1.0000

7 -0.5455 0.5321 0.20M9 0.237 0.05 0.994 1.0000
LboIdl -0.1250 0.1340 0.1047 0.0577 0.3704 TTW 0.6392 1.0000Lo9 -02U4 0.2254 -0.0911 0.0132 0.3425 0.3140 0.3183 -0.0647 1.0000

Visosaity
S40"C 10 -0.7918 0.7194 0.6632 0.7418 0911 0.7546 0.7625 0.4941 0.1544 1.0000

Arumls a1 -0.007 0.7591 0.6178 0.99 5M 0.4015 0.4150 0.0358 0.1443 0.5313 1.0000
00 iss 12 -. 42116 0.4432 0.3766 0.3514 0.1529 0.0330 0.0135 4.9404.0159 0.2t$7 G.599 1.0000
Wme-nromiles 13 40.3370 0.3576 0.264 0.1455 4.13 -0.2553 -0.2401 -0.3735 -0.0922 -0.130 0.657 0.136 1.0000
DI-ALrmatlm 14 -0.7059 0.7957 0.4717 0.5875 0.6963 0.5573 0.5697 0.1061 0.2514 0.941 0.6473 0.2445 0.0531 1.0000

1 . 3 0.9 0.31 0. . 2 0.27 _ 0.4741 0.0404 4.2561 0.7#27
Upso 150 -0.523 f-0.095 0.094 -o53 4.3513 0.050 -0.1937 . :a t -0.5471 -. 25 -0.750
Caron 17 0.7053 0.6374 0.5542 0:4004 0.2119 0.2161 -0.077 0.0024 0.348- 0.5710 0.7577 0.6016
11figa 18 -0.3646 0.2502 0.2218 0.2197 0.372 0.344 0.3300 0.2665 -0.1213 0.4111 0.7140 0.2393 0.2404
sulfr 19 -0.7009 0.7154 0.3559 0.5074 0.704 0.7093 0.710 0.3100 0.353 0.7965 0.4753 0.0571 -. 1752 0,925

laden 20*C 20 -0.913 0.8563 0.7373 0.765 0.7766 0.5621 0.5440 0.162 0.2230 0.7653 0,9182 0.4726 0.3945 0.1427
Carbe 1s"id.. -

10% Bm 21 -0.4754 0.4577 0.3349 0.4016 0.5700 0.5550 0.535 0.551 0.5533 0.423 0.3217 0.0256 -0.23" 0.6100
Am.lle1 eiset 22 0.1373 -0.181 -0.0040 0.0112 0.3761 04635 0.4367 0.5152 0.050 0AIN -0.4944 -0.4323 ~ 1 916 -0.0233
lih Poat 23 -0.8511 0.6327 0jM 0.%" 0."0 0.3"4 0.2550 0.010 -0.007M 0.5650 0.6429 0.4214 0U= 0.513 2Not ftat ad.+.
Cmbletlas 24 0.5273 -0.6102 -0.538 -0.6561 -0.957 -0.3479 -0.3491 -. 05 -4.230 -0.531 -0.7734 -0.4116 -0.3730 -0.725colculated
fte lest d r

co1a. tinm 25 0.5715 -0.7711 -0.29 -073 -0.4770 0.1935 40.2030 0.01937 4.4 0 4 . 9 35 .44 -0.714" 4.4622
Cotom go. 26 -0.16 0.0240 0.100 0.3336 0.5059 0.5t2 0.4906 0.3352 0.135 0.6092 -0.371 -00133 0.2305
Caooo Index 27 0.0544 4.1799 4.97 -. 1537 -.4912 0.5013 0.5853 0.4195 0.2650 0.3407 -. 2933 4.4235 4.7762 0.0472

eats..~. %on-_
Carbon Coles- i

Mrt s@- Ioat- Isted

fri- tiwo duo Sot set Sot ant
Afro- laden 102 luto* Flash ad Ca- of cow- Cat o Cotemomatim Sdhogme Carbo WtroW Selfrt 620C sem tiot Poit oatos bgatioo No. laden
1 16 17 s 19 a 21 23 24 25 05 27

