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I. INTRODUCTION AND BACKGROUND

::' : 1 Compression ignition engine fuel injectors demand a certain degree of fuel thermal
:is ;: oxidative stability to maintain proper operation and expected spray quality. This
:’,‘« N §,' stability requirement becomes more demanding as the injector is operated at
Lo j . higher temperatures. Compared to conventional compression ignition (CI) engine
0y operaticn with the fuel being delivered at approximately 149°C (300°F), adiabatic
"" f ‘ ‘* - engine operation can deliver the fuel at 260°C (500°F). Hypergolic CI engine
;: - . combustion systems now in theoretical design stages will deliver fuel at 427°

» . 538°C (800° to 1000°F). The ability of a fuel to resist formation of deposits on
5\» 9 internal injector system surfaces is a form of thermal oxidative stability which
ii: : L ‘, may be related indirectly to fuel storage stability.

2 %

[ Historically, injector fouling tests developed to correlate with fuel instability have
d . ‘ not been very successful. At a symposium in 1958 (later reported in STP 244) (1)*,
EE-' " ‘ j MacDonald and Jones reported on an injector test stating that:
85 . -
A "Test fuel is passed through motor-operated, GM series 71 unit injectors
'y A‘ '.:5" . at fuel flow rate of 1.6 mL per minute at a spray tip temperature of
5‘.,. . 'c 204°C (QOOOF). Test cycle consists of 20 hours on test, rack injectors
3 y h hot, return rack to off position, secure 4 hours, and rack cold prior to
m starting next 20-hour cycle. Continue cvcles until injector sticks.
L Comments--at 400°F some fuels will cause sticking in less than 20
0 ‘ hours. Lowering spray tip temperature to 93°C (200°F) rates these
8 fuels satisfactory. No fuel tested to date has caused sticking at this

lower temperature, which is believed to be indicative of actual engine
operating temperature. One fuel which caused injector sticking at less
than 20 hours at 400°F was run successfully for 1000 heours in an
operating engine (Bosch-type injectors). Reproducibility was poor and

did not correlate with indicated stability of barge samples."

Meanwhile, work was ongoing at the .S, Army's Coating and Chemical Laboratory

{which was reported in February 1973} lookirg at thermal oxidative stability of

*Underscored nuinbers in parentheses refer to references at the end of this report.
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."f, automotive diesel fuels.(2) Fuel-oriented problems occurring in th. field prompted

-:' j,- ::: this investigation. Because of the absence of any laboratory bench-scale tech-

‘—" . ,‘, niques designed to predict these fuel filter plugging and/or injector fouling

!‘.{ . ‘ tendencies, initial experimentation was directed towards developing an accelerated

238 {:: thermal-oxidation technique. To establish valid test conditions, actual diesel fuel

_ : ::: systern temperatures were obtained from Engineering and Services (E&S) test

E | programs and also monitored under road dynamometer testing. A second attempt ’
} » ‘-.'; involved the use of an ASTM-CRC Fuel Coker which was operated in a recycle

,'ﬂ ) .'j mode to simulate the geometry of automotive diesel fuel systems. Initial .
'.-.- -, experiments with this technique revealed its capability to differentiate diesel fuel

o .., quality in terms of thermal-oxidative stability. Since it was evident from the first

3;\ . ?- study that fuel temperature profiles were changing the quality of diesel fuel under

\_ﬁ _' relatively short times of operation, a program was initiated with the Materials Test

f'_» :!l Directorate (MTD) to develop a laboratory capability for evaluating this fuel

D K ': characteristic.(3) To accomplish this task, a laboratory rig was utilized to more

5: ._j closely simulate those environmental conditions prevailing in diesel fuel injector

‘:{' . \j systems. A commercial fuel injector pump calibrating stand (Model SP8100D)

'? :. located within the MTD facility was modified to permit the use of GMC 53 unit

injectors. To provide differentiation between satisfactory and unsatisfactory fuels,

.\ C A the injector test stand was further modified as follows:
.'. o
o )
iy ,
. . 0 "
L, 1) Heaters with adjustable temperature controls (above 93°C (200°F))
W e were installed in the fuel sump and return fuel line.
':;\ . 2) Fuel sump capacity was increased to at least 20 gallons and a variable
A speed drive installed.
. A
s 3) A diverter valve was installed on the injector effluent line.
-.'..
N
“.- . In order to ditferentiate fuel quality, the fuel injector pump celibrating stand was
) * . . .
W ) instrumented to monitor the following fuel temperatures:
R
3 1) Fuel in sump
W
'. 2) Fuel to filter
. ‘ S 3) Fuel to injector
';_j ) Fuel from injector
5) Fuel to return sump,

«
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Pressure differential across the test fuel filter was measured to define occurrences

B
w4
b
b )

of filter plugging. Also, the injector fuel flow rate was measured to determine any
change in output due to injector fouling. The injector stand was operated at 2200
rpm to simulate full load engine operation, and the fuel temperature to the filter
was maintained at 107° to 116°C (225° to 240°F). To determine if this technique

could in fact differentiate between fuels possessing diflerent thermal-oxidation

NFrT P AT AN ol

stability, three different fuels were subsequently evaluated. The first was a diesel
fuel conforming to VV-F-800a grade DF-2, which was obtained from the MTD main

fuel dispensing tank and was used for test equipment setup and preliminary testing.

The other two samples were fuels that had exhibited fuel filter-plugging or some

\: . degree of injector seizure/fouling tendency. More specifically, one sample of DF-2
: ' $ had been obtained from Camp Pendleton, a U.S. Marine Corps facility, where
N B injector sticking problems had occurred during field maneuvers.(4) The other

sample, also a DF-2, was obtained from a U.S. Air Foirce Strategic Air Command

Minuteman installation in which excessive filter plugging had occurred during their

\. . P

E :‘3 normal emergency power generation operating procedure.(’3) In subsequent
N, . M evaluations of the two latter fuels in this modified injector stand, there was no
! manifestation of fuel filter plugging nor injector fouling. However, chemical
B _' .‘ ' analyses of the fuel samples befcre and after the individual tests revealed
f g : significant increases in existent gum proportional to the duration of the test.

X thy

e N In recent reviews of accelerated stability techniques for diesel fuels (6,7), the
:j N authors have implied that steam jet gumn may be related to injector deposit/fouling

and combustion chamber deposits; hut in a review of diesel fuel deterioration and
related problems in 1977 (8) and later at a 1980 Symposium (9), most Army diesel
fuel systein problems were reported as being found to be plugged primary fuel
filters. This has led to a major activity in preventing diesel fuel stability-related
problems. Recent incidences of fouled injectors have led to recognition of the
need to inspect injector equipment heing returned to rebuild faciiitics to identify if
injector fouling (and subsequent inefficient fuel combustion) is occurring and to

what degree.

In late 1981 and early 1982, while screening high-temperature adiabatic lubricant
candidates in a modified CLR-diesel (CLR-D) engine, personnel at Belvoir Fuels

and Lubricants Research Facility (BFLRFE) at Southwest Research Institute (SwRI)

S
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'
,
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occasionally observed fuel injector fouling. The modified CLR-D was operated
uncooled in the cylinder liner area with 149°C (300°F) coolant temperature in the
head. Fouling cf the Josch APE 113 fuel injector occurced as plugged injector
holes which resulted in erratic engine operation. A brief investigation was
conducted to determine if the injector fouling was related to fuel properties. The
results are shown in Table 1 (with a picture insert) as injector hole plugging at test
hours, and a deposit demerit rating for the injector pintle shaft and tip. Jet Fuel
Thermal Oxidation Tester (JFTOT) rating and steam jet gum fuel characterization
properties are also shown for some of the test fuels in Table 1. Fuel A (JP-7) was
evaluated because of its excellent JFTOT (ASTM D 3241) and gum (ASTM D 381)
properties. When using Fuel A, no injector hole plugging was observed at 28 hours
when the test was terminated. The injector pintle shaft and tip were inspected and
found to be relatively clean. Next o Iuel (B) suspected to have worse injector
fouling performance, because of its higher gum content and JFTOT rating, was
tested. Injector hole plugging occurred at 18 hours with increased pintle shaft and
tip deposits. Then a new batch of t.e regular test fuel (C) used in the high-
temperature CLR-D engine was evaluated. No hole plugging -vas observed at 63
hours when the test was terminated. Previously, fuel for the CLR-D test was
supplied from a 55-gallon drum exposed to ambient ~ummer temperatures, 38°C
(100°F), and refilled only when empty. Thus, fuel for several tests was aged in the
drum. As shown in Table 1, as Fuel C aged, the hours of operation until injector
" fouling was observed decreased. A new batch ot unaged Fuel C was tested, and
injector fouling cid not occur even after 92 hours. The results of the screening
were encouraging for developing a methodology of determining injector fouling
tendencies of diesel fuels based on storage stability data. A program v-as initiated

in September 1982 to develop a bench test for irjector fouling evaluations of diesel

fuel.

This report summarizes 3 years of effort in developing methodology to evaluate

thermal oxidative stability of diesel fuels.

il == LA

LA

-

WL T TASS TRA AL SN
SNSRI ‘.'.‘,.\ £ S
'S ,.\.\!th'ﬁ. AR TR AL CREN ('\1.;_.;_- RTINS IR A




T T S W AT, T P TR T T e )
t Ya gt gy iR VR o5 AeE o R T R VG IO R WU IO R U T R AT ¥ "l K% TR P ™ RN Wl AT S s R LR & = e -

TABLE 1. HIGH-TEMPERATUFE CLR.DITCCE BIICH INJECTOR FOULING

Resuits Injector Pintle Stean

Injector Hole Deposit Demerit* JFTOT Jet Gumy
Fuel Plugging /d Test Hr Shaft Tip Rating** mg/100 mL
R A (3P-7) None @ 28 hr 2.8 he 6 0.2

::Ei B (Cat 1-H) One @ 18 hr 5.7 8.1 16 6.1

$& . bW [

0o - 1Y C (AL-11372

. New) None @ 63 hr 6.2 6.8 17 3.7
S C (AL-11372

‘_,” Aged) Two @ 58 hr 5.0 8.2 ND¥*** ND

- C (AL-11372

R Aged+) Two @ 27 hr 5.0 7.6 ND ND

-, C (AL-11645

< e New) None @92 hr 4.8 6.5 ND ND

¢

he N * 0 = Clean.

Ne - Y **  Maximum TDR spun rating.

" :\ E ‘:l . *¥%% ND = Not deteirmined.
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I, OVERVIEW OF REPORT SECTIONS AND TEST FUELS

This report is composed of three major sections:

| ° Injector Bench Test Develepment
L e D 3241 JFTOT Application to Diesel Fuel
~ ;* ° Application of Hot Liquid Process Simulator Instrumentation to Diesel |
A Fuel Thermal Stability
SN While work in all these sections occurred during the performance period covered by
. _‘ﬁ»-%. this report, test fuel samples were not necessarily identical in each section. The
i following generic-type test fuels were made available in general to the program.
':?’ e Cat l-H: Caterpillar 1-H/1-G engine reference fuel procured
'. from Howell Hydrocarbons in San Antonio, TX, is a
f‘ ‘,'-". : straight-run diesel fuel made in batches over the past
;‘\ .:‘;‘ 20 years )
TR ¢ 1%S: One-percent sulfur referee diesel fuel meetinyg Speci-
;1*..' .;i'b fication MIL-F-46162B (all natural sulfur compound)
y e DFM: Diesel fuel marine meeting Specification MIL-F-~ -
16884G
e Navy Base Test
Fuel No. 1: Special test fuel procured under Specification MIL-F-
16884H
e JP-7: Jet fuel procured under Specification MIL-T-38219A
e EDS: Experimental coal-derived fuel
e Shaie Oil Diesel: Experimental shale oil-derived diesel fuel
e Jet A-l: Experimental test fuel procured under ASTM D 1655,
"Specification {or Aviation Turbine Fuels"
¢ Diesel Control: EPA specification for automotive emissions test fuel .

procured from Phillips Petroleum Company, Dartles-
ville, OK
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! , M. INJECTOR BENCH TEST DEVELOPMENT

! ﬁ
¥
o In late 1982, a project was initiated to develop an injector fouling bench test !
AN .*
':r:, (IFBT). In order to determine the operating conditions required for the fuel .
- . s . ’
s injector fouling bench test rig, an initial attempt was made to determine the r
i . operating temperatures of the fuel injector nozzle in the uncooled CLR-D engine. i
o~ By attaching thermocouples on the injector nozzle body and tip, it was feit the !
e operating temperatures of the injector needle could be estimated. :
'\ ’ «f {
)

24 :
K A groove was ground along the injector body and nozzie tc route the thermocouple

o, wires out of the injector and the head of the engine. One thermocouple was spot-

& welded on the body of the injector nozzle above the seating surface, while the
N other was spot-welded to the injector tip below the seating surface (Figure 1).

washer was machined to tit over the tip ard against the injector nozzle body to

L A e )

- e = -

provide a seating surface for the nozzle. The grooves on the tip and nozzle body in

¢
N the seating area were filled with a metallic epoxy to provide a seal and to protect '
-;j the thermocouple wires (Figure 2). :
" - .
", The engine was started and warmed up to the operating conditions noted during !
": ) previous tests when injectcr fouling occurred. The engine ran 90 minutes before .
‘» g .
el the injector needle stuck open. The operating conditions of the engine prior to the .
LY '
:Pg' injectour failure are shown in Table 2. The failure of the injector is believed to '
W ;
i J
j TABLE 2. CLR-D ENGINE OPERATING PARAMETERS .
RPM 2000 .
Load, 1b/ft 13.0 i
s Air/Fuel Ratio 31:1 .
4 Coolant Teg\p, -
k¥ in Head, °C (°F) 152 (305) {
N Qil Temp,0
N, (sump), ( r:, 132 (270) |
Liner Temp, °C (°F) i
¥ Avg 355 (672) ;
X Min 319 (607) !
Max 376 (708) S
: Exhaust Temp, C( F) 504 (940) 5
by Injector Temp, °C ( °F) ‘
; Nozzie Body 218 (425) |
¥ Nozzle Tip 443 (830) .
AN ——
W,
1))
‘3 “
R 3 '
v F
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FIGURE 1. CLR INJECTOR NOZZLE WITH THERMOCOUPLE

—

W.Ndw 1

FIGURE 2. DETAILS OF CLR INJECTOR INCLUDING THERMOCOUPLES

14
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have been caused by the uneven expansion of the injector nozzle due to rnetal
removed to attach the thermocouple wires. An examination of the nozzie reveals
scoring on the lapped surfaces of the needle, which seems to indicate that

distortion did occur (Figure 3).

