AD-A128 879  FUEL PROPERTY EFFECTS ON DIESEL ENGINE AND GAS TURBINE
COHBUSTOR PERFORMANCECU) SOUTHWEST RESEARCH INST SAN
ANTONIO TX A F MONTEMAYOR ET AL. NOV 81

UNCLASSIFIED SHRI- 6889 -120/1 DRAK70-86-C-08081  F/G 2172




T e R A S5 A RO A Qo S IR W B BN

TN
i
]
1
1

4
+
|
J

EEEE

B
gfmuEEE
EEEE?*

i
_
[
—

f 'ﬁﬁélﬁhlﬁ.

MICROCOPY RESOLUTION TEST CHART K
NATIONAL BUREAU OF STANDARDS ~ 1963~ A




.......
........

MA1l

N e S A e

20879

[aic i v daedn. OF

INTERIM REPORT
AFLRL No. 149

By

A.F. Montemayor
D.W. Naegeli
L.G. Dodge
E.C. Owens
J.N. Bowden

Southwest Research Institute
San Antonio, Texas

Under Contract to

U.S. Army Mobility Equipment Research

and Development Command
Energy and Water Resources Laboratory
Fort Belvoir, Virginia

Contract No. DAAK70-82-C-0001

Approved for public release; distribution unlimited

December 1981

FUEL PROPERTY EFFECTS ON
DIESEL ENGINE AND GAS TURBINE
COMBUSTOR PERFORMANCE

U.S. Army Fuels and Lubricants Research Laboratory

TIC

NOVO 11982

sgflsCT.

B~

=

-




K Bt e R S S P Uit Sr A i e Syt T S S e A I RO et i S T B SO Tt Sl A S e e e
DA WA VR LN AP W T LA SR /B WL PR IE O DI DA DUER. wPE SCS JONE SpRSC iy I QPR U AL PV PR SV S P R P S SR N, I SRR SR W

Discisimers

The findings in this report are not to be construed as an official Department of the
Army position unless so designated by other authorized documents.

Trade names cited in this report do not constitute an official endorsement or appro-

val of the use of such commercial hardware or software.

DTIC Avalisbility Notice

Qualified requestors may obtain copies of this report from the Defense Technical
Information Center, Cameron Station, Alexandria, Virginia 22314,

Disposition instructions

Destroy this report when no longer needed. Do not return it to the originator.

A" et -
EaV i o

. .
w e e te e . s Y. P . o e e e . . -

J & P R I - - -’ e S e e e e e
e n a t'n T L S " o T PN W TR T S




UNCLASSIPIED _ e
SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered) -

‘READ INSTRUCTIONS
REPORT DOCUMENTATION PAGE ' BEFORE COMPLETING FORM
1. AEPORT NUMBER " 2. GOVT ACCESSION NO] 3. RECIPIENT'S CATALOG NUMBER
AFLRL NO. 149 _
[@ VTLE fand Subtitie) 5. TYPE OF REPORT & PERIOD COVERED
FUEL PROPERTY EFFECTS ON DIESEL AND {;;gﬂmb?l’:;gl
L Oct 1980 = Dec 1
GAS ITURBINB COMBUSTOR PERFORMANCE 6. PERFORMING ORG. REPORT NUMBER
- SwRI-6800-120/1
; 7. AUTHOR(s) 8. CONTRACYT OR GRANT NUMBER(s)
| A.F. Montemayor © E.C. Owens DAAK70-80-C~0001
' D.W. Naegeli J.N. Bowden DAAK70-82-C~0001
L.G. Dodge .
9. PERFORMING ORGANIZATION NAME AND ADDRESSES 10. PROGRAM ELEMENT, PROJECT, TASK
U.S. Army Fuels and Luhricants Research Lab AREA & WORK UNIT NUMBERS
Southwest Research Institute. 11,762733AH20EH; WUBO3
P.0. Drawer 28510, Sam;Antonio, X 78284
11. CONTROLLING OFFICE NAME AND ADDRESS . |12, REPORT DATE __
U.S. Army Mobility Equipment Research and November 1981
Development Command, Energy and Water ReSOurces 13. NUMBER OF PABES . .
Lab. Fort Belvoir. VA 22060 . : 15 ‘ 2
14. MONITORING AGENCY NAME & ADDRESS . 18. SECURITY CLASS. (of this report) -
(if different from Controlling Office} ‘ : Uncla_s_sif:led . ’
18s. 'DEC&ASS!FCGA’!‘!ONIOOWNGHANNG
SCHEDULE

T Yy

18. DISTRIBUTION STATEMENT (of this Report) H

Approved for public release; distribution unlimited
i

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if different fm‘t Report}

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse side if necessary and identify by block number)

Fuel Requirements Fuel Properties Bn=zg,
Cetane Load Regression
Viscosity Diesel Engines Statistical
Boiling Point Army Engines Analysis
Aromatic Content Speed Fuel Blends

20. ABSTRACT (Continue on reverse side if necessary and identify by block number)

~™17In this test program, four military engines and a gas turbine combustor were
run to determine the effects of fuel properties on combustion performance.
During this program, 18 test fuels were prepared with properties extending
beyond the range of the specifications of diesel fuels., Diesel engine
performance data were analyzed statistically, and regression equations were
obtained for each cnginc expressing load in terms of speed, energy input,

DD FORM 1473 EOITION OF 1 NOV 68 IS OSSOLETE

1JAN 73 UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered)




R Ak B B WL T T A RN 4 % " PN S M e R N i N A N S A S AL S S NICHE R A Y

5 s

IR L S,

- C3-FLL I V) d

RIS

“eil iy i PR SOL .

LSS LR RS Y

\}.

UNCLASSIFIED

ﬁcuiiw CLASBSIFICATION OF THIS PAGE (When Dets Entered)

20. ABSTRACT (continued)
cetane number, kinematic viscosity, lO-percent boiling point, and aromatic
content, Combustion performance measurements in the T-63 gas turbine com-
bustor included flame radiation, exhaust smoke, gaseous emissions (THC, CO
and » combustion efficiency, and ignition properties., The atomizing
characteristics of the test fuels were examined with a particle sizing
system baced on forward-angle diffraction, and the results were correlated
with the ignition properties of the fuels. Flame radiation and exhaust
smoke were correlated with H/C ratio of the fuel. Viscosity and end point
work were used as correlating parameters for THC and CO emissions, and
combustion efficiency. Significance of the results was discussed, and
recommendations for further testing was presented.

l‘coossign Por

NTIS GRARI B
DTIC TAB

Unannounced 0
Justification e

By.

pistribution/ _
Availability Codes

Avail and/or

Dist Special

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Dufe Entered)

......
‘‘‘‘‘




3 .
A SUMMARY -
3 ]
% | . ]
L Four military engines were tested to determine the effect of fuel properties N
! on engine performance., These engines were the Detroit Diesel (DD) 4-53T, -"--‘
! Continental Motors LDT-465-1C, Cummins NTC-350, and the Caterpillar 3208T. WE
For this program, 18 fuels were blended to attain wide variations in kine-
! matic viscosity, cetane number,  ten-percent boiling point (10ZBP), and
i aromatic content., Each of the eighteen fuels was run at the same relative -‘—-
s 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- :
i tion for each engine with energy, speed, aromatic content, kinematic vis- *-n
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- T
matic fuels. The performance of the LDT-465-1C engine was adversely af-
fected by low 10ZBP fuels. Neither the NTC-350 or the 3208T engines were ;

Ladraitideans JIN4 A iy

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

! In general, the 3208T engline produced the highest load per unit of energy S
input, primarily because the engine was derated due to miscalibration of the
E injection system by the manufacturer. The 3208T engine was ope;atedv:sig- ' ;'-fi_ﬁll:'
i nificantly below its rated power, and results obtained in this report should ‘
3 be considered a subset of total engine performance. This series of tests T
X did not address maximum power availability, cold weather operation, or J
long-term operational problems that could arise from operation of these : :

engines on off-gpecification 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 wmeasurements 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-

ova st eval LAV
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cluded flame radiation, exhaust smoke, gaseous emissions (THC, CO, and nox).
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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 wmultiple 1linear 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 :I.mi:ortant pro-
perty in determining gaseous emissions of THC and CO than the end point.
However, tkis indication was somewhat tenuous because there was a strong

‘correlation of viscosity with end point in the test fuels. The nox emis-

sions were essentially independent of the fuel properties. None of the
fuels contained significant amounts of nitrogen, so N()x wvas 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 préssure.

Ignition data for the T-63 combustor were correlated with fuel properties
and droplet size. ' ‘
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I. 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.

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
in order to minimize performance degradation of Army vehicles.(l-3)* 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.

COMPONENT FEEDBACK
AND SIIGLE
-4 crimoen  |—
eme HANDLING
TESTING % GROUND
! weeonr [
EQUIPMENT
LABORATORY STABILITY DRAFT MNTIAL TESTING ORAFT FINAL -
— uuucmtum m m o] moowiD |—o{ auauncATION @
AND SPECIHICA SPECIFICATION FLEEY TESTING
TESTING RESPONSE SPECIMCATION UL SCALE
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""'::"“ o
COMPATIBRITY
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FIGURE 1. PROCESS FOR EVALUATING NEW/SYNTHETIC FUELS

* Underscored numbers in parentheses refer to the list of references at the
end of this report,
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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., AST™™ 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 1-H/1-G reference diesel fuel was selected as the base fuel due
to its batch-to-batch uniformity and genéral acceptance as a base fuel.
Other fuela‘utilized were chosen or blended on site to obtain a wide range
of fuel properties,
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Model: LDT-465-1C
Engine Type: Four-cycle compression
ignition, M.A.N. combustion system,
turbocharged
Cylinders: 6, inline
Displacement: 7.83 L (478 in,
Bore: 11.58 em (4.56 in,)
Stroke: 12.37 cm (4.87 in.)
_Compression Ratio: 22:1
Fuel Injection: Bosch Rotary Distributor
w/Density Compensation
Rated Power: 145-156 kW (194-209 BHP)
at 2800 RPM
Rated Torque: 597 N'M (429 1b-ft)
at 2000 RPM

3

FIGURE 2, CONTINENTAL MOTORS LDT-465-1C TEST SETUP
AND ENGINE SPECIFICATIONS
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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 mo)

Compression Ratio: 18.7:1

Fuel Injection: DD 5A60 unit injectors

Rated Power: 127 kW (170 BHP)
at 2500 RPM

Rated Torque: 545 N M (402 1b-ft)
at 1800 RPM

)

FIGURE 3. DETROIT DIESEL 4-53T TEST SETUP

AND ENGINE SPECIFICATIONS

10

2

Y
)

s

PO
P Y)

Bty

e e e, -
. .
.

o
v
.
7,

2
n
Sl

)




R T R TR

KD

T

RS ES o

P W3

A WA

o P T R L. AT Y P

c e A et

7 Mt A s Y LS 5 A

------ P Y I R

Y thid v A" Fabiy e .
e HL R Lo Pre BB et Bon Vom e B T B a R a S a . - pSL R N e

Model: NTC-350
Engine Type: Four-cycle compression
ignition, direct injection
Cylinders: 6, inline
Displacement: 14.01 L (855 in,
Bore: 13.97 cm (5.5 im.)
Stroke: 15.24 cm (6 in,)
Compression Ratio: 14.5:1
Fuel Injection: Cummins pressure-time
Rated Power: 261 kW (350 BHP)
at 2100 RPM
Rated Torque: 1519 N-M (1120 1b-ft)
at 1300 RPM

3

FIGURE 4. CUMMINS NTC-350 TEST SETUP
AND ENGINE SPECIFICATIONS
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3 Model: 3208T

7 Engine Type: Four-cycle compression

: ignition, direct injection
Cylinders: 8, V configuration 3

p Displacement: 10,42 L (636 in.")