?i1Armim 15 1.000
vlres 16 4.052 1.000
Carbon 1) 0.004 ,1 I.000
Nitto. 18 0.3003435 0.4141 1.0000
"lEsr 19 0.9007 - 5941 0.3M92 0.133 1.0
Riractive
ldb 0 2C 20 0.7060 - 0.1575 0.4179 0.7359 1.0000

146 BI 21 0.722 -0.33U 0.151 0.1527 0.6536 0.4177 1.000
AnUl.* Polit 22 0.4304 0.4740 -0.637 -0.0014 0.26521 -0.2155 030 I.000
Irlsh Poat 23 0.40" -0.7354 0.630 0.2549 0.4204 0.7622 0.3540 -0.051 1.0000
lt Siot of
coumotlmJ 24 -0.4"16 0.8161 -07737 -0.3965 -0.6101 -0.8559 -0.3M9 0.323 -0.635 1.0000

Sot est d
cmbatia 25 -0.3497 0,.lM -0."S -0.306 -0.4637 -0. i -0.791 0.5,5 -. 7206 0.791 3.0000

Cate" ft. 25 0.5904 6-11W W-3 -0.102 0.4757 0.06 0.3637 0.0074 0.2079 0.0103 0.1737 1.0000
Coteie tad. 27 0.5145 0.3413 -0.4907 -0.0359 0.314 -01135 0.2617 0.8M1 -0.2545 0.1811 0.4552 0.?904 1.000
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TURBINE COKBUSTIOK PERFORMANCE MEASUREIENTS

Imies1s - IEM.IdO 
8  

TOAL fVhCAO 36NSS!Im iuS

10ns 2~JRI 51 752 1 002 105 555 752 1002

2108 SN 32 811 752 so 1n 3mr 10" Pwmr Pmer Pomnt Pr Paier poor

go, FP T ftrr Pin Pinr l2 u adtatlee 1444utntt d 1ou Ti B. .TIM Z.. . IE 1.. TIt. I

Re. 6.3 9.0 10.8 15.5 14.15 24.5 54.1 69 102.2 1.964 140.0 21.6 7.5 3.5

1 27 16.1 22.4 25.7 12.95 44.7 87.8 115.5 135 1.789 176.3 23.3 11.1 4.2

2 5.0 8.3 13.8 15.2 14.34 25.4 51.3 68.9 99.7 1.995 134.6 19.4 7.3 3.7

3 11.0 11.9 16.6 19.5 13.7 28.4 63.4 78.1 117.5 1.901 153.1 25.4 9.6 4.6

4 22 21.4 25.6 27.1 12.89 44.0 98.1 100.5 158.4 1.784 131.1 21.6 10.6 7.0

5 27 26.2 31.2 29.8 12.53 50.7 948e 105.8 169.3 1.725 126.1 22.6 11.6 9.1

6 7.9 12.0 14.6 16.3 14.06 25.4 45.3 72.1 103.8 1.956 128.3 20.3 7.8 14

18.0 14.6 19.3 20.4 13.54 34.4 69.2 92.8 120.4 1.166 165.2 24.4 11.1 4.6

16 13.6 16.3 19.0 13.68 30.6 61.7 85.2 125.4 1.896 148.2 23.9 12.0 5.6

9 14 14.3 16.9 22.7 13.51 34.4 68.0 115.0 128.4 1.866 187.2 21.8 7.6 12.4

10 40 26.4 32.2 44.6 12.05 66.3 102.8 129 214.1 1.635 159.8 20.2 13.5 5.6
11 19 12.7 18.5 19.0 13.6 32.9 65.5 89.8 118.9 1.880 167.5 27.4 11.0 4.6 ..