The temperature of the injector nozzle body, 218°C, was in the range of
temperatures expected due to the thermal mass surrounding the injector in that
area and its proximity to the head coolant. The temperature of the injector tip,
however, was higher than expected. The temperature of the tip, MBO, was closer
to the exhaust temperature (504°C) than the liner temperature (355°C), which
indicates the thermocouple could have been exposed tc flames from the combustion

event,

To determine the operating temperature of the injector needle in the uncooled
CLR-D engine, a 1.6-mm diameter templug was installed in a hole drilled 9.5 mm
up from the injector needle tip (Figure 4). The templug was exposed to the steady-
state operating temperature of the CLR-D engine for 2 hours. Upon analysis of the

templug, the maximum temperature was determined to be 166°C (331°F).

Initial injector rig tests were performed with 2 gallons of Cat 1-H fuel, in which
the injectvor effluent was recycled through the injector and pump, fouling the
injector after 16 hours. The fouling occurred due to deposits building up on the
needle tip, which caused the needle to stick and make the injector dribbie. This

method was determined to be unrealistically severe because the injected fuel is

never recycled in an operating engine.

A test run using the injector bench test rig, with a one-pass fuel system, Figure 5,
was run at conditions which attempted to simulate the uncooled CLR-D engine as
shown in Table 3. The test was originally intended to continue until injector
fouling or hole plugging occurred, with the injector needle deposition being rated at
the beginning of each test day. The deposits on the injector needle were rated for
two areas, the needle tip and the needle shaft (Figure 6). The method for rating
the injector needle utilizes the CRC brown lacquer demerit scale normally used for

rating engine deposits. The test was terminated at 56 hours, even though injector
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FIGURE 3. CLR INJECTOR NEEDLE (ARROWS INDICATE SCORED SURFACE)

FIGURE 4. INJECTOR NEEDLE SHOWING POSITION OF TEMPLUG
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FIGURE 5. INJECTOR FOULING BENCH TEST RIG
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TABLE 3. INJECTOR FOULING BENCH TEST OPERATING CONDITIONS

o
' : N Injector Purnp Speed, RPM 1000
W Fuel Flow, Ib/hr 3
:'fﬂ L Temperature of Ngzzle Body
i Heating Block, “C (°F) 154 (310)
Temperature ot Ngzzle Tip
SREREEN Heating Block, °C (°F) 404 (760)
LR
L . :: v
x
3 N
B L ONRUBBING
oy TI L.-—- RUBB
B P SHAFT UBBING
. "
,.-. : .L‘p
'.‘_ . . e FIGURE 6. AREAS OF INJECTOR NEEDLE RATED FOR DEPOSITS
- N ]

fouling or hole plugging had not occurred. The injector needle deposits had
remained fairly constant (see Figures 7 and 8) after hour 14 of the test. Hence, the

test was discontinued.

Since the amount of needle deposition, a tip demerit of 7.10 and a shaft demerit of
2.50, was considered inadequate for the time period in which the test occurred, the
operating regime of the apparatus was examined. The operating temperature of
the nozzle tip heating block was lower compared to the value of 435°C (815°F)

measured previously on the nozzle tip in the operating engine.

Examination of the injector needle from the CLR-D engine which had operated 42
hours revealed a tip demerit of 6.15 and a shaft demerit of 3.00 using the same fuel
(Cat 1-H fuel, AL-11804-F). Samples of both the fresh fuel and the fuel that had
been through the injector test rig were analyzed by several laboratory methods to
assess the differences in the two fuels. The resuits of these analyses are given in

Table 4. Note that the fresh fuel is very unstable as measured by D 2274, but is
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TP DEPOSIT DEMERITS
o

| 1 i i | ]

0 7 14 21 28 35 42 39 56
IFBT TEST HOURS

FiGURE 7. INJECTOR NEEDLE TIP DEPOSIT HISTORY

10r

SHAFT DEMERITS

0 4 ' L i ot | k ]
0 7 14 21 28 35 a2 39 56

IFBT TEST HOURS

FIGURE 8. INJECTOR NEEDLE SHAFT DEPOSIT HISTORY
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TABLE 4. RESULTS OF ANALYS!S OF FUEL IN THE
INJECTOR FOULING BENCH TEST

Test Fresh Fuel Injector Spray Condensate

Accelerated Stability,
D 2274, Total Insolubles,
mg/100 mL 7.96, 8.06 3.82, 4.290

Particulates, D 2276, 0.8 um,
mg/L 3.6 35.2+%

Steam Jet Gum, D 331,
mg/100 mL 4.5 19,1 %*

Accelerated Stability, 150°C,
1.5 hr, mg/100 mL

Filterable Insolubles 0.2 0.4
Adherent Insolubles 0.3 0.3
Soluble Gum 7.2 7.7
Thermai Oxidation Stability
Test, JFTOT, D 3241,
Maximum
Spun Deposit Rating 10 @ 26 17 @ 38
* Sample plugged filter after 250 mL.
** Sample did not dry after 1 hour in block.
st low in particulates. The injector spray condensate gives a lower D 2274 test result

than the fresh fue! but is higher in particuiates.

The similarity of bench and engine injector needle deposit ratings was encouraging
because it was expected that the needie from the engine would have much heavier
deposits, especially on the injector needle tip. Additional heaters were added to
the injector tip heating block in order to raise the temperature further into the
temperature regime of the engine. A short I5-hour test with a nozzle tip
temperature of 474°C (885°F) gave demerits of 6.60 and 2.90 for the tip and shaft,
respectively, Even though the deposition rate was too high, the trial indicated that
the ability to control the rate of deposition on the needle was dependent on the
nozzle tip temperature and was within the capabilities of the injector bench test

apparatus. Another modification of the rig included a change in the geometry of
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the injector mounts. A 56-hour test was operated with the injector mounted
vertically. This position has since been changed to an angle of 20 degrees, which is
the same as in the engine. It was felt the orientation of the injector could affect

the sac volume of the injector tip, thus influencing deposit formation and hole

plugging.

A templug was placed in the needle of the injector on both the CLR-D engine and
the bench test. Both were warmed to their prescribed operating temperatures, and
then operated for 6 hours to expose the templug. For the bench test apparatus, the
nozzle tip heating block was operated at a temperature of 458°C (856°F), which
produced a temperature of 209°C (409°F) at the injector needle. The temperature
of the needle in the uncooled CLR-D engine was evaluated at 160°C (320°F), which
corresponds closely to the 166°C (331°F) temperature measured in an earlier test.
The temperature deviation between the engine and bench rig most likely accounts
for any differences in the injector needle deposition noted during the side-by-side

testing.

A side-by-side test was initiated which used the same fuel (Cat 1-H, AL-11804-F)
with equal test durations and rating periods. The bench test apparatus had a nozzle
tip heating block temperature of 461°C (861°F) for the duration of the 4l-hour
test. The injector needle deposition ratings are shown in Table 5 for the

intermediate and final inspections for both the engine and bench test apparatus.

TABLE 5. INJECTOR NEEDLE DEPOSITION ENGINE/BENCH
TEST COMPARISON (CAT 1-H FUEL)

CLR-D Engine Besch Test

Hours Tip Demerits Shaft Demerits Tip Demerits Shait Demerits
0 0 0 0 0
10 7.30 2.1G 8.10 2.15
16 7.35 2.25 7.90 2.30
22 7.65 2.10 8.00 4.00
23 7.90 2.30 8.00 2.80
34 7.95 2.50 3.00 4,05
41 3.00 2,50 3.00 4,20
20
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The results indicate a higher rate of deposition with the bench test apparatus and a

tendency to develop a larger amount of injector needle shaft deposits. It is felt the

' 8 deviations in the deposition rate are attributable to the temperature differences of
R the injector needles as noted earlier. Although deposits were formed, injector
fouling cor hole plugging had not occurred at anyiime during the testing in either

L injector. For both injectors, the pop-off pressure remained the same, and the spray

738 \“ pattern looked good.

S

B The bench test rig was then operated using test fuel (AL-11804) which had been

R 4
SR aged for both | and 2 weeks at 80°C. Samples of the fuel from both aging periods

were anaiyzed by several laboratory methods. The results of these analyses are
given in Table 6. Note that the aged fuel continues to be unstable as measured by

w- - TABLE 6. RESULTS OF THE ANALYSIS OF FUELS IN THE

3’3";-%1;1-* INJECTOR FOULING BENCH TEST
Ry
3 Test Fuel AL-11804-F
MR - Fresh Aged at 80" C
1 Test Fuel One Week Two Weeks
~ | Accelerated Stability,
E;' R D 2274, Total Insolubles,
e ol mg/100 mL 3.0 7.5 3.9
Y. N
(< S
A0 A Particulates, D 2276, 0.8 um
mg/L 3.6 3.3 18.5
N
N ;
N Steam Jet Gum, D 381,
o mg/100 mL 4.5 22.7 26.0
.) .
£ Accelerated Stability, 156°C,
A 1.5 hr, mg/100 mL
o3 Filterable Insolubles 0.2 3.1 10.1
: Adherent Insolubles 0.3 0.4 0.4
B Soluble Gum 7.2 17.6 38.9
t -
: Thermal Oxidation Stability,
JFTOT, D 3241
o 260°C*
Pressure Differential, 110 at 0 0
mm Hg 150 min
Preheater Deposit Code 4 3 >4
TDR Spun Deposit Ratigg 20 at 40 12 at 40 >50 at 35
e Breakpoint Temperature, C 221 255 190
* Test Temperature.
- 21
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ASTM D 2274. The aged fuels show a significant increase in particulates and

steam jet gum as compared to the fresh fuel. The dramatic increase in the 150°C

.Q = ' test results for the 1-week and 2-week aged samples may be significant.
CRRREE
R
o ol A test was initiated with the fuel that was aged |1 week (in an attempt to promote
SR . .
W S injector fouling) in the bench test and the engine. Since the injector needie
T ‘:v deposition did not appear to be sufficient to cause injector fouling, the test was )
» [ N,
k] - terminated after 24 hours. The intermediate and final deposit ratings are shown in
o !:3 Table 7 for both the engine and bench test apparatus. The data indicate the bench i
08
o a¥
i, SN TABLE 7. INJECTOR NEEDLE DEPOSITION ENGINE/BENCH TEST
:". RN COMPARISON (CAT 1-H FUEL AGED FOR | WEEK AT 80°C)
\ !
¥,
.h! gl'; .
' ) CLR-D Engine Bench Test
4 Hours Tip Demerits Shaft Demerits Tip Demerits Shaft Demerits
5 4.60 1.15 6.40 1.30
11 4.90 1.30 6.05 2.40
17 7.30 1.65 6.65 1.90 -
24 6.50 1.20 5.20 1.95

test is somewhat more severe with a higher rate of deposition, especially in the
shaft area of the injector needle. For this bench test, the injector nozzle tip
heating block was operated at a temperature of 437°C (819°F). An interesting
occurrence is the apparent "self-cleaning” of the injector needle during the last
rating period. The continuation of this trend is doubtful. It is speculated from
previous data that the deposit rating would again increase. During this test, in
both the engine and injector apparatus, the rater noted the pintle motion to be
sticky in the injector; however, the pop-off pressure and spray pattern looked good

for the duration of the test.

The Cat l-H test fuel (aged for 2 weeks at 80°C) was then run in the CLR-D
engine and the injector t;ench test rig. During this test, injector fouling occurred
in both the engine and bench rig after 13 hours of operation. The injector in the
engine fouled due to hole plugging. The injector in the rig fouled when the needle

stuck open, causing the injector to dribble at a low opening pressure. The
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intermediate and final deposit rating demerits are shcwn in Table 8 for both

apparatus. The data show the injector rig to be more severe, but also seem to

TABLE 8. INJECTOR NEEDLE DEPOSITION ENGINE/BENCH TEST
COMPARISON (CAT 1-H FUEL AGED FOR 2 WEEKS AT 80°C)

CLR-D Engine Bench Test
Hours Tip Demerits Shaft Demerits Tip Demerits Shaft Demerits
7 7.20 0.40 3.00 1.15
13 2.85 0.60 8.85 1.90

&

e

indicate a different mode of fouling. The deposits in the engine seemed to have

Frestsd

built up, then through a "self-cleaning" action, caused the hole piugging to occur.