N Bore: 11.43 cm (4.5 in.)

: Stroke: 12,70 ecm (5 in.)

, Compression Ratio: 16,5:1

y 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

z AND ENGINE SPECIFICATIONS
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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 envirommental 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. lﬁny 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 may 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-
ment on the acceptability of nonspécification 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 stabilizationm.
Because of the additional NO found in the exhaust, fuel-bound nitrogen is
one new fuel property which 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 emis-
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 vari-
ation in individual fuel property on engine performance, independent of

.
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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 well. Thus, some method of analy-
sis 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 varisble 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 AST™ 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 measurements is generally equipment-dependent,
and the property value range 1is 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.

Af ter the number of fuel blends was determined, the next objective was to
select the composition of the blends to maximize the information obtained.




J%
v
[
.i
4
"
"
2
‘l
»
¥
1}
‘I
»
%
N 1
1
.“
12
..
o
%
’
L
L]
-
1
r
]
!
L
1
4
'Q
N L]
[}
1]
)
1]
t
Ay
[
tp
Al
()
'y
»
. [
1 3
.
4
»
’,
1]

The initial approach to specifying the test fuel compositions was to use a
commercial computerized experiment design program called Computer Optimized
Experimental Design (COED).

atelala taliamd Taa A

)

3 It became apparent that this approach would not provide sufficient fuel
E guidance. However, since COED placed points in the corners of the. specif ied
P: property space, producible fuel blends were chosen with properties as close .__‘
' to the corners of the property space as possible. To establish thesge .1
;!' blends, a program was developed to estimate the properties of a fuel blend
;; given the properties of the blend stocks. Briefly, the program required

b 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 (f 1) in the mixture.
Also, an 1initial 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

..

b3
i-n
Y
LS
aet
el
ol

ylend "2q 1 TPy il
and it would be coanvenient to work with VF, ‘:J

T
[

The volatility offered more resistance to prediction. It is most appro-
priately expressed as wmoles evaporsted at several fixed temperatures,
Averaging these moles of blendstock at fixed temperature was the most feas-

L

A

N
A‘ o At b

(M

e
’
’

ible method of determining volatility. Employing an ASTM Method D 86-type e
measure (T at fixed volume reductions) in the trial formulations, averaging o
temperatures at 10 percent evaporated and 10, 50, 90 percent, as well as :';lg:li
averaging volume off at three fixed temperatures, were checked. Though the ‘
method of asveraging temperatures is least like the "mole method," better oS
agreement was obtained. With this approach, approximately 7 percent devia- o
tion between calculated and measured volatility was observed, , 1

e

el

o




:\ The cetane number characterization required the most effort. The trial pre-
F: dictions showed notable nonlinearities in blends of high and low cetane
H' fuels. To quantify these effects, nine blends of seven actual stocks were
N made for measuring cetane number (CN), The matrix of points was selected to

¥ determine nonlinearities in the most efficient way.

The results from this investigation were regressed, yielding:

1 - 16.42 Fz + 31.38 F3 +

2 2
33.29 F‘ + 16.42 Fz - 13.73 1'3 + 7.697 Fl.

CN = 11.44 + 5.562 F

2

where 'Fl fraction of High Aromatic Naphtha (HAN)(AL-10223-F) in the
mixture

fraction of Benzene Toluene Xylene (BTX) Bottoms (AL-10233-F)
in the mixture

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

fraction of CAT 1-H (AL-10433) in the mixture

=
]

=
[ |

if F

This function is only valid for F 2

1 = 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. s
Heavy BTX bottoms do well with the middle-cetane stock, but induce marked _1
curvature when the other component has appreciable high-cetane stock in it. _::kf:j’}

sv“'
Af ter completion,  this program was able to reasonably estimate the proper- ‘i
ties of any given combination of our blending components. This program was o 3
then used to generate a large list (>5000) of potential fuel properties. :'-ff-Z:

r“

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, . ‘
.A‘ .‘71

]
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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 '5“‘
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 0il, Diesel, shown in Table 6.
E This Federal specification permits a maximum temperature of 338°C at 90
- percent evaporated in the ASTM Method D 86 distillation test for grade DF-2,
F Fourteen test fuels fell below the maximum allowed, and 13 were below the
' end point requi~ement of 370°C maximum. The lowest 90 percent evaporated
temperature for the test fuels was 217°C and the highest was 367°C. End i.—."-fi
points for the test fuels ranged from 253°C to 398°C.
VV-F-800C allows a range of 1.9 to 4.1 cSt, kinematic viscosity at 40°C for L]
DF-2, Of the test fuels, nine fell within these limits; eight had viscosi- TT:
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. *.4
TS
In addition, eight test fuels had cetane numbers above 45, the minimum value :
shown for DPF-1 and DF-2 in the federal specification; four test fuels had _ -3
cetane numbers between 40 and 45, and six were below 40. At present, a ArEs
cetane number of 40 is permitted for DF-1 and DF-2 fuels. The lowest cetame e
number for the test fuels was 31.3 and the highest was 53.1. -
Aromatic content 1is not a specification requirement; however, it is a pro- ..:‘1
perty considered to be influential in the combustion event and was included "'""1
in the design of the test fuel matrix., The aromatics in these test fuels ]
ranged from 12,9 to 61.9 voll, as measured by the ASTM D 1319 Fluorescent L
Indicator Absorption (FIA) Test. ‘
17
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TABLE 2. SELECTED PROPERTIES OF 18 FUELS
WHICH COMPRISE THE TEST MATRIX

L%

§
.

K. Viscosity ASTM D86 Avg, Bolling
at 40°C, 10ZBP, Temperature Aromatic
cSt °C *C* Cetane No, Content, %

Test
Fuel No. Predo &llt**h‘ed. Meas, Pred. Meas. Pred. Meas, Pred. Meas.

1 3.2 3.2 241 238 276 277 53 50,1 28 3l
2 0.71 0.78 90 91 140 156 28 345 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 4l.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 42 345 29 35
18 3.5 3.55 248 241 285 286 54 53.1 27 31

* Average boiling temperature = (102 hd ng 2 9°x)°c by ASTM D 86.

*%* Predicted by blending correlations of the properties listed in Table 3.
*#a® Measured properties of test fuels with composition shown in Table 1,
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TABLE 3., SELECTED PROPERTIES OF THE SEVEN BLENDING STOCKS

High Heavy
Aromatic BTX P
JP~4 JET A Cat 1-H Gas Oil Naphtha Kerosene Bottoms

£ Ry

Kinematic

X Viscosity .

: at 40°C, cst 0.78 1.50 3.20 7.91 1,46 1,31 0.75 ‘

< Viscosity L
Blending : ' RN
Index 0.123 0.247 0.350 0.442 0.240 0.224 0.114

10% BP, °C 91 195 238 293 194 186 161

3 10+50+902 Points, .c'
3 _
156 216 277 336 222 200 164

h
iy

Cetane No. "34.5 44.5 50.1 61.0 17.1 50.1 3.0 “~

e

Aromatic
Content, y 4 14.8 17.3 30.6 47.8 82.8 12.4 99.4 :;-.:
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Properties

.......

Density, kg/L @ 15°C
Flash point, °C min
Cloud point, °C max
Pour point, °C max
Kinematic viscosity
@ 40°C, eSt
Kinematic viscosity
@ 20°C, cSt
Distillation, °C
502 evaporated

90X evaporated, max

End point, max
Residue, volX, max
Carbon residue on

10% bottoms,

wmaesl, max (4)
Sulfur, massX, max

Copper strip corrosion

3 hr @ 50°cC,
max rating
Ash, mass%, max

Accelerated stability,

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

Neutralization number

TAN, max

Particulate contamina-

tion, mg/liter, max

Cetane number, min

TABLE 6., PHYSICAL AND CHEMICAL REQUIREMENTS FOR
FEDERAL SPECIFICATION VV-F-800C, FUEL OIL, DIESEL
Values
Grade DF-2

Grade DF-A Grade DF-1 CONUS OCONUS

Report Report Report 0.815 to 0.860

38 38 52 56 (1)

=51 (2) (2) (2)

Report Report Report (3)

1,1 to 2.4 1.3 to 2.9 1.9 to 4.1

1.8 to 9.5

Report Report Report Report

288 288 338 357

300 330 370 370

3 3 3 3

0.10 0.15 0.35 0.20

0.25 0.50 0.50 0.70

3 3 3 1

0.01 0.01 0.01 0.02

1.5 1.5 1.5 1.5

0.05 — —— 0.10

10 10 10 10

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.

shall have a maximum limit of minus 18°C.
(4) See Appendix B of VV-F-800C.

test must be performed on the base fuel blend only.
(5) This requirement is applicable only for military bulk deliveries intended
for tactical, OCONUS, or long-term storage (greater than six wmonths)
applications (i.e., Army depots, etc.).