12 30 25.6 33.3 37.3 12.33 59.6 119.1 151.7 201.6 1.680 177.2 32.8 11.0 4.1

13 12 11.0 13.6 15.3 14.0 27.7 51.8 80.2 111.6 1.938 151.0 27.5 8.9 3.7

14 6 8.2 13.9 17.1 14.05 24.0 57.8 77.4 112.9 1.945 179.7 26.6 9.8 5.0

15 27 22.8 28.7 31.4 12.73 44.0 100.8 132.3 184.7 1.740 143.3 26.4 8.0 4.8

16 13.2 11.6 14.4 16.8 13.93 28.4 55.1 85.9 110.0 1.915 155.0 28.5 8.7 4.5

17 19 18.7 24.0 30.0 13.12 34.4 89.8 117.5 162.2 1.803 135.0 26.4 7.3 4.3

18 21 16.2 21.5 26.5 13.04 38.8 92.6 111.6 156.2 1.798 186.9 25.8 8.0 3.9

19 11.5 17.6 21.5 27.9 13.45 33.9 87.8 117.5 174.4 1.853 160.6 22.2 7.9 4.4

20 49 29.7 38.3 57.4 10.57 99.1 181.3 225.9 280.0 1.429 198.2 27.3 13.0 4.8

0*8m wassu2 m C 51 3352 e rr ITrRO= oxisM 1111816sszs nx

FastPalS! Pont

feel MD. 1f002 10 552 752 1002 102 55ot 75 100

ad. 117.0 45.6 27.8 13.0 94.9 s.5 99.3 9.7 2.5 4.3 5.0 6.7

1 161.0 57.2 33.6 16.2 92.8 96.3 99.0 99.5 2.5 4.2 4.9 6.1

2 107.1 44.5 25.3 11.6 94.6 98.6 99.3 99.6 2.8 4.6 5.2 6.9

3 133.0 55.1 31.4 14.3 94.0 98.3 99.1 99.6 2.8 4.6 5.2 6.9

4 14.9 54.1 35.1 15.8 94.6 96.3 99.0 99.5 2.5 4.0 5.3 6.8

5 18.3 57.3 36.1 16.7 94.5 98.1 99.0 99.3 2.4 3.9 4.9 6.9

6 109.8 44.3 28.4 12.3 95.5 9.6 99.3 99.4 2.6 4.1 5.8 7.9

7 134.2 53.6 31.5 13.9 93.5 98.3 9.0 9.6 2.3 4.2 4.8 6.4

8 122.2 58.2 36.7 16.9 94.6 98.0 99.0 99.5 2.5 4.1 5,5 7..4

9 120.9 56.6 37.0 16.8 94.2 98.2 99.1 99.4 2.4 4.2 5.1 7.6

10 112.8 56.7 40.6 17.6 94.6 98.3 98.9 99.5 2.7 4.3 5.0 7.3

11 133.9 56.9 33.5 14.5 93.4 98.2 99.0 996 2.5 4.1 5.0 6.1

12 160.3 59.8 39.9 14.5 93.2 "8.1 ".9 99.6 2.3 4.6 5.4 6.4

13 116.7 "8.6 31.0 13.3 94.3 98.5 99.1 99.6 2.7 4.3 5.2 5.9

14 136.3 50.7 34.9 12.7 93.6 986.4 99.1 99.6 2.4 4.7 5.5 7.0

i3 128.5 47.8 33.5 12.6 95.0 98.6 99.2 99.6 2.8 4.6 5.6 7.0

16 124.6 53.2 30.1 13.3 93.9 980.4 99.2 99.6 2.7 4.4 5.0 6.0

17 115.9 47.1 33.9 11.5 95.5 98.7 99.2 99.7 2.7 4.0 5.5 6.8

is 165.1 49.3 33.1 11.6 94.1 980.6 99.2 99.7 2.5 4.6 5.4 6.5

19 132.6 46.8 29. 13.9 94.3 96.3 99.3 99.5 2.8 4.5 5.4 6.7
20 212.7 81.7 43.9 22.4 92.3 97.3 98.8 99.3 3.6 4.7 5.5 6.3
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LIST Cf ACROCMUs AND ABSRZVUTIOE;