A theory is that the deposits accumulate, then are washed off by the fuel pressure

2 4,

and flow; and, if the deposits are present in sufficient quantities, the injector holes

03
A

will plug. The bench test apparatus seems to develop a harder type of deposit,

which then accumulates to the poirt at which it inhibits the injector needle

WL L 7

LA B

motion. This appears to be substantiated by the higher deposition ratings for the

.
’

bench rig. An examination of the needle shaft revealed deposits on the lapped

Ay "

o O
SRS EA,
™ Za'

surfaces, along with the heavy deposits on the tip and seating surfaces. The

injector nozzle tip heating block was operated at a temperature of 439°C (822°F)

for this test. It appears the bench test apparatus is being operated at a higher

) e
»_ : temperature than the CLR-D engine; however, it was encouraging that injector
~1-9 E fouling could be obtained in a parallel run with the engine.
. .

Comparative photographs were taken of the spray from a new injector nozzle, the

]
.. " fouled bench test nozzle, und the fouled CLR-D nozzle. The photographs were
;‘j ’.: taken using a diffused laser strobe front lighting the injector tip, which was
o : \ triggered by the needle iift of the injector. The photographs shown in Figures 9

... through 1! were taken at 0.6 ms after the start of needle lift. Figure 9 is a
;\ f photograph of a new injector noszle. Note the well-developed spray, particularly
{'\ ‘: the cone angle and the penetration from cach of the four holes. Figure 10 shows
= v the nozzle from the injector fouling bench test apparatus. The mode of fouling

i
5

with this nozzle was a needle stuck due to o buildup ot deposits. Initial attempts to

S8

(5 i
3 - hotograph the nozzle failed because of insuff:cient needle lift to trigyer the laser
<o N : By
Y i~
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f:' and camera. The needle and nozzle
i:':'e body were separated, soaked in diesel
s fuel, then reassembled for the picture.
ha It is apparent from the photograph that
[

'15 the cone angle of the spray is narrower
}:. than with the new nozzle, along with a

greater penetration of the spray. The .
narrow cone angle of the spray is prob-

ably due to the pintle sticking and par- .

tial hole plugging. In an engine, a
FIGURE 9. NEW INJECTOR NOZZLE nozzle with these characteristics would

7.: . - _ » _ have poor atomization of the fuel be-

._,;8 e B cauvse of the narrcw cone angle, along

f}é with fuel impingement on the piston

e crown and the cylinder walls because of

‘ the deeper penetration. Figure 11 is a

: photograph of the injector nozzle from

E the CLR-D engine. It is apparent that -
' there is one hole almost compietely

::: plugged, and the two neighboring holes .
gz, SR T appear to be partially plugged. One of

;“‘:: B i S— the partially plugged holes shows evi-

o FIGURE 10. FOULED NOZZLE. FROM dence of two plumes emitting from the

,:: INJECTOR:S:AL:S\%SENCH TEST same hole. The other apparently par-

tially plugged hole shows a spray with a

"\ narrower cone angle and deeper pene-

‘» tration than the new nozzle. The com-

“ parative photographs seem to indicate

_' that there is some correlation between

¥, the IFBT o;paratus and the CLR-D en- .
- zine in the fouling of injector nozzle

R holes. That both fouled nozzles exhib-

ited sprays with narrow cone angles was

..-: sncouraging in the development of the

. {FBT procedures. A further refinement

:~.‘ FIGURE 11. FOULED INJECTOR

NGIZZLE FROM CLR-D ENGINE
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in the operating temperatures of the IFBT apparatus would lead to a more direct

correlation with the CLR-D engine.

Tests were performed to determine the role of lubricants in injector tip fouling.

The impetus for examining the lubricant role spawned from a routine daily fouling

T

of injector nozzles in the CLR-D engine during a lubricant evaluation. The fuel
used during the testing was a sample of Cat I-H fuel which previously did not
dispiay any injector tip fouling in the engine or IFBT rig. A noticeable increase in
b the consumption of the test lubricant indicated the lubricant as an important

mechanism and/or source in the fouling of injector nozzles.

The IFBT apparatus was operated on the Cat 1-H fuel that was being used in the
CLR-D engine test when the injector fouling problems occurred. There was no
evidence of injector tip fouling when the test was terminated after 39 hours; the

intermediate and final deposition ratings for the test are in Table 9. The rating

. TABLE 9. INJECTOR NEEDLE DEPOSITION-BENCH TEST
(CAT 1-H FUEL)

Rating
Hours Tip Demerits Shait Demerits
7 6.80 2,20
14 7.15 2.60
20 8.50 2,60
27 8.50 2.60
32 8.50 2.60
39 8.00 2.60

results indicate that there was no increase in needie deposition when compared to
an earlier 4il-hour test run with the Cat I-H fuel. This test was used to confirm
that the lubricant was influential in causing the injector tip fouling in the uncooled
CLR-D engine. It was proposed to use a very stable fuel such as JP-7 in the engine
to determine if the injector fouling that had occurred was totally lubricant related

or had some contributisn from the fuel.
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Previous tests in the CLR-D engine had shown no incidence of injector fouling
A test was run in the engine using JP-7 fuel and the jubricant

3 ‘,'f’: with a JP-7 fuel.
: The initial rating of the needle

that had caused the earlier fouling tendencies.
at 6 hours revealed heavy tip deposits below the seating surface in the sac

velume area, while the shaft deposits were very light (Table 10). After 12 hours

P Y

R S TS o P
O

TABLE 10. SUMMARY DATA USING JP-7 (AL~12124-F) IN
BENCH TEST AND ENGINE TESTS

IR
e

3
£

. Injector Nonrubbing  Rubbing Tip Operation
R IFBT No. 9 Bosch API
LB June 1983 6 hr 2.40 -- 6.10 OK
N 12 hr 2.80 - 4,65 OK
N ¢ 19 hr 2,35 - €£.71 OK
G A 25 hr 2.70 - 5.70 OK
SR 31 hr 3.50 - 7.00 OK
! {
WA | Cngine Bosch API
R (Poor Oil) 6 hr 1.80 - 8.10  Two holes plugged
AR May 1983 12 hr 3.45 - 7.30  Two holes plugged .
2 » Engine Bosch API
p (Poor 7 hr 2.00 - 5.40 OK .
Oil) 13 hr 3.80 - 5.70 OK
June 1983 1$ hr 3.45 - 6.90 One hole plugged

of operation, two holes were plugged.

An inspection of the nozzle reveuled heavy

carbon buildup around the two plugged holes, as shown in Figures 12 and 13. A

new nozzle was installed in the engine. After 13 hours of operaticn, a buildup of

carbon was observed on the very tip of the needle which protrudes into the sac

volume, Figure l4. The inspection at hour 19 revealed one plugged hole and an

absence 2f{ the carbon buildup on the tip ncoted earlier.
Due to the carbon buildup on the nozzle

It is believed the carbon

flaked off and plugged the nozzle hole.
and needle tip, the injector fouling in this experiment is believed to have been
lubricant related. The JP-7 test fuel was operated in the IFBT apparatus for 31
hours (data summarized in Table 10). The deposit ratings, when compared to Cat
1-H fuel at approximately the same time, indicated no increase in injector needle

deposition; the CLR-D engine operating on JP-7 fuel fouled two injectors at 12 and
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FIGURE 12. PLUGGED HCLE SHOW-
ING HEAVY CARBON BUILDUP

FIGURE 13. SECOND PLUGGED HOLE
SHOWING HEAVY CARBON BUILDUP

FIGURE 14. NEEDLE TIP SHOWING
CARBON BUILDUP

19 hours of operation (Appendix A).
The IFB7 data seem to confirm that the
injectors fculing in the engine could be

attrinpuied to the engine lubricant.

In a research program conducted by the
U.S. Army Tank Autornotive Command
(Warren, Michigan) on a hypergolic en-
gine, the fuel was raised to 7000 psi and
649°C  (1200°F) prior to injection.
Deposits formed on the walls of the
fuel line and plugged the lines, which
resulted in less than 20 minutes of test
time using a diesel fuel. As a result, a
JP-7 fuel thought to be more thermally
stable was obtained by BFLRF, and
thermal oxidation stability  tests
(JFTOT) were conducted on the fuel
(both neat and additive treated (MIL-S-
53021)). The results of the test are
presented in Table 11. No filter plug-
ging occurred in any of the D 3241 runs,
and the spun deposit rating showed es-
sentially no difference between neat
and additive-treated fuels. However,
the particulate results for the effluent
do show a difference between neat and
additive-treated fuel. The additive
may provide additional protection from
fouling of fuel lines to the hypergolic
injector. Even without the additive,
the use of JP-7 test fuel would provide
for longer test timmes compared tc the

current diesel test fuel.
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B TABLE 11. THERMAL OXIDATION STABILITY TEST
S (JFTOT) FOR FUEL AL-12124-F

. D 3241, Test

b ' i Temperature, Maximum Spun Particulates in Eifluent,
ol °c (°F) Deposit Rating D 2276, 1.2 pm, mg/L
R Neat With Additive* Neat With Additive* .
DO, Visual TDR Visua!l TDR
RESTIRN . Code Spun Code Spun
'( : 218 (425) >2 12 @35 1 7 @45 3.4 0.9
y- ! 260 (500) >3 6 @4t 1 9 @48 2.9 0.9
V. 343 (650) 4 33 @49 >4 44 @55 6.0 1.4
¥ .8 427 (3G0) 4 550 @32 >4  »50 @41 3.7 1.3
S 471 (880) >4 550 >b >50 @39 5.5 1.3
A
2 g * MIL-S-53021 (without biocide)
A
.
:} . A coal-derived fuel blend (55/45 vol% blend of Cat 1-H and EDS coal-derived fuei)
t- ¢ - -
".._‘ A was evzluated in the IFBT apparatus and operated for 41 hours without any
:, i injector nozzle fouling. The final deposition ratings (8.40 and 4.70 tip and shaft
o .

demerits, respectively) were only slightly higher than the Cat 1-H fuel tip (8.00)
and shaft (4.20) demerits. However, the deposit buildup on the injector tip using
the EDS blend appeared to be heavier and softer than the deposits from the Cat
1-H fuel. Additionally, a thin film of deposits which had not been seen before was
noted on the shaft of the injector; however, this deposit did not impair the pintle

mction as the pop-off pressure and spray remained good throughout the test.

Atiempts were initiated to correlate injector pintie depcsition with fuel JFTOT
breakpoint temperature for both neat and aged Cat 1-H fuel and a 1-percent sulfur
referee yuel, A JFTOT breakpoint temperature was determined for each fuel using
standard JFTOT aluminum tubes. The IFBT apparatus was operated corcurrently
on the same fuel tc determine the injector fouling tendencies of the fuel. In
addition to the visual deposit rating of the injector pintle, a Tube Deposit Rater
(TDR) spun deposit rating was performed to trace the deposition rate on the pintle.
Mounting fixtures were made to allow ALCOR MARK 9 Tube Deposit Rater {(for

D 3241 test tubes) to accept and rate injector pintles.
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The data for the three test fuels and IFBT test results are shown in Table 12.
These were a Cat 1-H neat and aged 3 weeks and MIL-F-46162B referee grade
diesel fuel containing | percent sulfur (with t-butyl disulfide added). The Cat 1-H
results were interesting in that after aging at 80°C for 3 weeks, the fuel appeared
to be more stable than the unaged fuel. This is in contrast to an earlier sample of
Cat i-H fuel aged 2 weeks which exhibited injector fouling at 13 hours and a

relatively low JFTOT breakpoint (190°C).

TABLE 12. FUEL ANALYSIS

B S RS e d P N P P el 3a o o oo & 3 W R TR " e I A ¥

AL-12325-F
MIL-F-46162B
Cat 1-H Referee grade
Cat 1-H (after aging), diesel fuel
(before aging) 3 weeks (19 sulfur)
ASTM D 2274, mg/100 mL 6.9 2.2 0.2
ASTM D 2276, mg/L 4.8 17.4 3.5 ;
JFTOT Breakpoint, °C* 215 238 254 a
IFBT Test No. 11 12 13 \
\
IFBT Test Duration, hr 40 40 18 )
)
TDR $pun Deposit Rating i
{near tip at end of test) ND** 31 47

n
]
CRC Rating: o Tip 3.0 7.1 6.3 ;
e Shaft 1.95 3.45 3.6 \
”
100% Hole plugging None None None :
Spray Pattern Good Good Dribble i
Opening Pressure (at end :
of test), psi 2500 2500 1200 "
L]
* - D 3241 visual deposit rating Code 3 inception temperature. X
**ND - Not determined. I
::
)
A second IFBT test (IFBT Test No. 14) was performed using the MIL-F-46162B N
referee grade diesel fuel containing l-percent sulfur. As with the earlier test, the E

fuel fouled the injector in a period of 18 hours. The fouled injector dribbled fuel
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at 100 psi and could not attain the pop-off pressure of 2500 psi. The fouling in the

previous test was also due to poor sealing, with the dribble starting at a somewhat

fﬁ' 0 higher pressure of 1200 psi. The tip and shaft demerits for both tests (IFBT Test
& . 3
::; S Nos. 13 and 14) with this fuel are shown in Table 13. It is felt that a buildup of
:‘:s o deposits on the seating surfaces led to the fouling of the injector nozzles.
PR
}g?,‘ f
- | .