DF-2 for Europe and S. Korea

If the fuel contains cetane improvers, the
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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
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, o0il temperature, engine coolant temperature,
inlet air temperature, humidity, and fuel temperature all affect the load
that an engine produces. Speed and energy input are mormally controlled by
either a mechanical govermor or, in the case of a wvehicle, 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..v idle to full rack). O01il 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, emergy input is expressed as Btu/injection and
is generally calculated as: '

Btu . Btu ix 1b x hr x min, x Xfevolution
injection 1b hr 60 min, 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
sape 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-
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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 5—“
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 iA-_';j
energy input levels were determined by running full load performance deter- ,:::::
minations using JP-4 fuel and no load performance determinations using the ‘M‘
reference fuel. Maximum fuel flows (at full rack) were reduced slightly to ) - 3
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 R
the difference between minimum and marimum energy levels. These four emergy
levels and three speeds yielded twelve points per test. Table 7 shows a

typical run sheet generated by the computer program. In practice, opera- '5 'S
tors could not control fuel flow to the engine with the precision desired. R

TABLE 7, TYPICAL RUN SHEET

ENGINE: 4-53T FUEL: AL-10697-F TEST NO: 1 _
SPEED (RPM) FUEL FLOW (LB/HR) i
1 2500 53.0 e
2 2500 44.8 ®
- 3 2500 36.7 =
: 4 2500 28.5 o
- [ 1875 44,1
: 6 1875 35.1
2 7 1875 26.0 L
g 8 1875 17.0 ®
g 9 1250 19.1 IR
- 10 1250 15.9 D
- 11 1250 12.6 R
“ 12 1250 9.3 T
H 9
a3 -—
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As a result, actual energy points were scattered in the vicinity of the
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 imme.)xate check on the data and to minimize
errors, each test was run twice., This duplicate data provided the oppor-
tunity to discover and correct many errors immediately rather than waiting
for the data analysis phase. The data recording form for each test is showm
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 g_getation

As mentioned previously, some engine operating parameters were controlled to
emphasize fuel property differences. Table 10 summarizes the engine operat-
ing conditions. 0i1 temperature was controlled by routing an external
gource of cooling water through the normal engine-mounted oil cooler. 0il
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 (95°F) 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
the open position and utilizing an external heat exchanger. The desired
coolant-out temperature was 82°C (180°F). 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-465-1C tests was drifting.
Rather than re-calibrating the load cell and invalidating all previous

27
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TABLE 8.

MILITARY ENGINES FUEL REQUIREMENTS

DATA RECORDING SHEET

LOG SHEET
ENGINE: FUEL: TEST NO: DATE: PAGE
10 11 12
Technician 1 2 3 & 6
Time of da ]
Actuai speed, RPM
Load, 1b,oft.

Fuel consumption, 1b./hr. (Flowtrom

Fuel consumption, b./hr.

TEMPERATURES,® F

Exhaust before turbo
Exhaust after turbo

1 Water inlet’

7 Vater outlet

ir

PRESSURES
Qil. psix
Inel. psis

bl =53
Alr_sfter cowpressor, psig

Alr before compressor, in. H,0

28
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TABLE 9. LIST OF TESTS RON
TEST ENGINE FUEL
NUMBER

1 4-537 aL-10697~F
2 4-337 AL-10697-F
3 4-537 aL-10583-F
4 4-537 aL-10S93-F
s 4-337 AL-10582-F
6 4-537 AL~10382-F
? LDT-465 AL~10697-F
) LOT-46S .  AL-10697~F
9 LDT-46S AL-10583-F
10 LDT-46S AL-10583-F
" LDT-46S AL-10582-F
12 LDT-46S AL-10582-F
13 NTC-350 AL-10697-F
14 NTC-330 AL-10697-F
1S NTC-330 AL-10S83-F
16 NTC-3%0 AL-10S83-F
17? NTC-330 AL-10582-F
18 NTC-350 AlL-10582-F
L) LOT-463 AL-10811-F
20 LDT-463 AL-10811-F
21 NTC-330 AL-10811-F
22 NTC-350 AL-10831-F
23 4-S37 AL-10811-F
24 4-337 AL-10811-F
2s 32087 AL-10811-F
2¢ 32087 AL-10811-F
27 4~-S37 aL-10813-F
20 4-S37 AL-10813-F
29 32087 AL-10813-F
30 32087 AL-10813-F
3 LOT-46S AL-10813-F
32 LDT-46S AL-10813-F
33 NTC-350 AL-10813-F
34 NTC-350 AL-10813-F
I3 32087 AL-10697-F
3¢ 32087 AL-10697-F
14 32087 AL-10582-F
) 32087 AL-10562-F
39 32087 AL-10583-F
4 32087 AL-10583-F
4 32087 AL-10816~F
42 32087 AL-10816-F
43 32007 AL-10807-F
' 32087 AL=10807-F
4S LOT-46S AL-10816-F
46 LDT-46S AL-10816-F
47 LOT-465 AL-10807-F
48 LDT-465 AL-10807-F
49 NTC-350 AL-10816~F
S0 NTC-3%0 AL-10816-F
st NTC-350 AL-10807-F
s2 NTC-350 AL-10807-F
53 4-337 AL-10816-F

.
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TABLE 9, LIST OF TESTS RUN (CONT'D) i
TEST NO. _ENGINE FUEL_
S4 4-337 AL-10816-F
11 4-33T AL-10807~F
sé 4-537 AL~10807-F
s? 4-537 AL-10812-F
S8 4-537 AL-10812-F
s9 NTC-350 AL-10812-F
60 NTC~350 AL-10812-F
61 LDT-465 AL-10312-F
62 LOT-46S - AL-10812-F
63 32087 AL-10812-F
64 32087 AL-10812-F
6S 4-337 AL~-10U804-F
éé 4-337 AL-106804-F
67 NTC-350 AL=10804-F
68 NTC-350 AL=-10804-F
69 LDT-465 AL-10804-F
70 LOT~46S AL=-10804-F
71 32007 AL=-10804~F
72 32007 AL-10804-F
73 4-337 AL-1080S~F
74 4-S37 AL~1080S-F
7S NTC-350 AL-10805-F
76 NTC-35¢ AL-10005-F
?? LDT-463 AL-1080S-F
76 LDT-46S AL-10805~F
79 32007 AL~1000S-F
80 32007 AL-10805~F
81 4-537 AL -10806-F
82 4-337 AL~10806-F
e3 NTC-350 AL-10806-F
o4 NTC-3S0 AL-10006-F RIS
es LDT-46S AL-10006-F 2o
86 LDT-46S AL-10806-F e
87 32007 AL-10806-F BN
88 32087 AL-10006-F R
89 4-537 AL~10008-F -
90 4-537 AL-10809-F
91 NTC-350 AL-10009-F T
92 NTC-330 AL~10808-F (AN
93 LDT-46S AL-10968-F NS
94 LDT-463 AL ~10808-F R
9s 32087 AL-10908-F RS
96 32087 AL-~10808-F o]
9? 4-S37 AL-10809-F @
90 4-337 aL=-10809-F Y
99 NTC~3%0 AL=-10809-F iy
100 NTC-350 AL-10809-F
101 LDT-46S AL~-10809-F
102 LOT-465 AL-10809~F
103 32087 AaL-10809-F
104 32087 AL-10809-F
108 4-537 AL~10810-F
106 4-537 AL -10810-F
107 NTC-350 AL-10810-F
108 NTC-350 AL-10810-F
109 LDT-465% AL~10810-F
110 LDT-46S AL-10810-F
1 32067 AL-10810-F
12 32087 AL-10810-F
13 4-531 AL-10814-F
30 R
N RS TR
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TABLE 9. LIST OF TESTS RUN (CONT'D)

TEST NO. ENGINE FUEL
114 4-837 AL-10814-F
118 NTC-330 AL-10814-F
116 NTC-350 AL-10814-F
11?7 LOT-~465 AL-10814-F
118 LDT-46S AL-10814-F
119 32087 AL-10814-F
120 32087 AL~-10314-F
121 4-337 AL-10815-F
122 4-337 AL-10815-F
123 NTC-350 AL-10815-F
t24 NTC~-350 AL-108135-F
125 LOT-46% AL-10815-F
126 LDT-465 AL-108135-F
127 32087 AL-10815~F
128 32087 RL-108135-F
129 4-337 AL-10817-F
130 4-537 AL-10817-F
131 NTC-350 AL-10817-F
132 NTC-350 aL-10817-F
133 LDT-463 AL-10817-F
134 LOT-463 AL-10817-F .
13S 32087 AL-1081?7-F
136 32087 AL-10817-F
137 4-337 AL-10818-F
138 4-337 AL-10818-F
139 NTC~-350 AL-10818~-F
140 NTC-350 AL-10818~F
14 LDT-46S AL-10818-F
142 LDT-465 AL-10818-F
143 32087 AL-10818-F
144 32087 AL-10918~F
148 4-537 AL-10999~F

‘146 4-337 AL-10999-F
147 NTC-350 AL~10999-F
148 NTC-330 AL~-10999-F
149 LDT-46S AL ~10999-F
150 LDT-465 AL-10999-F
151 32087 AL.-10999~F
182 32087 AL-10999-F
133 4-537 AL-11017-F
154 4-537 AL-11017-F
188 NTC-350 AL-1101272-F
156 NTC-3350 AL=-1101?7-F
157 LDT~46S AL-11017-F
158 LDT-46S AL-11017-F
159 32087 AL-1101?7-F
160 32087 AL-11017-F
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TABLE 10.
Engine 4-53T
01l AL-7074~-L
011 Temperature,
.c(.r)
Minimun 92 (198)
Maximum 97 (207)
Average 94 (202)
Fuel Temperature,
°C(°F)
Minimum 34 (94)
Maximum 36 (97)
Average 35 (95)
Coolant-Out Tempera-
ture, °C (°F)
Minimum 81 (177)
Maximum 84 (183)
Average 82 (180)
Inlet Air Tempera-
ture, °C (°F)
‘Minimum 31 (87)
Maximum 42 (108)
Average 36 (97)
Speeds, RPM
100% 2500
752 1875
50% 1250
Load, NeM (1lb-ft)
Minimum 90 (66.4)
Energy Input,
Btu/injection
Minimum 0.555
Maximum 1.863

Maximum Power
Output During
Test, kW (BHP)

CR NS NIE AL I SN

102 (136.4)

A 2P Y T I N A T WA S W

P A KT N T ANt AT At

SUMMARY OF OPERATING CONDITIONS

LDT-465-1C NTC-350
AL~-7074~L AL-7074-L
92 (198) 90 (194)
98 (209) 98 (209)
94 (201) 93 (200)
31 (87) 32 (89)
36 (97) 37 (99)
35 (95) 34 (93)
80 (176) 79 (175)
86 (186) 84 (183)
82 (180) 82 (180)
24 (75) 26 (78)
43 (110) 38 (100)
37 (98) 32 (89)
2600 2100

1950 1575

1300 1050

56.7 (41.8) 50 (36.9)

525 (387.2)

0.731
3.332

107 (143.5)

1155.3 (852.0)

0.908
6.246

202 (270.7) -

3208-T

AL-7074-L

81 (178)
98 (209)
93 (200)

29 (85)
37 (98)
34 (93)

80 (176)
83 (182)
82 (179)

26 (79)
43 (110)

34 (93)

2800
2100

1400

23.7 (17.5)
544 (401.2)

0.476
2,007

99 (132.6)

N e
- ’.-
Lo
- ‘
f.-.
AT
[
S
. ™
R
o
AL
ae
. ..sl_
el '-‘.
R
LA
H»
T
P
S
.“'-_
.
noe
- '_<l
Ny
’-l_-v

i
»:
7 .
s
P,
P
.