3? 3.111g Point

fBenene, toluene, xylene

cc Corlationc odf censt
C1 COrsion Ignition

CM Cet=*. imber

COED Computer-Optinized 1hpertmntal Design

COx  Carbon oxides

Detroit Diesel

cCombustion Aff icIMcyr
SEnd point

FIA luorescent zdctor Adsorption

nAR rfsh Aroatic naphtba

H/C Ratio Ratio oti hyrosmn, to carbon atoms
LDT-465-1C Continental motors egie designation

MAN Combustion system developed by N1hacbtn~ ebrik Augsburg-

Uroberg AG

NoC
N~x  Nitrous Oities.

ETC cuie .ngsae Oop ongSa designatton

R Radiation

Residual Predicted vale-observed. wlu

SI Spark ignition

SM $anter Mean Dismte

T Standard statistical athod for expressing signficance

of a coefficient

N Total hydrocarbons

USAILML U.S. Army fuels and Lubricants Research Laboratory

WMURAI DCC U.S. Army Nobility Equipment Rsearch and Development

Command
Viscosity

Vy Viscosity lending Index Factor
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ATTN DRSDS P CERL-ZT
CHAMBERSBURC PA 17201 CERL-EH

F 0 BOX 4005
CDR CHAMPAIGN IL 61820--

US ARMY WATERVLIET ARSEUALSC T LC

WATERVLIET NY 12189 US ARMY AMMZO ff R&D H
BALLISTIC RESEARCH LADORTOR

CDR ATTN DRDAR-PLV ON AU'-"
US ARMY LEA D ODAR-LP
ATTH DALO-E P 1ABERDEEN PROV2G OUND, MD 21005NEW CUMBER LAJND ARM11 DEPOT ....."

NW CUMBERLND PA 17070 HQ
US ARMY TRAINING & DOCTRINE CMD

CDR ATTH ATCD-S (LTC LESKO) "
US AKY GENERAL MATERIAL & FORT MONROE VA 23651PETROLEUM, ACTIVITY

SUARPE A CMY DEPOT US ARMY RSCH & TECH OB (AVRADCOL )LATHR OP CA 95330 PROPULSION LABORATORY !

ATTN IAVDL-PL-D (MR ACURIO) I
CDR 21000 BROoKPARu ROAD
UARYFOREIGN SCIENCE & TECH CLEVELAND OU 44135

ATTN JET-M 1 TTN CDRFZU L mm US ARMY NATICK RES & DEV ::. :
CHARLDOTTZSVILLS VA 22901 ATTH DRDNA-YEP (DR KAPLAN) I

NATICK MA 01760 )'

Oil= MATERIEL READINESS CDR ::"
SUtPPOR ACTIrVITY"([ ( A) US ARMY TRANSPOR.TATION SCHlOL .-

ATTS' 10RXMD-ND 1 ATTH ATSP-CD-MS 1 ;"

LEIN9ON KY 40511 FORT EUSTIS VA 23604
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Cm CRD
US hilY QUARTERMASTER SCHOOL US ARMY AVIATION CTR & FT RUCKER
ATTN ATS-CD (COL VOLPE) 1 ATTN ATZQ-D