TABLE !3. IFBT TIP AND SHAFT DEMERITS FOR TWO RUNS
OF MIL-F-46162B REFEREE GRADE DIESEL FUEL

+ SN

F IFBT Test 13 ____IFBT Test 14

hoc ’ Hours Tip Demerits Shaft Demerits  Hours Tip Demerits Shaft Demerits

75‘ . v

iy § 6.40 1.40 6 5.30 2.10

:l S 12 6.00 3.10 12 6.40 2.60

< 18 6.30 3.60 18 7.35 2.80

:‘fé'-: [

‘:‘?.I, -

o b Two additional IFBT test rigs were fabricated utilizing DD 6V-53T (N70) and

"l

"F .- Cummins NH-220 injectors. Test procedures are provided in Appendix B. Injector ’

bench tests (IFBT No. 15) were run using Cat 1-H fuel (AL-11804-F) (JFTOT

K Breakpoint Temperature of 216°C in Table 15) in the Bosch, Detroit Diesel, and

Cummins injector rigs to cdetermine deposition on the injector pintles. The rating
areas were altered to examine both the rubbing and nonrubbing surfaces of the
pintles and plunger. It was felt the nonrubbiﬁg surface deposits would be
indicative cf a fuel's thermal stability and provide a better correlation with
JFTOT data. The rubbing surface deposits wouid be indicative of injector stick-
ing, i.e., low injecticn pressures and poor spray patterns. The ratings and injector
checks were examined at the end of the test period of 35 hours. It was felt that
daily examination of the injector pintles and plungers could disrupt the formation
of deposits. Because of the changes in the ratings, the ratings for this test can
not be directly correlated with previous tests. However, the pop-off pressure and
spray pattern with the Bosch injector indicated this test corresponded with
previous tests with the same test fuel. The rating data for the three injection rigs
are shown in Table 14, with the relative sizes and areas of the plungers shown in
Figure 15. The Cummins plunger shows very little deposition, and this appears to

be a function of its mode of operation, i.e., the PT fuel system. Talks with
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TABLE 14. INJECTOR DEPOSIT RATING RESULTS

IFBT
Test Length of Surface Rating Demerits
No. Injector Test (Hr) (0 = Clean)
Nonrubbing Rubking Tip
15 Cat 1-H -
(AL-11304-F)
Cummins NH-220 35.0 0.0 .16
Bosch AP! 35.0 1.95 1.15
DD 6V-53T (N70) 35.0 3.70 2.50
19 Cat i-H -
Aged 2 Weeks
Bosch API 39.0 5.40 2.25 6.95
DD 6V-53T 33.0 0.95 0.20 4.15
17 Cat 1-H -
Aged 4 Weeks
Cummins NH 220 43.0 N/A 0.30 0
Bosch API 38.0 2.35 0.50 6.55
DD 6V-53T 43.0 2.10 2.35 4.95
18 DFM (AL-8350-F)
Bosch API 36.0 4.70 2.10 7.40
DD 6V-53T (N70) 43.0 4.25 4.00 4.95
CUMMINS NH-220
BOSCH API
{DD 6V-53T N-70
L —— 3
I NS VS (NN (SUUNS VE AU SN N N A B
123456789 101112
INCHES
FIGURE [5. RELATIVE SIZES AND AREAS OF THE
THREE INJECTION SYSTEMS EXAMINED
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personnei of Cummins Engine Co. indicate injector coking occurs primarily at

_' ) J-t motoring conditions, in which the plunger compresses mostly air, and tip
:: & temperatures have been measured to be as high as 871°C {1606°F). With the PT
: _ «; system, fuel flow is never shut off. Even at motoring conditions, a small amount of
‘i fuel is used for cooling. The fuel, if thermally unstable, combined with cylinder
" = gases (air, unscavenged exhaust, lubricant) blowing up into the nozzle, tip, can
':' ;‘ cause injector coking. The DD 6V-53T nozzle appears to be the most severe. The )
_3 E ; nozzle stresses the fuel by circulating it for cooling, which could account for the
:‘:}‘ ' increased pintle deposition.

; In addition to the injector deposit rating resuits for Cat 1-H in Table 14, data are
f Az also provided for Cat l-H aged at 80°C for 2 and & weeks and a high-suifur DFM.

Accelerated stability test results for these four fuels are summarized in Table 15.

" The results of the 2-week aged Cat l-H demerit ratings appear to have been

s ‘ infiuenced by nonconformal operating temperatures. The injector effluent tem-

,- '.;: peratures were 23°C higher for the Bosch API rig and 29°C jower for the Detroit

f: DU Diesel rig than the other test fuels.

] .

5 The 4-week aged Cat 1-H fuel (AL-11804-F) was examined in each of the three
‘ injection rigs. The deposit rating on the Cummins plunger was similar to the other
T test fuels examined. The Detroit Diesel 6V-53T unit injector revealed deposit
ratings similar to the unaged Cat 1-H test; however, the spray pattern was not
fully deveioped. The Bosch API pintle also revealed ratings similar to the unaged

Cat 1-H fuel.

-
- h

£ S o o

The other test completed was with a high-sulfur DFM (AL-8350-F). The fuel was
not examined in the Cummins injector, because the deposition mechanisms could
not be duplicated with the Cummins bench test rig. Both the Bosch API and
Detroit Diesel 6V-53 injector pintles revealed deposit ratings heavier than the base

Cat 1-H fuel.

Injector fouling bench tests were run on a middle distillate fuel derived from shale
(FL-410-F} using the Bosch API and the Detroit Diesel 6V-53 injector rigs. The
deposit rating test results are shown in Table 16. The shale-derived fuel was
obtained from the Department of Energy and had been prepared by Sun Tech, Inc.

from a teedstock that was a partially hydrotreated Geokinetic. crude shale oil
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TABLE 15. ACCELERATED STABILITY TEST RESULTS

.N \.
.Mhiﬁm‘b_.m.\ N AR

N . ,:‘ R
..'\\ .A*‘\\.,“‘ \.:\ \;‘

Cat 1-H Aged Cat 1-H at DFM
(AL-11804-F) 2 Weeks 4 Weeks (AL-3350-F)
D 2274, mg/100 mL 5.6 6.4 4.4 5.1
150°C Test, rag/100 mL,
1.5 hr
Filterable insolubles 3.9 3.5 5.3 9.4
Adherent Insolubles 0.6 0.8 1ol 1.4
Total Insolubles 4.5 4.3 6.4 10.8
3 hr
Filterable Insolubles 5.2 8.3 9.4 17.3
Adherent Insolubles 0.9 1.7 1.3 1.2
Total Insolubles 6.1 10.0 10.7 18.5
D 2276, mg/L 3.0 .4 11.0 25.4
N JETOT, D 3241,
Temperature, °C (°F) 204 (400) 224 (435) 204 (408) 199 (350)
AP, mm Hg @ Time,
min. 0 @150 125 @ 148 10 @ 150 0@ 150
Visual Code 2 3 3 >2
TDR Spun Max. 5@ 41 33 @ 24 9 @40 14 @ 42
& Temperature, "C {’F) 216 (420) 232 (450) 207 (405) 204 (400)
\ 4P, mm Hg @ Time,
R min. 0@ 150 125 @ 18 125 @ 107 0
§ : Visual Code <3 3 »3 4
. ‘t TDR Spun Max. 8 @40 23 Q18 6@ 42 21 @ 40
) v
o )
x> Temperature, °C (°F) 238 (460) 249 (480) 221 (¥30) 232 (450)
W AP, mm Hg (@ Time,
min. 0@ 150 125 @ 102 125(2 86 69 @ 30
A Visual Code i >4 >4 >4
3 TDR Spun Max. 17 @ 40 29 @17 22 @ 42 >50 (@ 43
Breakpoint Temp., °C 216 230 204 201
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TABLE 16. DEPOSIT RATING TEST RESULTS FOR
SHALE-DERIVED DIESEL FUEL (FL-0410-F)

;. ;ﬂ: IFBT
NI Test : Length of Surface Rating Demerits
(A No. Injector Test (Hr) (0 = Clean)
L ‘4'%? Nonrubbing Rubbing Tip
v Aug 1934
(RIS 20 Bosch API 42.0 1.45 [.40 6.95
8- oy
SRR DD 6V-53T 46.0 2.40 1.50 5.40
B
SRR
3 o
y ,'.;f. recovered by in-situ retorting of Utah oil shale. No additive was used in the
MR |
¥ ,;‘5 preparation of this fuel. Some of the more pertinent properties of this shale cil
. :}:‘ diesel fuel are listed in Table 17.
e { 5 TABLE 17. PROPERTIES OF SHALE OIL DIESEL (FL-410-F)
bR
YN Accelerated Stability
D~ D 2274, mg/100 mL o 0.33
v X Filterable Insolubles, 150°C
4 . 1 .5 hr, mg/100 mL 29.61
3.0 hr, mg/100 mL 47.2
Adheient Insolubles, 150°C
1.5 hr, mg/100 mL 2.2
3.0 hr, mg/100 mL 3.6
Steam Jet Gum
1.5 hr, mg/100 mL 127.9
3.0 hr, mg/lOé) mL 150.7
D &6, Distillation, C
IBP 180
50% 251
90% 304
End Point 341
Gravity, API 39.5
Cetane Number 5!
Sulfur, wt% 0.04
Nitrogen, wt% 0.094
Carbon, wt% 86.0
Hydrogen, wt% 13.8
Oxygen, wit% 0.060
Hydrocarbon Type, vol%
Saturates 81.0
Oletins 1.2
Ararrnatics 17.8
Existent Gum, mg/100 mL 4.8
Particulate Contamination
D 2276, mg/L 99.2
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Thermal oxidation tests (ASTM D 3241-77, JFTOT modified) to determine the

RN breakpoint temperature were run on the shale-derived diesel fuel (FL-410-F) shown
TR B in Table 18, which gave a break point temperature of approximately 234°C.
DO
N .

l‘:: E S 1
e TABLE 18. THERMAL OXIDATION TESTS TO DETERMINE BREAKPOINT
S , , i Fuel Type: Shale-Derived Diesel Fuel
% LA Fuel Code: o o FL-410-F
" : ¥ Maximum Tube Temperature, "C (“F) ASTM Visual Code P, mm Hg/min

f f,
. 224 (435) - -

o 232 (450C) 2 7.4/150
S 235 (455) 3% 8.6/150
o> N 241 (465) >4 9.C/150
N 249 (480) >4 8.3/150

~ 260 (500) >4 8.6/150
I

yr * Denotes approximate breakpoint.

) Ea

¥ 3
.'. ‘ f" . Ten pintles from Bosch API injectors were examined by the MARK 9 TDR and by
" B dielectric strength measurements. The pintles were from injectors that had been

previously run in bench tests. The results obtained from three of the evaluations

are illustrated for comparison. Fuels and conditions used during injector fouling

bench tests of these three pintles were the following:

‘,‘.{""(g" !
EN VT3

o

IFBT No. 1%:  Pintle (A) - Cat 1-H fuel fuel fuel aged 2 weeks at 80°C.
Approximate JFTOT breakpeint 232°C.
IFBT No. 20: Pintle (B) - Shale-derived fuel containing =~ 0.1 percent N.

FA w7

w,

Approximate JFTOT breakpoint 235°C.
IFBT No. 18: Pintle (C) - A DFM fuel containing = 1.2 percent S.
Approximate JFTOT breakpoint 201°C.

Figure 16 is a photograph of a new pintle to aid in determining the physical
locations of the pintle stations. Figures 17 through 22 are graphs of measurements
obtained using MARK 9 TDR and dielectric strength breakdown voltage.

The MARK 9 TDR ratings for all three pintles are similar. This technique uses

light absorbance to determine rating and does not discriminate between the

varnish-like deposits and other deposits such as carbon streaks.
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.{':‘ Dielectric strength breakdown voltage testing is more selective in that the

fr detected deposits must be of an electrically insulating nature such as the varnish-

,‘,t like deposits which are formed on JFTOT tubes. The dielectric testing of these

:?'g’ pintles revealed that there are distinct differences between the pintles when

g“s: evaluated for this type of deposit. Pintles A and B have only a slight buildup of

%" electrically insulating deposits near the tip, while Pintle C has a very pronounced

deposit near the tip area. ]
' Navy Base Test Fuel--To evaluate the thermal oxidative stability of the Navy base i
, : test fuel No. 1 (AL-13279-F), three approaches were used, CLR-D hot engine test,

,, injector fouling bench test, and jet fuel thermal oxidation test (modified for diesel

;43- tuel testing). \

v

iﬁ CLR~-D Hot Engine Test The experimental results of the CLR-D not engine

:%‘f test are presented in Table 15. Appendix A delineates the CLR-D Hot Test

N

Tl

é TABLE 19. CRC VISUAL RATINGS OF INJECTOR PINTLE IN -

CLR-D HOT ENGINE TEST

v Bm Ll
WA
Nt S W’ B N A -

Time at 317°C Total Time, Time at 332°C CRC Ratings
(6037F), Hr Hr __(630°F), Hr Nonrubbing Rubbing
o 2.3 3.0 0.7 0.4 1.55
5.6 9.5 3.3 0.6 1.25
LY
N 8.0 16.0 4.0 0.6 1.55
.",'"..
5 9.5 22.5 5.0 0.6 1.95
12.5 29.0 3.5 0.4 1.95
Y 16.5 36.0 3.5 0.4 2.05
0 , |
4 23.3 44.0 2.0 1.0 2.40
23.3 50.0 1.0 1.0 2.40
b 30.8 52.5 0.0 1.0 2.55
0N
’l
ot Procedure. Table 19 lists the CRC visual ratings for the rubbing and nonrubbing
o parts of the pintle. Also listed in the table are the accumulated times at the test
?