LT e
aelaael s & a0

.

‘ PRl s 25

PR A A

P R
S

]

Ve
S

o
AN
Ve
(S
L
L]
I




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. o

4
tests, periodic checks were made of the drift., At the conclusion of the :":»‘_.3
1

During statistical analysis of the fuel properties, the computer program
BMDPIR 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, .
ﬁ 50-percent boiling point was dropped from further analysis. Next, BMDPIR "b:

FEPEY Y WUy

PO

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 (10ZBP), :
and cetane number were introduced into the analysis. Multiple linear re-
gression analysis of the data using the computer program BMDPIR yielded load D

R

. VLT . .
‘s Tt
PR R LE.INCES SR AN L

equations for the engines.

The equation for the Detroit Diesel 4-53T with speeds of 1250-2500 rpm LA
(50~100% of full speed) is: '

Load = 5.,43158 - 0,02564 Speed + 166.9574 Energy + 0.01699 Speed :j-\::d
Energy - 0,15976 Aromatic Content - 0,0001 10XBP + T
0.13093 Viscosity - 0.08676 Cetane Number L

The equation for the Continental Motors LDT-465-1C 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 10ZBP -
0,08003 Viscosity - 0,14092 Cetane Number

33




The equation for the Caterpillar 3208T with speeds of 1400-2800 rpm (50-100%
of full speed) is:

Load = 2.77937 - 0.04426 Speed + 235.,20103 Energy + 0.00146 Speed
Energy - 0.11902 Aromatic Content - 0.00074 10ZBP +
1.59395 Viscosity - 0.09825 Cetane Number

The equation for the Cummins NTC-350 with speeds of 1050-2100 rpm (50-100Z
of full speed) is:

Load = 109.86153 -~ 0.1151 Speed + 116.04908 Energy + 0.02703 Speed
Energy ~ 0.17976 Aromatic Content - 0.,00387 10XBP +
0.582 Viscosity - 0.12697 Cetane Number

Units for these equations are: Load - 1b-ft, Speed - rpm, Energy -~ Btu/
injection, Aromatic Content - volX by FIA, 10ZBP - °F by ASTM Method D 86,
Viscbsity at 40°C - cSt, and Cetane Number -~ no units.
——— ‘

Tables 11 through 14 summarize the statistics assoclated 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%
10% BP =0.00010 0.006 =0.017
Viscosity 0.13093 1.220 0.107
Cetane -0.08676 0.157 ~0.552

#Significant quantity (IT] >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
FOR THE LDT-465-1C 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 Coeff icient 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
10Z BP -0,02770 0.013 2.153%
Viscosity -0,08003 2.619 -0.031
Cetane -0,14092 0.338 -0.417

F*Signif icant quantity (ITl >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

*Signif icant quantity (IT| >2)

TABLE 14, MULTIPLE LINEAR REGRESSION STATISTICS EE:

FOR THE 3208T ENGINE ot

o

Engine: 3208T ti

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

Multiple R-Square: 0.9944 ®

Standard Error of Estimate: 8.3879 R

Variable Coefficient Std. Error | T f%;i

Intercept 2.77937 0.002 1
Speed =0.044426 3.241 =21,553*% e

Energy 235.20103 0.087 72,561% 3

Speed x Energy -0.00146 0.002 =0.900 o]

Aromatics -0.11902 0.087 ~1,365 T

10Z BP -0.00074 0.008 -0.096 T

Viscosity 1.59395 1.570 1.015 o
Cetane -0.09825 0.202 -0.485 L

*Significant quantity (IT| >2) E{f}
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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.,0118X, with an sz value of 0.99054., Ideally this equa-
tion would be X = 0 + 1.0X. 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

R value of 0.99361. ‘

Results for the NTC-350 engine are shown in Figure 8. A least squares curve
fit yields the equation of Y = 6.6832 + 0.9823X with an Rz 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 combination
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
vith an R? value of 0.99656.

D. iscussion 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 psrticular engine's operations under the given conditions. All tests
were short term and do not address long-term durability problems, such ss
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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
was due to the test matrix requirement that fuels be tested at the same

energy levels. Maximum fuel flow to an engine 1s generally controlled
volumetrically by the fuel injection system. Low-viscosity 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 same 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 Tables 11 through 14
indicate many things about the combustion processes taking place in these
engines. The dominant variable in all four asnalyses 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 coefficients produce greater load. In this study, the Caterpillar
3208T is the most efficient, followed by the DD 4-53T engine. The Cummins
NTC-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), much of the viscosity change
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associated wvith higher speeds and loads was eliminated, The speed coeffi-
cient, 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 wvhere the term 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 yleld a

significant coefficient for speed times energy; therefore, little cam be
saild 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 arompatic content, a drop in load can be

expected. While this effect is small, it does appear to be significant
('Tl b 2.357)0

The 4-53T engine did not appear to be significantly affected by changes in
10Z8P, 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-
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 10XBP 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 10XBP fuels should vaporize more slowly than low TPBP fuels.
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The LDT-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 ;;fi:flj
gince combustion depends on vaporization rather than atomization. ' ]
The Cummins NTC-350 engine did not appear to be sensitive to either aromatic ’5"‘

B content, 10%BP, viscosity, or cetane number. Indeed, none of the coeffi- " B
~ cients for these variables was statistically significant. This indicates f;-ﬁ‘fj'-'j
i that over the range of properties tested, this engine is quite fuel-tolerant -'f'flfv"
i in terms of performance. -
“
3 The Caterpillar 3208T engine was not significantly affected by aromatic 1

content, 10ZBP, viscosity, or cetane number, Although the coefficients of
these variables were not statistically significant, aromatic content and

ERGLINY P br Pl Do

viscosity seemed to have had a small effect. Higher aromatic contents may
- produce slightly lower 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 well below its maximum power,
due to improper fuel system setup. |

IV. GAS TURBINE EXPERIMENTAL PROGRAM

Combustion performance measurements on twenty test fuels were 'perfoned 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:

° Ignition
® Flame Radiation
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Exhaust smoke ‘
Gaseous emissions (THC, CO, and NO ) RRES
Combustion efficiency

A. Combustor Facilities

This work was performed in the U.S. Army Fuels and Lubricants Research
Laboratory (AFLRL), located at Southwest Research Institute, with the Army's
permission. This facility was specially designed to study fuel-related
problems 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 to
1.1 kg/s at pressures to 1620 kPa (16 atm) and temperatures to 1100K (un-
vitiated). Turbine flow meters and strain-gage pressure transducers are

AL A A e T N7 7. 6 Bl b

Y

used to measure flow properties of the air and fuel. Thermocouples are
referenced to a 339K (150°F) oven. Data reduction is performed on-line with
test summaries available immediately; these summaries provide average flow
data as well as standard deviations (typically less than 1 percent of aver-
age values), exhaust temperature profiles, and emissions data and combustion

FHRAHRE

.
tad g

efficiency. _ e
B. Combustor Rig Ei

2
The combustor rig 1s based on engine hardwere from the Allison T-63 en- ,?
gine. (3, 6) The burmer shown in Figure 10 is a single-can type with a :-

Lale

dual-orif ice pressure atomizer centered in the dome. At the burner exit,
there is a centerbody that directs the flow into an annulus where the noz-
zles and turbine blades are normally located. Gas-sampling probes, pressure
probes, and thermocouples are arranged circumferentially 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 following the guidelines of the manufacturer..

P
vt
XA N

Exhaust  smoke was measured in accordance with SAE-ARP1179, and flame
radiation from the primary zone was measured with a water-cooled bolometer-
type radiation sensor attached to the side of the liner. The sensor had a
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Mode

TABLE 15.

Full

% Power

Ground Idle 10

Cruise
Climd
Takeoff

55
75
100

h BIP’

psia

BIT,
°F

Wa,
1b/s

T-63 COMBUSTOR RIG OPERATING CONDITIONS

W,
1b/m

F/A

33.4
53.6
60,7
69.2

300
430
472
524

1.40
2.06
2.24
2.42

0.92
1.79
2.23
2.87

0.9109
0.0145
0.0166
0.0198
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.
sapphire window and a viewing angle of 150 degrees., Gaseous emissions (CO, "
coz. NO, uoz. 02. and THC) were also measured, and combustion efficiency was ’
calculated from the exhaust gas snalysis. The NO and NO, measurements were o
combined and reported as No . ' r

C. ggcr:l.untal Results and Discussion

l'oi 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.

p D. Radiation and Smoke
-

o Soot formed in gas turbine engines is observed in the form of exhaust smoke
;' and increased colbu-tioq chamber liner temperatures, 1i.e., radiant heat
" ~ transfer from incandescent carbon particles (10). The flame radiation
intensity 1is a function of the gas temperature and the flame emissivity
vhich depends on soot concentration., Exhsust smoke is what remains after
about 98 percent (11) 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.
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Several studies (5-7, 12-13) have shown that hydrogen content (H/C ratio)
correlates more consistently with the sooting tendency of fuels than the
traditional pi'opcrtiu. smoke point, and aromatic content. The effects of
end point and viscosity are not important because soot is formed in the gas
phase snd not dy 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 cham-
ber 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
signif icant 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, water-in-fuel macroemulsions, microemulsions of \nter-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 H/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
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 may be outside
the limits of the correlation. It is interesting to note that the H/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, them, that the
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correlation of sooting tendency with H/C ratio would break down at H/C

ratios near unity. The relatively high values of both radiation and smoke g"’
from Fuel 19 are most unusual. Note, Fuels 19 and 20 were tested at a f‘
different time than Fuels 0 through 18, It is possible that some change ';3
occurred in the flame even though the operating conditions were the same, '"'"""
E. Gaseous Emissions and Combustion Efficiency :

.-
The gaseous emissions (THC, CO, and Nox) were measured at each of the test """]
conditions: i1dle, cruise, climb, and takeoff. The THC and CO emissions are X §
predominant at the idle condition where combustion is limited by the rates ."-'{5::7
of fuel vaporization and mixing. At the higher power operating conditioms, i.}

lanavans

the emissions 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

—r pae e o,

DAL
‘. ‘ s Taeals
. et et Yy
M0 A B .
. Ll e

.~.‘~‘

SN

ST

48 LR

o

e,

.‘.!