ATSU-CDM 1 FORT RUCKER AL 36362
ATSM-TNG-PT 1

FORT LII VA 23801 PROJ MGR M60 TANK DEVELOP.
ATTN DRCPM-M60-E

EQ, US ARMY ARMOR CENTER WARREN MI 48090
ATTN ATZK-CD-SB 1
FORT KKO KY 40121 CDR

US ARMY INFANTRY BOARD
CDR ATTN ATZB-IB-PR-T
IOIST AIRBORNE DIV (AASLT) FORT BENEING, CA 31905
ATTN: AFZB-KE-J I

AFZB-i -DKMC 1CDR q

FORT CAMPBELL, KY 42223 US ARMY FIELD ARTILLERY BOARD
ATTN ATZR-BDPR

CDR FORT SILL OK 73503
US ARMY LOGISTICS CTR
ATTN ATCL-MS (MR A MARSHALL) 1 CDR
FORT LEE VA 23801 US ARMY ARMOR & ENGINEER BOARD

ATTN ATZK-AE-PD
CDR A7ZK-AB-CV 1":"
US ARMY FIELD ARTILLERY SCHOOL FORT iOX, iY 40121

ATTN ATSF-CD 1
FORT SILL OX 73503 CDIR

US ARMY CHEMICAL SCHOOL
CDR ATTN ArzN-CM-cS
US ARMY ORDNANCE CTR & SCHOOL FORT MCCLELIAN, AL 36205
ATTN ATSL-CTD-MS.
ABERDEEN PROVING GROUND MD 21005 DEPARTMENT OF THE NAVY

CDR CDI
US ARMY ENGINEER SCHOOL NAVAL AIR PROPULSION CENTER
ATTN ATSE-CD1( I ATTN PB-71 (MR WAGNER) I .
FORT BELVOIR VA 22060 PE-72 (MR D'ORAZIO) I

P 0 BOX 7176
CDR TRENTON NJ 06828
US ARMY INFANTRY SCHOOL
ATTN ATSH-CD-MS-M CDR
FORT BENNING GA. 31905 NAVAL SEA SYSTEMS CMD

CODE 05D4 (MR R LAYNE) 1 m'
CDR WASHINGTON DC 20362
US ARMY AVIATION BOARD
ATTN ATZQ-OT-C 1 CDR

ATZQ-OT-A 1 DAVID TAYLOR NAVAL SHIP R&D CTR
FORT RUCKER AL 36362 CODE 2830 (ML G BOSMAJIAN)

CODE 2831 1
CDR CODE 2832
US ARMY MISSILE CND ANNAPOLIS MD 21402
ATTiN DRSMI-O 1

DRS1I-RK 1
DRSMI-D "

REDSTONE ARSENAL, AL 35809
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JOINT OIL ANALYSIS PROGRM - CJ)R, NAVAL MATERIEL COCHKAND
TECHNICAL SUPPORT CTR I ATTN MT-083 (DR A ROBERTS)

BLDG 7O MAT-oeE (1
NAVAL AIR STATION CP6, EM 606
PiNSACOlA L 32508 WASHINGTON DC 20360

SDEPARIIEENT OF THE NAVY CDR
UQ, US MARINE CORPS NAVY PETROLEUM OFC
ATTN LIPP (MAJ SANDBERG) 1 ATTN CODE 40

LNK/3 (MAJ STROCK) 1 CAMERON STATION
WASHINGTON DC 20380 ALENIA VA 22314

CDR CDR
NAVAL AIR SYSTM CMD MARINE CORPS LOGISTICS SUPPORT
ATTN CODE 5304C1 (MR WEINBURG) I BASE ATLANTIC

CODE 53645 (Ml M4EARNS) I ATTN CODE P841
WASHINGTON DC 20361 ALBANY GA 31704

CDR
NAVAL AIR DEVELOPMENT CTR DEPARTMENT OF THE AIR FORCE

ATTN CODE 60612 (MR L STALLINGS) 1 Q USA,
WARMINSTER PA 18974 ATTN LEYSF (NAJ LE1M)

WASHINGTON DC 20330
CDR
NAVAL RESEARCH LABORATORY
ATTN CODE 6170 (MR H RAVNER) 1 HQ AIR FORCE SYSTEMS CMD

CODE 6180 (1 ATTN A'SC/DLF (LTC RADLOFF)
CODE 6180 1 ANDREWS AFB MD 20334CODE 6110 (DR HA RVEY) I ::