‘t ternperature for the rating, the total accumulated engine operating time for the
N :

(LLS2) 4G
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rating, and the time to reach the desired average liner temperature of 332°C
(630°F). During the engine warm-up periods, the average liner temperature
rapidly reached 260°C (500°F) (within 30 mirutes) so that the average temperature

ovar the total test duration was in excess of 260°C (500°F).

Engine failure occurred at a total accumulated test time of 52.5 hours. This
corresponded to an accumulated time at 332°C (630°F) of 30.8 hours. The engine
failure occurred due to excessive deposits in the ring belt area of the piston and

the resulting sticking of the rings.

The results presented in Table 19 are plotted in Figure 23. The CRC rating
increased only slightly at the end of the test. This is further indicated by the

results oi the JFTOT visual rating of the needle, performed at the same time as
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the CRC ratings. The JFTOT visual ratings were performed at 24 different
locations along the length of the needie. The only locations where changes were
observed were at the very tip of the needle. Even these changes were generally

e

small and occurred late in the test. The results for the three tip locations are
plotted in Figure 24. As with the CRC ratings, the major changes occurred during
the final 10 hours of the test. Location 12 is the very tip of the needle.

('3 ]
: i 4+ pre . [
g / e :
_ ;: LOCATION12 ‘
‘r = |
) ’ (
'
E Q / :'
) Z 3} ' :
i ot ’
< / |
s, = + LOCATION 14
¢ u ./ LOCATION 16 :
0 “ ‘
: i
i 1 / :
)
|{_A—| i | 1 J
Y 0
N 5 10 15 20 25 30
. ¥
R TIME AT 630° F, HR
.;2' FIGURE 24. VISUAL RATING OF CRC INJECTOR NEEDLE VALVE
USING JFTOT RATING SCALE .
Injector Fouling Bench Tests--The injector fouling bench test (IFBT) was used /
| to evaluate the Navy test fuel No. 1 (AL-13279-F). This fuel was run in two 40- l
: '
-4 hour tests; one with a Bosch injector and the other a Detroit Diesel injector. ;
h
5
= Bosch Injector--Prior to the IFBT, the jerk pressure was set at 2500 psi, ;
b and the spray pattern was found to be very good. The injector's surfaces (rubbing I
Y
Y and nonrubbing) were visually examined and found to be clean {zero demerits). :
After running for 40 hours at a fuel rate of 2 pounds per hour, the spray pattern :
3 was still very good, and the jerk pressure was 2475 psi. Using the CRC lacquer E
X cemerit scale, the total rubbing demerits were 2.40, and the nonrubbing were 5.10. :
i \
X 3
. L}
. [
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Using a special adapter, the pintle was
TABLE 20. MARK 9 TDR ON

inserted in the MARK 9 TDR for reflect- BOSCH PINTLE
W ance evaluation. The results of this eval- (AL-13279-F Fuel)
1 o Z'i uation are shown in Table 20. (Test No. 21 After 40 Hours)
_ . The dielectric breakdown voltage mea- Station Nalue
i‘,"’ l surements of the deposits on the pintle 36 11
R & ‘ gave readings of zero, indicating the gg ié
B .:i‘l deposits were conductive. 40 13
o 41 14
Lo 42 13
5 2 Detroit Diesel Injector--All 45 13
.:ﬁ i‘; pretest checks (jerk pressure, airflow, :? };‘
g ‘E fuel flow, leakdown dup, injector's surface 48 18
‘ - “‘ inspection) were made. A 40-hour run gg ig
3 > was conducted on the IFBT. Post-test 57 is
:‘ “:{ checks were nearly identical to the pre- 59 17
-:'.l - ':.n . test conditions. Evaluations of the pintle 60 17
" . .‘: using the CRC lacquer demerit scale on 2; ig
ht both the rubbing and nonrubbing surfaces &4 22
’ '.";f}" ' showed the demerits to be relatively low, 22 g?
S : 3 3.00 and 2.25, respectively. 67 21
SR 63 23
69 24
; Figure 15 shows the relative size of the 70 25
Bosch and Detroit Diesel (DD 6V-53T s 2
MN70) injectors. As with the Bosch injec- 73 33
tor, the MARK 9 TDR was used to mea- ;g ;2
sure the deposits on the Detroit Diesel 76 34

injector. Since this pintle is smaller than
the Bosch's pintle, the number of stations were less. The results of this TDR
evaluation are listed in Table 21.

Dielectric strength measurements were zero, indicating no varnish-type deposits.

Thermal Oxidation Tests--The Jet Fuel Thermal Oxidation Tester

(JFTOT) was used to monitor the thermal stability of the Navy base test fuel (AL-
13279-F) beginning in June 1984. Four sets of JFTOT tests were run and are

}“,
U ' :
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summarized in Table 22. The visual pre-

TABL%EZ%.[{AA{%!;I:N?I{?R ON heater deposit tube code ratings tended to
(AL-13279-F Fuel) worsen with storage time. This effect is
(Test No. 8 After 40 Hours) shown graphically in Figure 25, which is a
plot of JFTOT breakpoint temperatures
Station_ ~Nalve (Code 3 deposit rating inception tempera-
25 19 ture) versus storage time. This indicates '

%g ;g that the fuels' propensity to produce lac- |

28 21 - quer-like deposit during JETOT testing is g ‘

g‘; gz increasing with storage time. |

36 02 {

gg 8Z The data in Table 22 also show a pro- :

39 05 nounced change in AP during the 9-month !

Z? 82 time frame of JFTOT testing. The pres- |
42 05 sure increases detected during JFTOT
:Z (0)2 testing are caused by particulate plugging

of the tester's 17-micrometer f{ilter

screen. Since the fuel is filtered just prior to the test (D 3241 test p.ocedure), it

can be assumed that plugging of the filter screen during test is an indication of

TABLE 22. THERMAL OXIDATION STABILITY TEST DATA FOR
NAVY BASE TEST FUEL (AL-13279-F)

Preheater Maximum TDR

o‘I'emop, Deposit Spun Rating

Date C (F) AP, mm of Hg Code at mm )
25 June '34 232 (450) 0 at 150 minutes 2 8 at 39 |
26 June '84 246 (475) 0 at 150 minutes <3 21l at 37 i
26 June '84 252 (485) 0 at 150 minutes <y 24 at 40 '
25 June '84 260 (500) 0 at 150 minutes <y 23 at 32 i
25 July '84 243 (470) 2 at 150 minutes 3 19 at 39 ;
25 July '84 249 (480) 0 at 150 minutes 4 21 at 38 E

16 Jan '85 232 (450) 0 at 150 minutes 2 9 at 4
17 Jan'85 235 (455) 5 at 150 minutes <3 5 at 1 |
16 Jan '85 244 (472) 46 at 150 minutes 3 23 at 17 :
17 Jan'85 252 (485) 112 at 99 minutes 4 25 at 22 \
18 March '85 232 (450) 12 at 150 minutes <3 t7 at 45 X
20 March '85 235 (455) 15 at 150 minutes <3 14 at 43 .

22 March '85 236 (457) 125 at 136 minutes 3 16 at 43

20 March '85 238 (460) 73 at 150 minutes <y 22 at 42
19 March'85 246 (475) 125 at 137 minutes 4 26 at 49 :
\
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FIGURE 25. JFTOT BREAKPOINT TEMPERATURE (°F) VERSUS TIME

particulate formation during the JFTOT test. Figure 26 is a piot showing a
substantial increase with storage time in the formation of screen plugging
particulate at the breakpoint temperatures of the fuel. The combined effects of
both lacquer-like deposits and particulate formation increasing with tirne show that

this fuel's inherent thermal oxidation stability has significantly degraded during the

9-month storage period.

Not included in Table 22 are results of four test sets that were run during January
1985. These tests of the fuel were run specifically to generate deposits for another
program involving develepment of an experimental method tc measure deposit
thickness using dielectric strength measurements. The results of these JFTOT
tests are listed in Table 23. The dielectric strength technique is still in an
experimental stage, but has produced good results with other fuels. The deposit
produced from this test fuel was, however, impossible te evaluate by this technique
because its electric properties are totally different from any other deposit tested
in this way. All other deposits of lacquer-like materiai examined to date have been
excellent electrical insulators, requiring approximately 300 volts per micrometer

of deposit thickness to cause dielectric breakdown. The deposit produced by this
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4?" oo TABLE 23. THERMAL OXIDATION STABILITY TEST DATA FOR
R NAVY BASE TEST FUEL (AL-13279-F)
2 A
o Preheater Maximum TDR
o Temp Deposit Spun Rating
'e‘"- Date ( F) AP, mm of Hg Code atmm
' 24 Jan '85 260 (500) 245 at 78 minutes >4 21 at 29
24 Jan '35 260 (500) 245 at 85 minutes >4 18 at 30
25 Jan '35 260 (500) 245 at 87 minutes >4 19 at 29
25 Jan'85 246 (475) 64 at 150 minutes >4 i7 at 24
28 Jan '85 246 (475) 62 at 150 minutes >4 20 at 22
28 Jan'85 246 (475) 101 at 150 minutes >4 17 at 21
29 Jan '85 232 (450) 3 at 150 minutes 2 5 at 17
29 Jan '85 232 (450) 2 at 150 minutes 2 7 at 16
30 Jan '85 232 (450) 2 at 150 minutes 2 4 at 15
30 Jan '85 213 (425) Il at 15C minutes <2 1 at 1
3] Jan'85 218 {425) 1 at 150 minutes <2 5 at |
31 Jan'85 218 (425; 1 at 150 minutes <2 4 at 1
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fuel is, however, somewhat zlectrically conductive. Auger spectrometer evalua-
tion is being performed to determine which constituent of the deposit is degrading
its insula:ing properties. The deposit also has an unusual visual appearance when
examined in the lightbox used for JFTOT visual evaluation. The deposit showed a
blue coloration with a powdery material on the surface which was removed by
lightly rubbing the surface. Work is continuing within the dielectric test develop-

ment program to determine the cause of the unusual appearance.

The results from both the injector fouling bench test and the CLR-D hot engine
test indicate that the Navy Base Test Fuel (AL-13279-F) is stable to thermal
oxidation, since all the various rating methods show relatively low amounts of the

lacquer -like deposit formation.

Results from the Jet Fuel Thermal Oxidation Tester show that the fuels' thermal
stability decreased during the siorage period since breakpoint temperature dc-
creased over the 9-month period. The fuels' instability may be more pronounced
than was indicated by the above evaluations since the ratings are dependent on
lacquer-like deposit formation and the test results are not necessarily affected by
particulate formation. The JFTOT tests did detect significant pressure rise from
particulate plugging of the filter screen during the later months of storage, and it
must be concluded that the thermal instability of this fuel manifests itself as both

lacquer-like deposit formation and particulate formation.

Summary of IFBT Development--In summary, injecter nozzle rating methodology

has been developed for the IFBT Bosch and Detroit Diesel injectors. The Bosch

injectors are rated for pop-off pressure before and after test, and nozzle hole flow

rating betore and after test. The DD unit injectors are rated for injector pressure,

fuel flow rave, leak down, and nozzle hole flow rating, all before and after test.

The nozzle flow rating apparatus constructed was based or ISO standard 4010-
. 1977(E).