L J

R A A T AR I TR . LS L T e S P T BRacamary




- M T Y e L TR e T W e A A P
i & 88 W A " S v e el AL AR e SR AR Rt SR CI R ACIL UL AU L A SRS e AT e
-~

LIV A of I’ ' i

fuel atomization 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.

€ v oa -

TRl s

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 1is indirectly tied to the fuel properties that affect the
E THC emissions index.
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A multiple variable linear regression analysis technique was used in corre-
lating the THC, CO emissions indices, and the combustion efficiency (¢€),

with the fuel viscosity (V) and end point (EP). A simple polynomial model :"
of the type i

AR ST R
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Emissions Index = K + a*V + I:-V2 + c-EP + d-EP2

Charas sl il s UG IR AP LA

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
versus predicted values., It 1is apparent that the correlation coefficients
are quite low (=0.5) since the points scatter widely about the diagonal.

TABLE 16, CORRELATION COEFFICIENTS PR

°
Emissions Index K a b c d -‘ij
THC 154.8 -44,3 10.60 O 3.5x10° ¢ - 'f.?
co 106.5 <-0.42  3.45 0,034 0 R
(100-€ ) 3.9 -0.78  0.175 7.9x10°> 0 2.
THC + 12 CO/28 164.8 =47.6 12.65  0.252 0 L
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However, the regression analyses gives expected trends and indicates that
the THC and CO emissions indices are more strongly dependent on viscosity
than end point. This suggests that droplet size 1is the more important
parameter in the fuel vaporization process for Fuels 1 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 1 through 18.

Combustion efficiencies tabulated in Appendix B were calculated from the
exhaust gas analysis according to a relationship developed by Hardin. (15)

e a1 - (A-f(THC) = 121,745 « £(CO) = 38,880 - £(NO) - 14,644« £ Noz)) +100
Ty [f(c_T.__F(_'éﬁ_Yi'__J_oz + £(C0) + £(TAC

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
002 and HZO. 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
showb a plot of the calculated (experimental) versus predicted values of
(100~ €) from the multiple linear regression analysis; the constants in the
equation are given in Table 16. This correlation based on Fuels 1 through
18 has a very weak correlation coefficient (& 0.4), but nevertheless, pre-
dicts the basic trends in the relative values of (100- €) for Fuels 19 and
20. Actually, in the equation given above for calculating the combustion
efficiency, it 1s 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 THC
sand CO represeant the incompleteness of the oxidation process, it is sug-
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gested that some combination of THC and CO would give a more favorable

correlation. The quantity (THC + 12 CO/28) was 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 C0/28) correlates more favor-
ably (C.C., = 0.65) with viscosity and end point than either of the indivi-
dual quantities THC, CO, or (100~€ ). This correlation predicts the trends
in Fuels 19 and 20 with about the same accuracy as the other correlations.

F. NOx Emissions

Oxides of nitrogen (uox) can form by the oxidation of molecular nitrogen in
the air or chemically bound nitrogen in the fuel. The oxidation of molecu-

"'-
Yl"

.
JERE)

T
R TR

s X

H § -




A T T L A R T Lo o I R T A T T R AR e LN e LT e e e T T e T e e e e e e e -.-'::.’-':_
] 2,
~V. R
4 270 Sy
i
g o
é' 250 2
] 8
1 B 230
%] m —;—4
! °

© e
"y g o
] S 210 ,
‘ =
{
1 +

2

(2]

190

170 190 210 230 250 270
PREDICTED
THC + 12 CO/28
FIGURE 17. CORRELATION OF THE INCOMPLETENESS OF CARBON/HYDROGEN OXIDATION
WITH FUEL VISCOSITY AND END POINT; OBSERVED VERSUS PREDICTED VALUES

lar uitrogen, known as the Zeldovich mechanism (i6), is important only at
high temperatures because the reaction has a very high activation energy
(75K cal/mwole) and requires a high concentration of oxygen atoms. Oxides of
nitrogen originating from fuel-bound nitrogen may form at lower tempera-
tures, Depending on combustor conditions, a significant fraction (75 per-
cent) of the fuel-bound nitrogen may be converted to nox. NO‘ is formed in
the primary zone of the combustor because in that zone the temperatures are
the highest, and the fuel oxidation is almost complete, The emissions are
highest at high power operating conditions. Except for fuel-bound nitrogen,
fuel properties have very little effect on nox emissions. Fuel hydrogen
content plays a minor role because flame temperature is weakly dependent on
B/C ratio.

The l()x emissions from the test fuels tabulated in Appendix B originated
from the oxidation of nitrogen in the air since the fuels contained only
negligible amounts of cheamically bound nitrogen.
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The uox emissions indices were essentially the same for all the test fuels,
and therefore, showed virtually no effect of fuel properties.

G. Fuel Atomization and Ignition Properties

1. Spray Qalitz

The fuel spray quality 1is particularly important for ignition and idle
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 1is
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 1light scattering
diffraction instrument manufactured by Malvern Instruments called the Model
2200 Droplet and Spray Particle Sizer., The Rosin-Rammler distribution
function fit the observed data well,

R = exp (-(a/x)“)

vhere R represents the normalized weight (or volume) above size d. The
parameter 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, for 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 (SMD), 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 SMD 1is the parameter
normally used to characterize sprays for ignition studies. The spray char-
acteristics were measured at a distance of 25.4 mm (1 inch) along the nozzle
axis away from the face, at a distance «f 12.7 mm (0.5 inch) above the
nozzle axis. Drop size data were recorded at fuel pressures of 40 psid
(differential pressure) (377 kPa) and 50 psid (446 kPa) and flow rates were
determined at both conditions. The messured 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 mass flow, » , (grams/sec) as a function of the pressure drop across the
nozzle, AP (psid), the fuel viscosity, » (cSt), and the specific gravity or
density of the fuel, pf (unitless or g/cns).

0.554 v-0.099 0.778

Pe

@ = 0.7543 (AP - 32.5)
(2 = 0.98)

The "rz" is the correlation coefficient where rz-l is a perfect f1it.

The term 32,5 accounts for the pressure drop across the shutoff valve in the
nozzle.

The droplet sizes expressed as SMD(ym) were correlated against several
parameters,

QMD = 355.0(AP-32.5)-°'391 ,0'065 0 1.07

(r2=0.82) £
or
B = 293.1 0714 1462
2 £
(x

=0,85)
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e Trying to predict SMD using both AP and & leads to problems because they are
-;‘ not independent variables; their linear correlation coefficient 1is 0.98. ﬂ
The resulting equation is j
‘ _ SMD = 259.0 (AP-32.5)°'217 é-l.lo v-0.043 0 1,92 1
: (r2=0.86) f G
: Vi
2. Ignition 2

| |
J Having determined the effect of fuel properties on spray quality and having '
] computed the SMD at the ignition, the effects of droplet size and volatility ;'j
. on ignition were examined. Most of the important ignition data are shown in r
N Table 17. It may be seen from the table and the previous equations for SMD L
¢ 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 \..‘
i a low flow condition. The SMD at :he ignition flow rate condition shows a
' greater variation which is due to the lower flow rates required for :l.gn:ltion
2 with the more volatile fuels and the correspondingly larger SMD's,

These ignition data were first correlated using the model of Ballal and ;

Lefebvre (17) based on the transfer number as given by Spalding. (18) This
i_ model has been used to correlate the ignition of fuel drops in quiescent air gf
1 and in flowing mixtures. According to this model, the minimum ignition P

energy, E ain® required to ignite fuel droplets in quiescent air is
3 o, . [we e, o, (am)° Pe 3/2
: min A * 1 ¢ 1mQ+B)

a

The parameters that varied in the experiment were Sauter mean diameter, SMD,
r the equivalence ratio, ¢ , and the mass transfer number, B. The volatility i
; dependence is carried by the transfer number B.
| g Jot Gra B o
, L ’fp'f Eb - T.) ' "
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% where ‘
- q,, = fuel air ratio for stoichiometric mixture, by mass S
L) o
-2 H = heat of combustion nn
a, D
7 cp.. = gpecific heat at constant pressure, air N
C 't = gpecific heat at constant pressure, fuel :
. 'r8 = gas temperature _‘__;
3 T, = boiling point of fuel o
" I, = surface temperature of fuel ‘.'f g
: L = heat of vaporization
&
Different authors have started with the above equation but interpreted the \;
; terms differently. Spalding (18) is usually quoted in reference to this ’;
' equation, and the conventions used here follow his examples. Thus, ‘l‘8 is w
RS,

taken as the inlet air temperature before combustion, and T' is the initial

. T At T
~
el

: . fuel temperature in the nozzle. Peters and Mellor (19), in particular, have
; interpreted this equation differently. The boiling point was taken as the
10 percent distillation temperature, as suggested by Peters and Mellor.(19)
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 Ts, 'l‘s, and Tb’ and
! using gypical values for Jet A fuel for the other parameters. Using 9, =
' 0.068, H = 10325 cal/g, C,,, = 0.240 cal/g °K, C . = 0.51 cal/g °K, L =
64.5 cal/g, and '1‘8 =T = Q.ulet temperature, the values of B shown in Table
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17 were computed.

L

P , i
This experiment was operated with a constant ignition energy, E_, , of “i_
¥ approximately 300 mJ, and the fuel/air ratio was increased until ignition -——?
occurg«l. According to the equation given above fqr E n’ the quantity 1
i (SMD) /¢ 1n(1+B) should be approximately constant for all the fuels tested. 5
J Also, q was used in place of ¢, but these are proportional. This correla- ‘é
: tion was less than adequate to explain the observed variation in fuel/air : ;::
g ratio for ignition. The variation of fuel/ air ratios was a factor of r¢
3 approximately 2.9, while the "constant ratio" SMD?/q 1n(1+B) varied by a -“‘
: factor of 13! ‘4
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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

#
.

.

LA R ALy
)

i energy required to heat up and vaporize the fuel drops with that obtained by r
: the energy release in burning the fuel. Perhaps these assumptions are not -
;i valid for the T-63 combustor in that the spray may be highly vaporized at j
?' the igniter. It 1is puzzling that Peters and Mellor successfully used a ,
. modified version of this model to predict ignition in the T-63 combustor. -‘_J

However, they used a different interpretation of B and also fixed ¢ at a ~

constant value of ¢ = 1.0,

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

b 2

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

AR AN

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

AN s
Ve
.