WASHINGTON DC 20375 CDI
CCDRC US AIR FORCE WRIGHT AERONAUTICAL :"'

NAVAL FACILITIES ENGR CTR L(A DCUCLL)
ATTN CODE 120 (MR R BURRIS) 1 A JAL/POSL (MR JoHNEs) I

CODE 120B (MR BUSCHELMAN) 1 JqAL/IIJE (MR MORRIS)
200 STOWALL ST ArwAL-MALB ( ',.R-S- I

ALEXANDRIA VA 22322 WRIGHT-PATTERSON AFB OH 45433

CHIEF OF NAVAL RESEARCH CDR
ATTN CODE 473 1SAN ATONIO AIR LOGISTICS
ARLINGTON VA 22217 S TONOA"LOITC

CTR
CD ATTN SAALC/SFQ (MR MARs) I.::

NAVAL AIR ING. CENTER hc!HPu
ATNA CODE 927271KELLY AIR FORCE BASE, TX 78241ATTN CODE 927271

LAKEHURST NJ 08733 CDI
WARNER ROBINS AIR LOGISTICCOM21 M ING GENERAL CTR :-

US MARINE CORPS DEVELOPMENT T -
* & DUCTIONCOMANDATTN WR-ALC/HKIRAB-1 (MR GRAHAM) 16 EDUCATION CON4UND ROBINS AFS GA 31098 -"

ATTN: D075 (LTC KERR)
QUANTICO, VA 22134
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OTHIR GOVERIIT AGENCIESI'.
US DEPART1MENT OF ENERGY.,:

US DEPAZRIIIT OF TRANSPORTATION BARTLESVILLE ENERGY RSCH CTR
ATTN AIRCRAFT DESIGN CRITERIA DIV OF PROCESSING & THERMO RES I

BRANCH 2 DIV OF UTILIZATION RES
FEDERAL AVIATION ADKIN BOX 1398
2100 2ND ST SW BARTLESVILLE OK 74003
WASHINGTON DC 20590

SCI & TECH INFO FACILITY
DIRECTOR ATTN NASA EP (SAK/DL)
NATL MAINTENANCE TECH SUPPORT P 0 BOX 8757

. CT2 BALTIMORE/WASH INT AIRPORT MD 21240
US POSTAL SERVICE E O NT I C

• NORMAN OK 73069 ENVIRONMENTAL PROTECTION AGCY
OFFICE OF MOBILE SOURCES

NATIONAL AERONAUTICS AND MAIL CODE ANR-455
SPACE ADMINISTRATION (MR. G. KITTREDGE)

LEWIS RESEARCH CENTER 401 N ST. SW
MAIL STOP 5420 WASHINGTON DC 20460

(ATTN: MR. GROBMAN)
CLEVELAND, OH 44135

'" NATIONAL AERONAUTICS AND
SPACE ADMINISTRATION

VEHICLE SYSTEMS AND ALTERNATE
AT FUELS PROJECT OFFICE
ATTN: MR. CLARK1
LEWIS RESEARCH CENTER
CLEVELAND, OH 44135

US DEPARTMENT OF ENERGY
SYSTEMS EEF, ATTN: MR. ALPAUGH 1
1000 INDEPENDENCE AVE., SW
WASHINGTON, DC 20585

DEPARTMENT OF TRANSPORTATION
*; FEDERAL AVIATION ADMINISTRATION
-" AWS-110, ATTN: MR. NUGENT 1

800 INDEPENDENCE AVE, SW
WASHINGTON, DC 20590

US DEPARTMENT OF ENERGY
CE-1312, ATTN: MR ECKLUND 1

" 1000 INDEPENDENCE AVE, SW
WASHINGTON, DC 20585
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