The injector fouling bench test methodology needs to be expanded to cover higner
temperatiures and should be correlated with engine tests covering a wider tempera-
ture range than did the CLR-D hot engine test. An air-cocled iest engine now in

operation for lubricant development meets this requirem=znt. The injectors in the
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air-cooled engire are very similar in appearance to that of the CLR-D. A broader

. fuel matrix covering very unstable diesel fuel (including fiuid catalytically cracked
R light cycle oil) should be employed to provide a large data matrix capable of being

o, "
:g correlated to JFTOT-type test results employing not only visual rating methods but

:; e :' more importantly, both TDR Spun Rating and dielectric strength breakdown

. voltage for quantitation. Fuel test flow rate, temperature, test surface

‘ : metallurgy, and fue!l additive effects must be included in this evaluation.
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8 ' ﬁ IV. D 324] JFTOT APPLICATION TO DIESEL FUEL

:: IR A. Measuring Thickness and Volume of Varnish-Like Fuel Deposits Via Dielectric

i;_ L :ﬁ Strength

IR

LA g

' 1.  Background

et N

: "‘ Many approaches have been evaluated for measurement of thermal oxidation-

g _; derived varnish-like fuel deposits. The JFTOT (ASTM D 324:) visual rating, using a 3
e lightbex with color standards, is the most commonly used method. While this visual

.:: O rating method is suitable for go/no-go evaluation of fuel deposits, in most cases, it

does have several inherent limitations. The rating scale has a very narrow dypamic
range since a deposit can only be rated into one of six categories (0, 1, 2, 3, 4, 4+).
The results are somewhat subjective, since each operator assigns the rating based

on his individual perception of "best match" to the color standards. Abnormal and

peacock (rainbow colored) deposits are rated as such. Color is not necessarily a

A,
P

good guide to deposit quantitation since a thin dark-colored deposit cculd be rated

ISP A
g

the same as a thicker but lighter colored deposit. Deposits with a matte surface

can also appear darker than glossy surface deposits when compared visually. The

S
-

SREADEL

greatest lirmitation of the visual rating is its inability to define actual thickness,
volume, or mass of the deposit. Without at least one of these pararneters being

defined, it is almost impossible to determine activation energies or reaction rate

L

information. A plot of reaction rate and activation energy would, if obtainable,
allow much better judgments to be made as to the fuel's thermal-depositing
potential or suitability for a particular application. This iiiformation would also be
invaluable in studies of reaction mechanisms within the research !aboratory

environment.
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To overcome some of the limitations in visual rating, a photo-optical measuring
device known as the MARK 3A and MARK 9 Tube Deposits Rater (TDR) was
produced by Alcor. The TDR eliminates the problem of operator subjectivity in
color matching to the standards, and it allows a much wider rating scale of 0 to 50
measurement units. The TDR does not overcome any of the other problems
common to visual rating such as the effects of deposit color or texture, and the

TDR is incapable of directly producing deposit thickness, volume, or mass data.

In a 1973 report, it was noted that the light reflectance method for rating tube
deposits was found to be more precise than the visual method.(10) Although there
is a general relationship between the two rating methods, they are not exactly
interchangeable. The visual rating method and the Alcor MARK 8A Tube Deposit
Rater (TDR) were compared to each other and to measuremernts of the deposit
thickness using an Auger Electron Spectrometer lon Gun milling technique in a
1975 report.{l1) Both the visual rating method and the MARK 8A TDR were found
to correlate with deposit thickness measurements to a limited degree. Deposits
that have a spectrum of colors (i.e., peacock or rainbow-type deposits) were found
to be considerably thicker (one to three orders of magnitude) than Code 3 deposits.
Calibration of the ijon gun technique using carbon films provided a conversion
factor of 0.028 angstroms/microamp seconds to calculate deposit thickness, i.e.,
thickness = 0.028 (milling rate in microamps) (milling time in seconds) for normal
deposits, a Code 3 visual rating amounted to approximately 80 to 180 angstroms.
Peacock deposits were found to be very thick, ranging as high as several thousand
angstroms. For normal deposits, a Code 3 visual rating was equivalent to a TDR

rating of about 17 or 18, ignoring peacock deposits.

The usefulness of TDR ratings for determining the activation energy of JP-5 fuels

was demonstrated in a recent report.(12)

In 1977, Rolls Royce Ltd. (at Bristol, United Kingdom) investigated a burn-off
technique for the measurement of the total carbonaceous material on a JFTOT
tube.(13) Esso Research Center (Abingdon, England) extended the sensitivity of
this method by developing tube-cleaning techniques and immproved detection for
measuring carbon dioxide in conjunction with Rolls Royce Ltd. in a recent

report.(14) Deposit weights ranging frorn 40 to 250 ug of carbon are reported for
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three fuels for which activation energies were calculated. The weight of carbon

.:?" 1 measured at the JFTOT breakpoint temperatures (Code 3 inception temperature)
"—' | was found to be 40 and 70 ug for two different fuels. No correlation could be
2‘- obtained between deposit weight and maximum TDR ratings, or integrated values
‘;: of TDR response over the deposit area; however, for any given fuel, it was found
RSt that the weight of carbon and the maximum TDR values increased directionally

b
-

with JFTOT test temperature. An approximate deposit thickness of 7500 ang-

b » §
.

stroms was calculated based on a nominal weight of 10C ug of carbon deposited

over a 20-mm length of JFTOT tube, assuming a density of 0.7 g/mL. Similar work

rd

e done at Shell Research Ltd. using carbon burnoff pointed out two major drawbacks:
= the precision of the technique was stated to be poor and the burning off of the
‘ﬁ ; carbonaceous material present on new tubes tended to reduce the amount of
ﬁs.: . g material subsequently deposited during a test.(15) Rating tube deposits by carbon

content, rather than the standard visual rating, did not improve the correlation
between JFTOT and single-tube heat-transfer rig tests. Using carbon content, it
was shown that fuel performance in the JFTOT is dependent on both tlow rate and
tube metallurgy. The fuel flow rate in the JFTOT and the use of aluminum test
tubes could contribute to the poor correlation between the JFTOT and the "more

reliable" test rigs that utilize higher flow rates and stainless steel test sections.(15)
To overcome some of the problems associated with the optical rating approaches, a
new method of evaluating deposits has been developed using dielectric strength of

tube deposits as a method for quantitation of these deposits.

2. Dielectric Strength Test Method

While investigating electrical resistivity as a possible approach to evaluating
JFTOT fuel deposits, it was determined that the deposits behaved as an excellent
electrical insulator. It appeared that this insulating property could potentially be
explored as a means of measuring the deposit thickness as a function of the voltage -
required to "breck down™ the insulating property of the deposits. A bench test rig
was assembied from available components for limited initial testing to determine
the feasibility of this approach. The bench test rig consisted of a variable DC
power supply covering the 0- to 550 volt range. The negative lead from the power

supply was attached to the JFTOT test tube by a clip at a clean end of the tube. A
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100K Q resistor was placed in a series between the power supply and the positive
lead to limit the maximum current flow; and to reduce potential shock hazard. The
positive lead was then attached to a 1/16-inch diameter stainless steel wire which
was mounted to a pi- °t. The stainless-steel wire served as an electrode which
couid be laid (perper iicular) across the JFTOT tube, in contact with the de,osit:
other spots could be checked by moving the electrode to another location on the
tube. Since the round stainless steel wire was laid across the deposit, perpendicu-
lar to the round tube, only a small contact area was produced. A voltmeter was
placed across the power supply, and a second voltmeter was placed across the 100K
Q resistor. Since no voltage would be detected as a voltage drop across the resistor
until current flows between the electrode and the JFTOT tube, voltage detected

across the resistor indicated break down of the deposit.

In operation, the power supply was set to 0 volts, the electrode placed across the
spot to be tested, and the voltage was slowly increased while observing the
voltmeter attached across the 100K @ resistor. This meter would continue to read
0 volts regardless of actual voltage being applied to the deposit, until dielectric
break down of the deposit occurs and current begins to flow. At that point, the
meter jumps up scale and the power supply voltage which was required to break
down the deposit is recorded from the voltmeter attached acrcss the power supply.
The supply voltage is then returned to 0 volts, the electrode moved to the next

location, and the process repeated.

A group of used JFTOT tubes from a variety of previous tests was obtained; this
was a "blind" group of samples since test conditions and fuel types were unknown.
The tubes were visually rated for depcsit, then tested for deposit dielectric
strength. The dielectric tests produco.i results covering a surprisingly wide
dynamic range. Tubes with Code 1 or 2 ratings generally produced dielectric
readings ol 0 to 10 volts, Code 3 tubes from 10 to 20 volts, Code 4 from 20 volts to
approximately 400 volts and some tubes rated 4+ exceeded the limit of the power
supply at 550+ volts. Since increase in breakdown voltage for ar insulating
material is in direct linear proportion to its thickness, the dielectric evaluation
seemed to be resolving thickness variations covering two orders of magnitude.
Based on the encouraging results of this initial evaluation of the dielectric
technique, a natrix of JFTOT tests was defined to allow more detailed evaluation

of the dielectric technique.
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B. Measurement of Deposit Thickness by Metallurgical Cross-Sectioning of
Entrapped Diepos:t

1. Background

As discussed previously, a variety of indirect approaches to evaluate deposits ha.e
been evaluated by different investigatorc. These approaches include the visual
rating, TDR rating, Auger ion milling, determination of deposit carbon content, and
dielectric strength measurement. Since all of these approaches are indirect, and
all reiy on certain prior assumptions of the deposit's material properties nehavioi, a
more direct measurement approach was needed in order to calibrate the indirectly
measured values of the various techniques to the directly measured deposit
thickness. An approach was developed to allow entrapment of the deposit by
enshrouding it in nickel plating. The tube can then be ground and polished in cross-
section, and the deposit observed and measured at high magnification in an

electron microscope.

2. Electron Microscope !Measurement Technigue

An approach which allowed a more direct physical measurement of the deposit
thickness was to cut the test tube to remove the deposit's coated section, keeping
careiul record of the removed sections relative station locations and marking one
end of the section with a reference mark for circumferential orientation. The
section with the deposit intact was then cleaned by Freon washing, placed in a
vacuu 1 evaporation unit, and approximately 40 angstroms of silver was coated
onto the tube outer diameter (OD) surface to serve as an electrically conductive
film over the fuel deposits. The tube was then placed in an electrolytic nickel
plating bath and approximately 0.05 mm of plating was deposited onto the thin
silver coating. This process effectively trapped the tuel deposit between the
aluminum tube and the silver/nickel plate. The tube section was then encapsulated
in metallurgical mounting compound in an upright position to provide further
backing and support for the plating layer during grinding and polishing operations.
The location of the tubes circumferential reference mark was transferred to the
OD of the mount, and the mount's thickness was measured and recorded to allow
indexing to relative tube stations as the tube was ground down in increments to

reach the stations of interest. Rough grinding to reach a particular location of
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interest was done with 240 grit, followed by 400 and 600 grit. Polishing was then
performed using 6-micron diamond polish followed by l-micron diamond polish on
smooth nylon cloth covered polishing wheels. No further polishing was performed
as the desire in this case was to produce a relatively flat surface without the edge

rounding that can sometimes occur when polishing is continued using finer

abrasives on napped metallurgical polishing cloths.

b

{

f

|
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Following the polishing operation, the circumferential reference location was :

scribed onto the polished face of the mount near the OD of the polished tube i

section. Several plastic replicas were then taken of the polished surface using i

Bioden replicating film before the mount was ground further to reach the next i

region of interest. The plastic replicas were then prepared in the usual manner for f

transmission electron microscope (TEM) examinatien by coating the plastic from a \

shallow angle with palladium for contrast enhancement of surface texture, then :

ceating a carbon film evenly over the plastic to produce a carbon replica cof the '

plastic replica's surface. Thz tube OD size was too large to allow fitting the entire z

replica of the tube into the TEM, so the carbon/plastic replica was cut into four '

ar<-like quadrants ifor observation and the relative circumferential positions i

represented by each quadrant was recerded. The plastic replica was then dissolved !

away with sclvent, leaving the intact carbon replica which was recovered on a :

copper TEM grid and placed in the TEM for examination. The fuel deposit cculd be !

easily identified in most cases as a narrow textured band trapped between the f

aluminum tube and the silver/nickel plating when observed at magnifications of ’

10,000X or greater. Photographs taken at appropriate magnifications allow ,

thickness measurements to be taken directly from the photographs and the actual :

thickness determined by dividing the photograph's measured thickness by the *

magnification factor of the photographs. This technique worked quite well for fuel ‘

deposits that were > 1000 argstroms thick since the deposit thickness was relatively X
even over the observed field of view when this thickness of coating was observed.
Thinner fuel deposit layers (<1600 angstroms) could be observed in the microscope

but were more difficult to measure. The thinner deposits (<500 angstroms) were |

i

b

!

{

|

]

often irregular in thickness and in some cases discontinuous, making the determina-

tion of average thickness difficult.
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This measurement technique, while somewhat time consuming, is p- .oably the best
overall means of determining deposit thickness since it allows visualization of the
deposits and requires only that the TEM magnification ranges be properly cali-
brated. It is unsuitable for measuring tube deposits having visual ratings of Code 3

and lower, but can be used on Code 3 deposits if they are evenly distributed. Itis a

particularly useful approach if an Arrhenius-type plot of the deposit thickness
versus temperature is to be produced for a series of tests producing deposits of
Code 3 and greater. If the Arrhenius-type plot produces a linear slope, the line can
be extrapolated into the less than visual Code 3 thickness ranges with reasonable

expectations of accuracy.

Lo
e R L L, e e B e e e e A e

-

R ‘6

. »: The specimens can also be examined directly in a scanning electron microscope
e T (SEM} without the tedious replication steps inherent in TEM preparations. The SEM
LXg ..
“‘ - must, however, be capable of crisp image resolution up to 20,000X magnification,
" '-,‘; and backscatter detection is desirable to improve contrast between the crganic
by deposit and the metals.
KR
DA
LN . -
: C. Test Matrix

I. Purpose and Approach

To evaluate the dielectric method of deposit measurement and to allow comparison
of this method to other rating approaches, a fuel test matrix was established using
four primary fuels: Cat 1-H engine reference fuel, l-percent sulfur fuel (MIL-F-
46162), a commercial Jet A-!, and a diesel reference control fuel. Two secondary
fuel blends were also tested; Jet A-| spiked with 5 vol% tetralin and Jet A-] spiked

with tetralin and thiophene at 5 vol% each.