SMDzquv, v
where the vapor pressure Pv is expressed below

. .

B, = Crexp(C,/(T)00 = Tyrtet i

The constants (':l and Cz were detern:lne;l by a least-squares analysis and a N
reasonable correlation coef-ficizent of r = 0.77 wvas obtained. To investi- ¥

X
gate the importance of the SMD term, the correlation was repeated for the e 4

constant term SMD/qu and l/qu. Surprieingly, the correlation coefficient

%
S

remained about constant, giving no clue as to what power of SMD should be

- T
N included. The least-squares equations obtained were as follows, f
( -
& In (SMD3/q) = ___ 149.0 __ + 12,0 (r2= 0.77) e
z T10z = Tinlet b
¥ In (SMD/q) = __ 103,5  + 7.84 (r?= 0.77) koo
1 T10x = Tinlet "
§ In (1/q) = ___ 57.89 +3.65  (r*=0.78) i
102 ~ “inlet =
b ‘ o
\ SRS
{ hdl
| 59
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It - "8 that the fuel/air ratio required for ignition correlates wmore
favorably with the 10-percent distillation point than the drop size. These
results suggest that the vapor formed before the mixture reaches the igniter
is the significant parameter. 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
ratio and the drop size, so their effects are difficult to compare.
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V. CONCLUSIONS

A. Diesel Elxg}ne Work

° All four engines were successfully modeled using the computer program
BMDP1R. Engine load was quantified in terms of energy input, speed, ‘
aromatic content, kinematic viscosity, 10XBP, and cetane number, P.“'

’

PR
'
"y

° The performance of the DD 4-53T engine is adversely affected by highly
aromatic fuels. This effect is small, but significant.

1

v
Fet'e %
TRV R

° The performance of the Continental Motors LDT-465-1C engine is adverse-
ly affected by low 10XBP fuels. This is attributed to the MAN combus-
tion system's dependence on vapot'iution for combustion. Again, this
effect was small but significant,

7. lF
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o The performance of the Cummins NTC-350 engine was not significantly
affected by changes in fuel properties over the ranges tested.

o The Caterpillar 3208T engine was operated significantly below its rated
powver., Results of this investigation should be considered a subset of

total engine performance. The 3208T was not significantly affected by iz';j:
changes in fuel properties over the ranges tested, _ o

e 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 :-1":-{-'"5
k] by the Cummins NTC-350 and the Continental LDT-465-1C. S
i i
‘ ° The prediction equations cross-correlated quite well, using two fuels ‘-i

S A

that were external to the analysis. This indicates that the equations
may be valid for fuels with properties within or close to the test

s

fuels properties.

®

Cetane number did not significantly affect the performance of any of

S M

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

LK) LN
< A

enough to adversely affect combustion at the ambient temperatures en-
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 thé Detroit Diesel 4-~53T or the
LDT-465~1C. The adverse effects (loss of power) associated with high
aromaticse (for the 4—53’1‘) and low 10% BP (for the LDT-465-1C) are small
and probably would not be noticed by a vehicle operator.

P
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b
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1

) 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 (SMD) of the spray
from a T-63 nozzle at the edge of the spray cone and 25.4 mm along the

nozzle axis is related to fuel properties by

-0.391 v0'065 1.07

£

Over the range of fuel viscosities tested, the drop size varied only
slightly at a given flow rate.
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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

is chosen as the correlating parameter,

] 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,
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® 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.

VIR

[ ] Fuel viscosity had a greater influence than the boiling point distribu- ' e o
U3
tion on the combustion efficiency and the emissions of THC and CO. R

] nox 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, ®

but to date have not been quantified., Temperature plays an important

role in deliverability and should be included in this analysis. S
N
,_._-.
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Gas Turbine Work

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

studies where there naturally exists a strong correlation between

. viscosity and 10ZBP.

VII. LIST OF REFERENCES

Olson, D.R., Meckel, N.T. and Quillian, R.D., Jr., "The Operation of
Compression-Ignition Engines on Wide Boiling Range Fuels,” SAE Trans-
actions, 70, 1962,

Hills, F.J. and Schleyerbach, C.G., "Diesel Fuel Properties and Engine
Performance," Society of Automotive Engineers, Paper No. 770316, De-
troit, MI, 1977. :

Lestz, S.J., LePera, M.E. and Bowen, T.C., "Fuel and Lubricant Composi-
tion Effects on Army Two-Cycle Diesel Engine Performance," Society of
Automotive Engineers, Paper No. 760717, Dearborn, MI, 1976.

LePera, M.,E., "The U.S. Army's Alternative and Synthetic Fuels Pro-
gram," Army Research, Development, and Acquisition Magazine, 18-20,
September-October 1980.

Moses, C.A. and Naegeli, D.W., "Fuel Property Effects on Combustor
Performance," ASME 79-GT-178 (1979).

Naegeli, D.W., and Moses, C.A., "Effects of Fuel Properties on Soot
Formation in Turbine Combustion," SAE paper 781026.

Blazowski, W.S., "Combustion Considerations for Future Jet Fuels,"
Sixteenth Symposium (International) on Combustion, MIT, Cambridge, MA,
(1976).

Lefebvre, A.H., "Progress and Problems in Gas Turbine Combustion,”
Tenth Symposium (International) on Combustion, University of Cambridge,
England (1964).

Gleason, C.C. and Martone, J.A., "Fuel Character Effects on J79 and
F101 Engine Combustor Emissions," J. Energy, 4 (5), 223 (1980).

63

ISP NSASNT SOURTUNSPUNP YR IISr AU P SIS TIEe AP VRSP SRHEL R S S




i N Y R L N T e e T e T R W R R —r PR Sotiie Saas b SitaCiaies Su it Mpen e An e il gron I Menc an sas -
-------------------- - - .y - ¢ - . . t .

10. Shirmer, R.M, and Quigg, H.T., "High Pressure Combustor Studies of
Flame Radiation as Related to Hydrocarbon Structure," Phillips Petrol-
eum Company, Report No. 3952-65R. '

11, Colket, M.B., Stefucza, J.M., Peters, J.E. and Mellar, A.M., "Radiation ---
and Smoke for Gas Turbine Flames, Part II; Fuel Effects of Perform- [Raghit
ance," Purdue University, Report No. PURDU-CL-77-0l. :

12, Jackson, T.A. and Blazowski, W.S., "Fuel Hydrogen Content as an Indica-
tor of Radiative Heat Transfer in an Aircraft Gas Turbine Combustor.

13, Priswell, N.J., "The Influence of Fuel Composition on Smoke Emissions
from Gas-Turbine-Type Combustors: Effect of Combustor Design and
Operating Conditions, "Combustion Science and Technology, 19, 119,
1979.

14, Naegeli, D.W., Fodor, G.E., and Moses, C.A., "Fuel Microemulsions for T"'
Jet Engine Smoke Reduction," Report No. ESL-TR-80-25, May 1980, :

15. Hardin, M.C., "Calculation of Combustion Efficiency and Fuel/Air Ratio

From Exhaust Gas Analysis, "Technical Data Report RN78-48, Detroit ﬁ;:ij:l}
Diesel Allison Division, General Motors Corporation, Indianapolis, IN, j:g;j
27 July 1973. "f"

16, Glassman, I., "Combustion,” Academié¢ Press, Inc., 111 Fifth Avenue, New
York, NY, 1977,

17. Ballal, D.R. and Lefebvre, A.H,, "Ignition and Flame Quenching of
Flowing Heterogeneous Fuel-Air Mixtures," Combustion and Flame, Vol. .._,.:
35, pp 155-168, 1979, Ay

18. Spalding, D.B., Some Fundamentals of Combustion, Butterworths Scien-
tific Publications, London, 1955.

19, Peters, J.E. and Mellor, A.M., "An Ignition Model for Quiescent Fuel
Sprays," Combustion and Flame, Vol, 38, pp 65-74, 1980.

* . -

64

PR . .
’ et e
L







g gy g i A Y L e 4 VI Bt o i Mgt Tt S R

DETERMINATION 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

o T A 2 A 2
»y - ﬁ; + ﬁlxl +Bx, + p3x3 +Bx, * 55x6, (1)

where

= dependent variable (i.e., fuel flow or brake horsepower)
= cetane number

= viscosity

aromatic content (%)

volatility (10X recovered)

= agverage volatility (10X-502-90% recovered)

= estimated coefficient of X, § = 1, 2, 3, 4, S.

IO K e e e
"

Assuming one desires to estimate the regression coefficients, ﬁ\j. accurately
80 that one can effectively evaluate the parameters associsted 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
' conf idence level, number of independent variables, probabil-
ity of detecting a specified difference in engine performance

and the error degrees of freedom.

2, o 2, squared standard deviation in measuring engine performance,

3. (xn)‘l = diagonal element of the inverse of the matrix X'X where
X = & Xpo X3o X0 Xg)e

4., V., = number of independent variables,

1

T = T YT Y e TR T
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S5 d= smallest difference in engine performance measurement that is

desired to be detected as a significant result,
6. r, = range of the ith independent variable.
The formula used for determining the sample size, ni, required for each
independent variable 1is given by (see Wheeler, R.E., Technometrics, 16,
193-202 (1974) termed "Portable Power"):

22 -1 2 -2 |
n,=to (xu) ri(vl + 1)d (2)

3’ . and ns,i the largest value of n, is selected
as the desired sample size,

Af ter obtaining nl, nz, n

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

follows:

1. t= 2,1 (based on a 95 percent confidence level and a 95 perceant
probability of detecting the difference specified below).

2. 02 = 0.50 (based on assuming a 2 percent standard deviation and an

average value of brake horsepower of 35., i.e., o = (0.02)(35) = 0.7.

3. 0.00985, 1 =1 (cetane number)
‘ 0.62540, 1 = 2 (viscosity)
(xﬂ)"l - 0.,00000, 1 =3 (aromatic content)
0.00178, 1 = 4 (volatility)
0.00245, 1 =5 (average volatility)
4. vl =5
5. 4 6-16, for brake horsepower
d=

3-7.5, for fuel flow
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6. ( 32, i =1 (cetane no, 23-55)
4.3, i=2 (viscosity 0.7-5.0)
ri = ¢ 40, i1i=3 (aromatic content 10-50

149, 1 =4 (volatility-10% 90-239) -t
| 132, 1=5 (average volatility-10%-503-90% 140-272) r
o
Employing the above values, we find that o
| .
10,09, 1s1 v s
x )72 - 11,56, 1= 2 5

0,001, 1=3
39.54, i=4
42.69, i=5

EHDIRIGIE RNt e ui

Hence, the largest ni will be ns and will be given by equation (2), i.e.,

iy O TN

2

- tzd’z (xii)-lri

a v, + 1)d"2

- (256.13)(t %242

The values of t, 0, and d will control the size of the sample, If ¢ = 0,71,
and d = 6, then t = 2,1 and the sample size should exceed '

n = (256.13) (2.1)2(0.7)2(6)"2
= 15.37

Therefore, the sample size required is 16 or more observations.