E
u,p‘-“, PV

The six fuels were each tested at five temperature ranges on the JFTOT tester (D

-

M
J
L
M
A
)
y

3241), giving a totai of 30 fuel/temperature variables. Each of the 30 test
conditions was run in triplicate so the total matrix involved testing and evaiuation
of 90 JFTOT tubes.

The triplicate testing of each test condition was performed for several reasons. It

allowed observation of the repeatability of results frem the triplicate tests, and if i
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some scatter were noted in the data, the averaging of results from the triplicate
tests could more closely approxirnate the norm for the test conditions. Having
tubes from triplicate tests also aliowed backup tubes to be available if problems

were encountered during evaluation of deposit using destructive evaluation tech-

niques (i.e,, sectioning, Auger ion milling, e1c.).

The five test ternperatures for each {uel were selected in an attempt to prcduce
one JFTOT test near the fuel's breakpoint {visual Code 3 inception temperature),

two tests below the breakpoint tenperature, and two tests above the breakpoint

temperature.

After testing, =ach of the 90 JFTOT tubes vas given a detailed evaluation by visual
rating method, TR rating method, and the dielectric breakdown method. Selected
tubes and locations were then sectioned and examined by electron microscope to
measure deposit thickness, and other locations were selected to allow limited
evajuation of Auger spectrometer/ion milling &s a means of determining deposit

th 16 kl’\ﬁqd-

To reduce any scatter that might be introducea due to surface finish variations of
the as-received aluininum JFTOT tubes, all the tubes were polished prior to testing
with l-micron diamond compound to produce a consistent surface finish. They
were then cleaned in an ultrasonic bath, rinsed with acetone, rinsed with heptane,
and dried. Tube indexing was indiscriminate after the JFTOT test for this matrix;
subsequent JFTOT tests used an indexing method which provided for a zero degree
scribe mark on th= end of test tube {facing the instruinent operator) or 180 degrees

from the face of the JFTOT instrument behind the test tube specimen,

2. Matrix Results and Comparison of Rating Techniques

a. General
The measurements data for thz 90 test tube matrix are providea in Appendir C.

The test temperatures selected to produce deposits of less than visual Code 5 were,
in some cases, too low since they produced no detectable deposit. The ranking of
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the four primary iuels by breakpoint temperature was consistent with expected
results. The l-percent sulfur dJdiesel fue! had the lowest breakpoint temperature,
followed by Cat 1-H, and the diesel control, with Jet A-l1 having the highest

breakpoint temperature,

The two secondary fuel blends of Jet A-1 spiked with tetralin or tetraiin plus
thiophene produced abnormal d2posits at lower testing temperatures {as opposed to
higher tes: temperatures) which made a fair comparison of the rating techniques
impossible. These abnormal deposits were not the normally encountered varnish-
like deposits, they appeared as a "light blue™ cr "peach-colored" deposit which
loosely adnered to the tube, and, in most cases, couid be removed by lightly wiping
the tube with a cioth. The presence of this abnormal deposit produced significantly
higher ratings with visual and TDR than were obtaired by dielectric. At higher
temperatures, these fuel blends produced normal varnish-like deposits which
affectsd visual, TDR. and dielectric ratings in the normal expected manner. Data
obtained from these fuels are included in Appendix C, but is not inciuded in the
following comparison of testing techniques due to the "abnormal!" nature of the

iower temperature deposits produced by these secondary spiked fuel blends.

b.  Dielectric Breakdown Method

Baseu on the data presented in Figure 27, for the l-percent suifur fuel at four
D 3241 test temperatures, one micrometer ol deposit thickness is shown to equate

to a dielectric strength breakdown voltage of appruximatety 350 volts.

A linear regression anaiysis was performed on the dielectric versus optical
thickness measurements of the l-percent sulfur reference fuel data. These 36 data
vaiues are listed in Table 24, The dielectric voltage measurements were cenverted
to micromeiers by dividing each value by 350 (see column A in Table 24). The

derived linear regression model for this set of data is as foilows:

Dielectric Thickness = {0.0004475) 1 {0.9774181 x Optical Thickness) .

A coefficient o determination (RZ}‘ egual to 0.9678 and a standard ervor of 0.04967

were calculated from this regression model.
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TABLE 24. DIELECTRIC BREAXDOWN VOLTAGE AND
OPTICAL THICKNESS MEASUREMENTS

Dielectric Breakdown* Optical Dielectric Breakdown* Optical
Thickness,;un Thickness, Thickness,um Thickness,
Volts A B um Volits A B 1m
7.6 0.022 0.023 0.06%* 250.4 0.715 0.766 0.68**
28.0 0.080 0.086 0.06%* 181.8 0.519 0.55€ 0.68%%
9.3 0.027 0.028 0.06%+ 244.0 0.697 0.746 0.73%*
‘ 25.4 0.073 0.078 0.06** (556.0 1.59 1.700 1.,90) %% *
2.6 0.007 0.008 0.00%#* 431.0  1.59 1.318 1.22%*
0.0 0.000 0.000 0.09%* 244.8  0.699 0.749 0.77*#
2.5 0.007 0.008 0.09%* 5.1 0.015 0.016 0.00
39.8 0.1i4 0.122 0.09%* 3.1 0.009 0.009 0.00
32.2 0.092 0.098 0.09%* 0.0 0.000 0.000 €.00
43.9 0.125 0.134 0.09%» 3.0 0.009 0.009 0.00
42.4 c.121 0.130 N.12x* 6.4 0.018 0.020 0.00
75.7 0.216 0.231 0.19%* 0.0 0.000 0.000 0.00
70.0 0.200 0.214 0.19%* 0.0 0.000 0.000 0.900
86.2 0.246 0.264 0.23%% 4.3  0.012 2.013 0.00
118.6 0.339 0.363 G.37%% 0.6 0.030 0.032 0.05
118.6 0.339 0.363 0.32%% 21.8 0.062 0.C67 0.05
105.2 0.301 0.322 0.32%% 12.4 0.035 0.038 ¢.00
32.8 0.09% 0.100 0.09%* 0.0 0.000 0.C00 0.00
12.7 0.036 0.039 0.05%* 0.6 0.000 0.000 0.00
47 .4 0.135 0.145 0.10%* 0.0 0.000 0.000 0.00
114.4 0.327 0.350 0.32%* 0.0 0.000 0.000 0.00
130.6 0.373 0.399 0.32%+ 5.6 0.016 0.017 0.00
103.7 0.296 0.317 0.32%* 5.7 0.0l6 0.017 ¢.ot
- 146.1 0.417 0.447 0.45%* 0.0 0.000 0.000 0.00
179.1 0.512 0.548 0.54%% 27.5 0.079 0.084 0.06
188.8 0.539 0.577 0.58*# 1.9 0.005 0.006 0.00
254.5 0.733 0.784 0.67** 5.2 0.015 0.016 0.0¢C
24,1 0.069 0.074 0.08%* 47.3  0.135 0.145 0.1
156.4 0.447 0.478 0.32%* 4.8 0.128 0.137 0.1
106.4 0.304 0.325 0.32%* 0.0 0.000 0.000 0.06
95.0 0.271 0.291 0.32%* 0.0 0.000 0.060 0.00
0.0 0.000 0.000 2.00 74.3  0.212 0.227 0.18
3.0 0.009 0.009 0.00 56.1 0.160 0.172 0.2
1.1 0.003 0.003 0.00 105.3 0.301 0.322 0.3
4.1 0.012 0.013 0.00 156.4 0.447 0.478 0.4
0.0 0.000 0.000 0.00 203.9 0.5%3 0.624 0.8
0.0 0.000 0.000 0.00 158.8 0.454 0.486 0.7
0.0 0.000 0.000 0.00 34.4 0.098 0.105 0.2
3.0 0.0i4 0.015 0.00 65.7 0.188 0.20! 0.2
0.0 0.600 0.000 0.00 106.3  0.287 0.307 0.3
53.1 0.152 0.162 0.0¢° 93.4 0.267 0.286 0.3
0.0 0.000 0.000 0.00 155.4  0O.444 0.475 0.5
3.6 0.010 0.011 0.05 235.1  0.815 0.872 0.7
9% .4 0.270 0.289 0.22 162.3  0.464 0.496 0.6
50.6 0.145 0.155 0.15 155.0 0.443 0.474 0.6

¥ A = Volts divided by 350; B = Volts divided by 327.
#% |-percent sulfur reference fuel.
*#% l_percent sulfur reference fuel; Upper limit of voltmeter - this data point was

deleted from regression analyses.
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FIGURE 27. DIELECTRIC STRENGTH BREAKDOWN YOLTAGE, VOLTS

In order to determine whether the dielectric and optical thickness measurements

are comparable in measuring the deposits on the test tubes for the l-percent sulfur

reference fuel data, one can test the derived parameter estimates of the linear

regression equation to determine if the slope is one and the intercept is zero (i.e.,

dielectric = optical measurement). From the results listed in Table 25, one would
accept the hypothesis that the intercept is zero (a= 0.97 level of significance) and
would reject the hypothesis that the slope is zero (a = 0.0001 level of significance).

However, to :est whether the siope is equal to one, the following test statistic can
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TABLE 25. LINEAR REGRESSION RESULTS

Parameter Standard t for Hy:
Variable Estimate Error Parameter - 0 Prob >lt|
Intercept 0.007426 0.00929% 0.790 0.4314
Optical Thickness 0.929164 0.024955 37.234 0.0001

be calculated using the derived parameter estimate for the slope and its standard

error:

t = Hypothesized Slope - Estimated Slope
Standard Error

R T e ——r— W -

- loo - 05977“181 - 0.7388930
0.0305613

Since the calculated t-value falls below the tabulated t-distribution value of a
2.0322 (evaluated at n-2=34 degrees of freedom and a/2 = 0.025 significance level
for a two-tailed test), the hypothesis that the slope = 1.0 is accepted at the 95
percent confidence level. Verifying the assumption that !| micrometer of deposit

i v

thickness is approximately equai to 35C dielectric strength breakdown volits for the

1-percent sulfur reference fuel data,

A linear regression analysis of all dielectric voltage and optical thickness data
generated in the program (Table 24) was performed to investigate the sensitivity
of the conversion factor of 350 (based on Figure 27 fcr the l-percent sulfur fuel}
when converting dielectric volts to micrometers. The results of the regression

analysis are listed in Table 26. The derived linear regression model for this set of

Bt K S TP ——

data is as follows:

Dielectric Thickness = (0.0067618) + (0.9208891 x Optical Thickness)
From the results listed in Table 26, one would accept the hypothesis that the

;
\
f
5
f
F
intercept is zero (a = 0.35 level of signiticance). To test whether the siope is equal i
:
y
¥
i
!
!

tc one, the following test statistic is used:
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TABLE 26. LINEAR REGRESSION RESULTS USING DIELECTRIC (MICROMETERS#*)
VERSUS OPTICAL THICKNESS MEASUREMENTS FOR AlLL DATA

Dependent Variable = Dielectric (micrometers)

Parameter Standard t for Hge
Variable Estimate Error Parameter = 0 Prob >t/
intercept 0.0067618 0.0072025 €.939 0.35044
Optical Thickness 0.5208891 0.0223030 41.290 0.0001

*Micrometers = Volts/350

- 1.0 - 0.9208851
0.0223030

= 3.5471

Since the calculated t-value falls above the tabulated t-distribution value of 1.988
(evaluated at n-2=87 degrees of freedom and a/2 = 0.025 significance level for a
two-tailed test), the hypothesis that the slope equals one is rejected at an a - 0.05
level of significance. Therefore, one can conclude that the slope of the regression
equation is not equal to one. Moreover, the dielectric thickness measurements

tend to be lower than the optical thickness measurements.
This conversion factor can be investigated by deriving a no-intercept linear
regression model for the entire fuel data listed in Table 24. The results of this

regression analysis are listed in Table 27, and the model is

Dielectric (volts) = 326.875 x Optical Thickness {micrometers)

TABLE 27. LINEAR REGRESSION RESULTS USING DIELECTRIC (VOLTS)
VERSUS OPTICAL THICKNESS MEASUREMERNTS

Dependent Variable = Dielectric (volts)

Parameter Standard t for Hgs
Variable Estimate Error Parameter = Prob > |1}
Optical Thickness 326.87513 6.103277 53.557 0.0001
60
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Thus, it appears that the best factor estimate is 327 for converting volts to
microns for the data in Table 24. Table 28 lists the results of the regression mode!
using the converted dielectric voltage measurements (dielectric (micrometers) =
dielectric (volts)/327). From the results in Table 28, one would accept the
hypothesis that the intercept is zero (a= 0.35 level of significance). To test
whether the slope is equal to one, the following test statistic can be evaluated:

¢ = 1.0 - 09856611 _ 0.6007

0.0233717

TABLE 28, LINEAR REGRESSION RESULTS FOR DIELECTRIC (MICROMETERS*)
VERSUS OPTICAL THICKNESS MEASUREMENTS FOR. ALL DATA

Dependent Variabie = Dielectric (micrometers)

Parameter Standard t for Hye
Yariable Estimae Error Parameter = 0 Prob >]t]
Intercept 0.0072374 0.0077092 0.939 0.350¢4
Optical Thickness 0.9856611 0.0233717 41.290 €.0001

Since the calculated t-vaiue falls below the tabulated t-distribution value of 1.988
{rn-2=87 degrees of {reedom and a/2 = 0,025 significance level for a two-tailed
test), the hypothesis that the slope is 1.0 is accepted at the 95..percent confidence

level.