It should be noted that other choices of ¢ or d will yield larger or
smaller sample sizes,
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! FUEL PROPERTIES CORRELATION MATRIX

F .

¥ ..___u.' 1om,°C Vie- Nomo-  Die

p AFX  Specific 10X zo~ SOX vro- 90K re- cosfty Aro- Aro~ Aro~

. Grevity CGravity ISP 4 d ] » Residual Lose @ 40°C matics Olefins wmstics matics
] 2 3 4 S (] ? [ § 9 10 11 12 13 14

API Gravicy 1 1.0000
Spe Gra, g/l 2 -0,8256 1,0000

Distillation,*C ]

»ne 3 <0.8074 0.57%4  1.0000

10X rocoversd & -0.8390 0.6302 %{-}‘,’} 1.0000

SOX recovered 3  -0.8190 0,857 0.6283  1,0000

90% racovered 6 -0.3307 0,3318 0,206 0.2625 0.8171  1.0000

» 7 «0.5455 0.5321 10,2099 00,2367 0,8085 0,9%5 1.0000
~0.1250 0.1340 - 0.1047 0,0577 10,3204 0.8512 0.6392 1.0000

i
!

Loss . 9 <~0.2284 0.2254 -0.0911 0,0182 0.3425 0.3140 0.3183 ~0.0687 1.0000

) Viscosity

) [ X ] 10 -0.7918 0.719% 0.6632 0.7418 ggol 17 0,7846 0.7625 0.4941 0.1546 1,0000
Aromatics i1 -0.8007 0,7891 0.6178 0.5996 o 0.4018 0,4130 0.0358 0,1443 0,5313 1.0000

3 Olef tan 12 =0.4286 0Q.4432 0.3766 0.33518 0.1529 0.030 0.0138 =0.19%40 -0,0159 0.2157 0.9995 1.0000
Wono-Aromstics 13 -0.3370 0.3576 0.2068 0.1466 <~0.1368 -0,255) -0.2401 ~0.3735 «0,0922 -0.1830 0.6578 0.51% 1.0000

3 Di-Aromatics 14 <0,785% 0.7967 0.4717 0.5825 0.6943 0.5573 0.5697 0.1861 0.2614 0,658 0,6673 0.2645 0.0531 1.0000

. Tri-Azomstics 15 -0.6893 '0.6959 0.3621 0.4618 m 9, M’s 0.5032 0.3276 m 0.474% 0,0604 <~0,2561 0,7827
Rydrogen 16 o,szﬁ =0.8523 -0.6950 -0.69%66 o o o 0,053 ~0.1937 o L ~0.5471 -0.6225 -0,7560

L Cacbon 17 B 0,7083 0.6374 0.3842 0,4004 0,2119 0,2141 ~0.0778 0,0026 0,348 0.5788 0.7577 0.6016

R . ¥itrogen 18  -0.3646 0,3802 0.2218 0.2197 0,3372 0.3404 0.3300 0.2685 -0.1213 0.4l10 o 0.7140 0.2393 0,2604
Sulfer 19 -0,7009 0.7164 0,3859 0,5074 0.7004 0.7093 0,710% O0.3100 0.2063 0.7656 0.4783 0.0571 -0.1762 0,9265
Refractive

gi Isdex @ 20°C 20 -0.9013 10,8865 0.7373 0.7665 00,7768 0.5621 0,3600 0,1362 0.2220 0,7653 0,9182 0.472¢ 0.3945 0.8427
Carbon Residue, ’

E 102 Btus 21 <0.A73&  0,4877 0.IU8  0.A016  0.5700  0,6360 0.6362 0.6931 0.3353 0.6423 0,3217 0,025 -0.237% 0.6100
Aniline Pofnt 22  0.1373 -0.1881 <0.0880 0.0182 0.3741 0,4635 0.4367 0.5152 0.0058 0.4188 -0.4%4 -0,4323 W =0,0233
Yissh Poiat 23 -0.8511 10,6327 00,9886 0,966 0.3909 0.3866 0.,2350 0.0010 -0.0078 0,680 0.6629 0.4214 o 0.5138

1akc
z
I
R

o Combustios 24  0.8273 =0.6102 -0.6520 <-0.6561 ~0.3937 -0,3479 0,391 =-0,0355 <0.2300 -0.3631 -0.7734 =-0.4116 <=0.3730 -0,7235
Calculated

g Wet Heat of :

¥ Combustios 25  0,8716 <0,7711 =0,6892 =~0,6733 <0,4770 -0.1933 0,203 0.1937 -0.1406 -0.4327 =0, “0.5440 =0.7146 -0.6621

¥ Cotsne Wo. 26 ~0,1866 0,0240 0,1869 0,3328 0.6059 0.5125 0.4904 0,392 0,1835 0.6092 =B, <0.3471 ~0,803}  0,2305

§ Cotane Index 27  0,0544 =0,1799 -0.2897 -0,1637 -0.4972 0,5821 0.5853 0.4196 0.2680 0.3407 =0,2933 -0.4238 -0.7762 0.0672

. r

g o

i -

3 Carbon Colcu-- L
i . Safrec~ Resi- lated e
A Tri- : tive  due Wot Nest Met Nest 0

Aro- . ladex 10T Asiline Flash of Com~ of Com- Cetans Cotene 3
matics lNydroge thon Witroges Swlfur € 20°C ~ Bems  Poiat Polat bustios bustion No. Isdex
18 16 7 B8 13 20 2 22 23 24 2 26 2

. Tei-Atomstics 15 1,0000

3 Rydrogen 16 <«0.5062 1.0000

k Carbon 10,3004 w 1.0000 SN
4 Nitrogen 18 0,303 =0, 0.4141  1,0000 |
‘ Selfer © 19 0,907 <0,5848 0,3792 0,133  1.0000 e
™ "l’lctl'.w X e )
% Index @ 20°C 20  0.7086 =0,9364 0.8573 0,4179 0.733%  1.0000 R
{ Caghon Residee, ’ L.Z' \g
. 103 Btas 21 0.6722 -0.3328 0,1851 0.1627 0.6536 0.4877 1,0000 -

Aatifce Point 22 0.4304 0,4740 -0,6378 -0,0814 0.2621 ~0.2155 ©0.%84  1.0000
H Flash Poiet 23 0.4099 -0,7354 0,6630 0.254% 0.4204 0,7822 0,3640 -0.0881 1,0000 ey
Wet Neat of , k

f Combustios 24  =0,4867 0.8161 -0,7737 -0,3965 -0,6101 <-0.8359 -0.3790 0,252 =0.6553 1.0000 .
4 Calcuisted :
’ Vet Neat of . St
y Combustfon 25  =0.3497 20,9351 =0.3066 =-0.4637 =0,0961 <0.1791 0.5966 -0.7208 0.7961 1,0000 R
¢ Cetans o, 2% 0.5%04 9, T'&'i. =0.1082 0,477 0.0826 0.%37 0.6974 0.2079 10,0103 0,237  1.0000 v

4 Cetane Index 27  0.5143  0,3413 <0,4907 -0,0359 0,3164 =0,1135 0,2017 0.8290 ~0.2545 0,1811 0.4552 0.7904 1.0000 ety
3 i
k)

v

L
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TURBINE COMBUSTION PERFORMANCE MEASUREMENTS

4 EXHAUST SMOKE - TI08, Wi/u® TOTAL HYDROCARBOM EMISSIONS INDEX
. 1 1002 ™ 154 41 1507
SN 103 SN 55X 8M I5% SN 100X Powert Power Power Power Power Power Pover Power
Yusl Yo, Pover Power Power  Power 24 Badtation Radistion Radistion Radistion TSC E.1. THC E.I. THC B.I. THC E.I,
Ref. 6.3 9.0 10.8 15,3 14,13 24.5 54,1 ® 102.2 1.964 140.0 21.6 1.5 3.5
1 27 16,1 22,4 25.7 12,95 44,7 7.8 115.5 133 1.789 176,3 23,3 11.1 4.2
2 3.0 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 19.5 137 28,4 63.4 781 112.5 1,901 1531 25,4 9.6 4.6
4 22 21.4 25.6 27.1 12.89 44,0 98.1 100,5 156.4 1.78  131.1 21,6 10.6 1.0
s 27 26,2 31.2 29.8 12.53 50,7 98.8 105.8 169.) 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 1,866 165.2 24.4 11.1 &6
[ ] 16 13,6 16,3 19.0 13.66 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 3.4 68.0 115.0 128.4 1.866 187.2 21,8 7.6 12.4
10 40 26,4 32.2 &6 12,08 66,3 102.8 129 214,1 1,635  159.8 20,2 13.5 5.6
1 19 12,7 18,5 19.0 13.6 31,9 63.5 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 13.9 171 14,05 24.0 57.8 77.4 112,9 1.945 179.7 26.6 9.8 5.0
13 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 89.8 117,85 162,2 1,803 135,0 26.4 7.3 4.3
18 21 16,2 21,8 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 12,6 21.5 27.9 13,45 33,9 87.8 117.5 174.4 1.853  160.6 22,2 7.9 hob
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
.
b.‘
n:'
l-'
%
3
SS1008 ‘ CONBUSTION EFFICIENCY NITROGEN OXIDES EMISSIONS INDEX
Pover Power Sower
Melwe. J3 3z 1 le;t lot st o1 ooz 4 st 1 lem
Ref. 117.0 43,8 27.8 13.0 94,9 2.3 99.3 99.7 2.5 4.3 5.0 6.7
1 161.0 87,2 33.6 16.2 92.8 98,3 99.0 99.3 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 3.4 14,3 94,0 98,3 99.1 99,6 2.8 4.6 5.2 6.9
4 144.9 S4,1 3s.1 15.8 9.6 9.3 99.0 99.5 2.5 4.0 5.3 6.8
3 148,3 37.3 36.1 16.7 9%.3 98,1 99.0 99.5 2.4 3.9 49 6.9
[] 109.8 44,3 28,4 12,3 95.3 98,6 99.3 99.4 2.6 4.1 5.8 1.9
7 134,2 53,6 3.3 13.9 93.5 9,3 99.0 99.6 2.5 &2 4.8 6.4
] 122.2 38,2 36,7 16.9 94,6 98.0 99.0 99.5 2.5 4,1 5.5 T4
9 120.9 56.6 37.0 16.8 94.2 98,2 99.1 99.4 2.4 4,2 S.1 7.6
(1] 112.8 56,7 40,6 17.6 94,6 98,3 98.9 99.5 2.7 43 5.0 7.3
1l 133.9 56.9 33,3 14,5 93.4 98,2 99.0 99.6 2.3 4.1 5.0 6.1
12 180,53 39,8 39.9 14,5 93.2 98.1 98.9 99.6 2,3 4.6 S.4 6.4
13 116.7 48,6 1.0 13.3 9.3 94,5 99.1 99.6 2.7 4.3 5.2 5.9
14 136.3 30,7 34,9 12.7 93.6 98.4 99%.1 99.6 2.4 4.7 5.9 7.0
1] 128,93 47.8 33.5 12.6 95.0 98,6 99.2 99.6 2.8 4.6 5.6 7.0
16 124,68 $3.2 30.1 13.3 93.9 98,4 99.2 99.6 2.7 4.4 5.0 6.0
17 115.9 47,1 33,9 11.8 95.5 98,7 99.2 9.7 2,7 4.0 S.5 6.8
18 163.1 49,3 33,1 11.6 94.1 98,6 99.2 99.7 2,5 4.6 Sed 6.5
19 132.6 46,9 29,4 13.9 94.3 98,3 99.3 §9.5 2.8 4.5 S.4 6.7
20 212,7 81,? [ ) 22.4 2.3 97.3 98.8 99.3 3.6 4.7 S.5 6.3
SN
LN ]
L ]
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Boiling Point
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Computer-Optimized Experimental Design
Carbon oxides |
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Combustion efficiency

End point '
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CLEVELAND OH 44135

CDR

US ARMY NATICK RES & DEV

ATTN DRDNA-YEP (DR KAPLAN) 1
NATICK MA 01760

CDR

US ARMY TRANSPORTATION SCHOOL
ATTN ATSP-CD-MS 1
FORT EUSTIS VA 23604
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COR :
US ARMY QUARTERMASTER SCHOOL
ATTN ATSM-CD (COL VOLPE)
ATSM-CDM
ATSM-TNG-PT
FORT LEE VA 23801

HQ, US ARMY ARMOR CENTER
ATTN ATZK-CD-SB
FORT KNOX KY 40121

CDR '

101ST AIRBORNE DIV (AASLT)

ATTN: AFZB-KE-J
AFZB~KE-DMMC

FORT CAMPBELL, KY 42223

CDR

US ARMY LOGISTICS CTR

ATTN ATCL-MS (MR A MARSHALL)
FORT LEE VA 23801

CDR

US ARMY FIELD ARTILLERY SCHOOL

ATTN ATSF-CD
FORT SILL OK 73503

CDR :
US ARMY ORDNANCE CTR & SCHOOL
ATTN ATSL-CTD-MS

ABERDEEN PROVING GROUND MD 21005

CDR

US ARMY ENGINEER SCHOOL
ATTN ATSE-CIM

FORT BELVOIR VA 22060

CDR

US ARMY INFANTRY SCHOOL
ATTN ATSH-CD-MS-M

FORT BENNING GA 31905

CDR

US ARMY AVIATION BOARD

ATTN ATZQ-0T-C
ATZQ~O0T-A

FORT RUCKER AL 36362

. CDR
US ARMY MISSILE CMD
ATTN DRSMI-O
DRSMI-RK
DRSMI-D
REDSTONE ARSENAL, AL 35809

- T

et s

s

—

s et

Ea AR R et e

CRD

US ARMY AVIATION CTR & FT RUCKER

ATTN ATZQ-D
FORT RUCKER AL 36362

PROJ MGR M60 TANK DEVELOP.
ATTN DRCPM-M60-E
WARREN MI 48090

CDR

US ARMY INFANTRY BOARD
ATTN ATZB-1B-PR-T

FORT BENNING, GA 31905

CDR '
US ARMY FIELD ARTILLERY BOARD
ATTN ATZR-BDPR

FORT SILL OK 73503

CDR

US ARMY ARMOR & ENGINEER BOARD

ATTN ATZK-AE-PD
ATZER-AE-CV
FORT KNOX, KY 40121

CDR

US ARMY CHEMICAL SCHOOL
ATTN ATZN-CM~CS '
FORT MCCLELLAN, AL 36205

DEPARTMENT OF THE NAVY

CDR

NAVAL AIR PROPULSION CENTER

ATTN PE-71 (MR WAGNER)
PE-72 (MR D'ORAZIO)

P O BOX 7176

TRENTON NJ 06828

CDR

NAVAL SEA SYSTEMS CMD
CODE 05D4 (MR R LAYNE)
WASHINGTON DC 20362

CDR

DAVID TAYLOR NAVAL SHIP R&D CTR

CODE 2830 (MR G BOSMAJIAN)
CODE 2831

CODE 2832

ANNAPOLIS MD 21402




Lo o i Sk

JOINT OIL ANALYSIS PROGRAM -
TECHNICAL SUPPORT CIR

BLDG 780

NAVAL AIR STATION

PENSACOLA FL 32508

DEPARTMENT OF THE NAVY
HQ, US MARINE CORPS
ATIN LPP (MAJ SANDBERG)
M/3 (MAJ STROCK)
WASHINGTON DC 20380

CDR

NAVAL AIR SYSTEMS CMD

ATTN CODE 5304C1 (MR WEINBURG)
CODE 53645 (MR MEARNS)

WASHINGTON DC 20361

CDR

NAVAL AIR DEVELOPMENT CTR

ATTN CODE 60612 (MR L STALLINGS)
WARMINSTER PA 18974

CDR
NAVAL RESEARCH LABORATORY
ATIN CODE 6170 (MR H RAVNER)
CODE 6180
CODE 6110 (DR HARVEY)
WASHINGTON DC 20375

CDR

NAVAL FACILITIES ENGR CTR

ATTN CODE 120 (MR R BURRIS)
CODE 120B (MR BUSCHELMAN)

200 STOVWALL ST ‘

ALEXANDRIA VA 22322

CHIEF OF NAVAL RESEARCH
ATIN CODE 473
ARLINGTON VA 22217

CDR

NAVAL AIR ENGR CENTER
ATTR CODE 92727
LAKEHURST NJ 08733

COMMANDING GENERAL

US MARINE CORPS DEVELOPMENT
& EDUCATION COMMAND

ATTN: DO7S (LTC KERR)

QUANTICO, VA 22134

—

[ o ] -

ot s

CDR, NAVAL MATERIEL COMMAND
ATTN MAT-083 (DR A ROBERTS)
MAT-08E (MR ZIEM)

CP6, RM 606
WASHINGTON DC 20360

CDR

NAVY PETROLEUM OFC
ATIN CODE 40
CAMERON STATION
ALEXANDRIA VA 22314

CDR

MARINE CORPS LOGISTICS SUPPORT
BASE ATLANTIC ‘

ATTN CODE P841

ALBANY GA 31704

DEPARTMENT OF THE AIR FORCE
HQ, USAF

ATTN LEYSF (MAJ LENZ)
WASHINGTON DC 20330

HQ AIR PORCE SYSTEMS CMD
ATTN AFSC/DLF (LTC RADLOFF)
ANDREWS AFB MD 20334

CDR

US AIR FORCE WRIGHT AERONAUTICAL

LAB
ATTR AFWAL/POSF (MR CHURCHILL)
AFWAL/POSL (MR JONES)
AFWAL/MLSE (MR MORRIS)
AFWAL~-MLBT
WRIGHT-PATTERSON AFB OH 45433

CDR
SAN ANTONIO AIR LOGISTICS
CIR
ATIN SAALC/SFQ (MR MAKRIS)
SAALC/MMPRR

KELLY AIR FORCE BASE, TX 78241
CDR

WARNER ROBINS AIR LOGISTIC
CTR

B e @ . AL W, v, L E e W T e e Ve e

[ ]

1
1
1
1

) §
1

ATTN WR-ALC/MMIRAB-1 (MR GRARAM) 1

ROBINS AFB GA 31098
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OTHER GOVERNMENT AGENCIES

US DEPARTMENT OF TRANSPORTATION

ATTN AIRCRAFT DESIGN CRITERIA
BRANCH

FEDERRAL AVIATION ADMIN

2100 29D ST SW

WASHINGTON DC 20590

DIRECTOR

NATL MAINTENANCE TECH SUPPORT
CIR

US POSTAL SERVICE

NORMAN OK 73069

NATIONAL AERONAUTICS AND
SPACE ADMINISTRATION
LEWIS RESEARCH CENTER
MAIL STOP 5420
(ATTN: MR, GROBMAN)
CLEVELAND, OH 44135

NATIONAL AERONAUTICS AND .
SPACE ADMINISTRATION

VEHICLE SYSTEMS AND ALTERNATE
FUELS PROJECT OFFICE

ATTN: MR. CLARK

LEWIS RESEARCH CENTER

CLEVELAND, OH 44135

US DEPARTMENT OF ENERGY
SYSTEMS EEF, ATTN: MR. ALPAUGH
1000 INDEPENDENCE AVE., SW
WASHINGTON, DC 20585

DEPARTMENT OF TRANSPORTATION
FEDERAL AVIATION ADMINISTRATION
AWS-110, ATTN: MR. NUGENT

800 INDEPENDENCE AVE, SW
WASHINGTON, DC 20590

US DEPARTMENT OF ENERGY
CE-1312, ATTN: MR ECKLUND
1000 INDEPENDENCE AVE, SW
WASHINGTON, DC 20585

C TR T T Te e e e e e T &0, KL KRR F e s T T e .

US DEPARTMENT OF ENERGY
BARTLESVILLE ENERGY RSCH CTR

DIV OF PROCESSING & THERMO RES 1
DIV OF UTILIZATION RES 1
BOX 1398

BARTLESVILLE OK 74003

SCI & TECH INFO FACILITY

ATTN NASA REP (SAK/DL) 1
P O BOX 8757

BALTIMORE/WASH INT AIRPORT MD 21240

ENVIRONMENTAL PROTECTION AGCY
OFFICE OF MOBILE SOURCES
MATL CODE ANR-455

(MR. G. KITTREDGE) 1
401 M ST. SW
WASHINGTON DC 20460
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