Figure 28 illustrates the linear regression fit to the data using the parame’er
estimates in Table 28. It sheuld be noted that all the other data in this report
continues to use 350G volts cqual to one micrometer because the value is more
conservative and is hased on the large data set obtained for one test fuel at four

different JFTOT test temperatures,

The dielectric resuits from the four quadrants at each station location were
averaged to produce an average dielectric value around the tube for each station
location. The highest value thus ottained for each tube was defined ac the worst
case diclectric value for that tube and is indicavive of the maximum thickness

encountered around the tube at the various stations tested. The worst case vaiues
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NOTE: .

(1) DIELECTRIC THICKNESS =
'DIELECTRIC VOLT
327
1.0 b (2 DATA POINTS IN TABLE 24

1.2

k

DIELECTRIC THICKMNESS, MICROMETERS

A L [ Il L 1 1
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OPTICAL THICKNESS, MICROMETERS

FIGURE 28. LINEAP. REGRESSION FIT FOR DIELECTRIC THICKNESS
(MICROMETER) VERSUS OPTICAL THICKNESS MEASUREMENTS
FOR ALL FUEL DATA

for the triplicate tests were averaged to produce a dielectric breakdown voltage
representative of each temperature at which a fuel was tested. These worst case
averages for the various testing temperatures of the four primary fuels are
presented in Figure 29 as a plot of the natural log of dielectric voltage versus the

mverse of absolute teriperature.

The deposit thickness should be proportional 1o the product of reaction rate and
reaction time. Since the time is constant for all of the tests, the deposit thickness
should be directly proportional to the reaction rate. If the dielectric breakdown
voltage is a valid expression of deposit thickness, then the plots shown in Figure 29
should follow the Arrhenius relationship and produce straight lines. The fact that

the plots are linear, combined with the correlations shown between measured
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FIGURE 29. PLOT ILLUSTRATING REACTION RATES

thickness and dielectric thickness in Figure 27, indicate that dieleciric breakdown
voltage is a usable tool for determination of deposit thickness. Also provided in
Figure 29 are the calculated energy of activation values. The E5 values in Figure
29 are much higher than other reported values which range from 7 to 22
kcal/mode.(12,14)

Figure 20 represents the worst case average values for the same four fuels plotted
as breakdown voltage versus temperature in degrees C. The dotted line represents
the Code 3 breakpoint established for the fuels by visual rating. An interesting
observation can be made from this plot. 1f the voltages do represent thickness,
then a visual Code 3 deposit at 2040C (4000F) is actually three times thicker than a
visual Code 3 ai 232°C (450°F) and nine times thicker than a Code 3 at 2669C

(5100F). This, if true, could be due to the deposit forming with a darker cojoration
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at the higher test temperatur.s which would result in more severe visual rating for
a given thickness. More extensive testing would be required 1o determine .f this
observation shows a trend toward more severe visual ratings as temperature is

increased, or if the pat..rn is just an anomaly of this particular data set.

The major advantage of the dielectric breakdown approach to deposit evaluation is
the ability to quantitate results. For any homogenous insulating material, the
changes detected ir breakdown voltage are directly proportional te changes in
thickness. Thus, a doubling ot voltage when comparing one area to another
indicates that the hicher voltage zone is twice the thickness of the lower voltage
zone. All testing done to date indicates that "normal appearing" varnish/lacquer-
like deposits and "peacock” deposits can be quantitated using dielectric breakdown
techniques. Based on the data presented in Figure 27, for the |-percent sulfur fuel
at four D 3241 test temperaturzs, one micrometer >f deposit thickness equates to a
dielectric strength breakdown voltage of approximately 350 volts. Since thickness
can be evaluated by this technique, it is also possible to determine approximate
volume of deposits on the JFTOT tube if thickness has beer measured at a

sutficient number of points on the tube.
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To determine volume of deposit for the tubes in this test matrix, longitudinal

T fovet

T

traverses were made along each tube, taking a voltage reading every 2 miilimeters

S
; ! o along the length (Appendix C). Four individual traverses were made, rotating the
ﬁ, &: tube 90 degrees each time a traverse was completed. This gave thickness
3:: 0‘; information representing four quadrants around the tubes' circumference. It is
’ f‘k . impeortant to generate thickness information from at least these four locations
';1 ) around the tube since the deposit is sometimes thicker on cne side ¢f a tube, and
b : -."' ) the thickness distribution around the tube must be known to calculate volume.
‘ : E::‘ Table 29 summarizes volumes of deposit calculated for all JFTOT tubes in the
matrix which produced detectable amounts of deposit. The method used to
' SRS calculate the volumes of deposit is explained in Appendix D. The volumes listed
;;‘ under each individual quadrant in Table 29 represent the deposit volume that would
§. ‘;~ be calculated if only the one quadrant had been measured and even distribution
Cf. . 'f arcund the tube was assumed. The volumes listed under "average" in Table 29 were
}, . ‘ calculated based on average thickness for the four quadrants at each 2-mm station
'“ ¥ ‘._, and are thus a more accurate presentation of total volume present on the tube.
J . ﬂj' This table illustrates not only the expected increase of deposit volume as test
v 3 *emperatures are increased for each fuel, but also shows the variations in deposit

formed in each quadrant, as well as variations that were encountered between the
triplicate tests at each temperature. Similar variations between triplicate tests
were noted by visual rating and TDR rating. The cause of this occasional variation
in triplicate tests is unknown. (Note: D 324! repeatability and reproducibility data

are not available.)

Figure 31 is a plov or the average thickness by breakdown voltage at each 2-mm
station, and TDR spun rating down the length of the test tube (Number 5247T) at
cach z-myn station for the | percent sulfur test tuel run by D 32461 at 218°C
(4259F ) Aidso provided in Figure 31 1s the visual code rating at each 2-mm station.
Figure 33 visually compares the average geposit thickness at each Z-mm station as
an arca piot o the plot of the dielectric strength breakdown voltage at each 2-mm
station in each of the Jour quadranus given by angles in degrees, l.e., 09, 90°, 1809,
and 2709 This three-dinmensional plot s informative in showing the deposit

thickness variation around (he test tube and down the lengzth of The test tube,

Plots sirnilar to Figure 32 are provided in Appendixn D at selected 1) 3261 test

temperatures for all six of the test matrix fue s,
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TABLE 29. VOLUME OF DEPOSIT BASED ON DIELECTRIC
STRENGTH BREAKDOWN YOLTAGE

Vieual

D 3241 Test Code Calculated Volume of Daposit, ca’ x 107/ #
Puel Code Tamparaturs,*C (°F) Test No. Rating 0° 90° 180° 270° Average
1% Sulfur (AL-13€19-~F) 177 {(350) 5131 4] 18 11 18 25 18
177 (350) S15T o 1] o [} 1] 0
177 (350) 521J 0 8 16 k} 24 Lgnn
204 (400) 50 3» 138 122 121 176 138%%
204 (400) 512J 3 160 166 128 199 163 .
204 (400) $14J ki4 202 RN 191 173 168
Z18 (425) 5047 >3p 496 582 324 561 498
218 (42%) 5199 >3p 582 608 510 576 569
218 (423) S24T »3P 503 416 S0% 510 48Ynw
232 {450) 5021 4 658 710 774 701 711 M
232 {450) 51771 4 1089 1130 1062 1354 1159
232 (450) 5201 4 923 1007 950 1188 1022%%
260 (500) 5187 >4 3033 3467 3592 2755 3268w
260 (500} 501 >4 3218 3337 3563 3386 3377
269 (500) 516 >4 2072 2429 2065 1536 2030
Cat 1-H (AL~13618-F) 204 (400) 4960 0 11 o 1 7 5
204 (400) 505J [} 18 3 9 16 12
204 (400) 508J 0 2 3 13 & L]
218 (425) 4957 »2p 19 8 3l 42 25
218 (425) 506T >2 12 54 15 25 26%%
218 (425) s07T >2 51 45 44 52 48
232 (450) 4911 3 36 20 59 25 35
232 (450) 498T 3 44 35 40 40 410
232 (450) £11 3 30 40 71 88 58
260 (500) 4941 >4 83 86 135 91 99
260 (500) 509 > 112 91 109 242 139
260 (500) 510T %P 04 115 177 121 128w
274 (525) 497) >4p 143 227 179 284 218%%
274 (525) 4991 *>%P 171 338 310 244 266 "
274 (525) 500T >4P 195 150 198 297 2158
Dissel Control 274 (525) 1 >) 32 21 52 39 36
{AL~13630-F) 274 (525) 2 >3 8 43 15 3g 2694 .
274 (525) 3 >3 3l S 8 13 14
288 (550) 1 4 176 325 207 117 206%*
288 (530) 2 4 188 225 159 202 19
288 (550 3 4 249 275 262 229 254
Jat A-l (AL~13623-T) 281 (5333 S31J >3 4 8 5 2 5
281 (538) 532T » 2 1 4 4 kLA
281 (538} 533J T 2 1 2 1 1
288 (550) $26T >4 i3 -] S 14 9
288 (550) 5281 >4 25 11 30 12 20
238 (550) 5383 >4 8 26 24 10 174
302 (57%) S34T >4 714 124 142 66% 717
302 (575) 33 5T >4 $17 493 488 659 539
302 (S575) 516 >4 454 596 616 61 S75an
Jet A-1 + Tetralin 288 (3550) 433 >4 214 214 214 231 2194
(AL~-13633-1) 288 (55G) 5447 >4 255 115 238 252 218
1d8 (550) 5501 >4 241 243 193 297 242
Jat A-1 ¢+ Tetrslin 260 (500) 3647 1 1 Q 11 6 Sha
+ Thiophens 260 (500) 571t 1 0 [} 0 0 Q0 -
(AL~13836-T) 200 (500) $713T 1 0 Q 0 0 0
274 (525) 565 >2 60 21 T4 111 67
T4 {575) S7al >2p 13 14 15 62 260
281 (538) Sé66J 3¢ 182 132 117 113 136w%
281 (538) 56/1 » /6 143 19 108 205 M
281 (538) 578t r &l 86 11 104 78
188 (5%0) 5T5T »3 319 341 343 134 336
288 (550) 5761 >3 302 296 263 87 282
288 (550) 5713 >} 226 321 33t 166 2878
302 (%7%) 56 8T 4 800 649 781 710 7358
3102 (4W79%) 5631 4 1226 9% 816 709 937
302 (57%) s7ar 4 847 1089 759 677 8Ire

¥ dlrect calculaticn by wathod in ippendix D. Other valuea detarmiped by aultiplylng 0.%7 tlmes the total
breakdowi voltage (sum of voltage readings st 1S eamch 2-wma station).
*“Based on thicknsas ssasured ot l-am station in each quadrant and average thickness at each 2-am statisn.
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FIGURE 31. D 3241 TEST TUBE FOR 1% SULFUR: 218°C
(3259F) (TUBE NUMBER 524T)

voltage at each 2-mm station (from Appendix D), Figure 33 demonstruies the
definition of JFTOT breakpoint temperature based on selected deposit voy oue
’ lirnits of 50, 100, and 200 cm3 X 10-7. Also shown for comparison in Figure 33 are
the approximate breakpoint temperatures based on visual Code 2 inception

1
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!
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Using the calcualated deposit velumes based on average dieiectric breakdown I
[

|

I

|

|

!

temperature. 1
{

Ce Visual Rating

Little can be said cf the rzsuits vhtained by visual rating except that the deposits .

formed for each fuel were, as expected, more severe as testing temperature was
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increased. This is illustrated in Figure 34 as a plot of visuval rating versus test

temperature for the four primary test fuels. The narrow dynamic range of the

A5 % 1% SULFUR
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D
z 308
& f
(-4
= st
[+
S
S 20
S ;
2 15 :
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TEST TEMPERATURE, °C

FIGURE 34. VISUAL RATING VERSUS TEST TEMPERATURE

visual technique and the inatility to quantitate variations between the steps of the
rating scale precluded attempts at establishing definitive correlations between
visual rating and the other techniques, These same problems of range and
resolution prevented the presentation of visual test data as an Arrhenius-type
reaction rate plot. Another serious limitation of the visual rating approach was its

inability to rate "peacock"-type deposits which are frequently encountered when

testing diesel fuels.

d. Thermal Deposit Rater

Results obtained by Thermal Deposit Rating (TDR) for the four primary fuels are

{E shown in Figure 35 as a plot of TDR rating units versus test temperature for each
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FIGURE 35. HIGIIEST SPUN RATING (AVERAGE 3 TUBES)
VERSUS TEST TEMPERATURE

of the fuels. In general, the deposit rating for each fuel became more severe as
testing temperature was increased. An exception to this expected trend occurred
with the I+t A-l fuel. A TDR rating oi 7 at 260°C (500°F) decreased to a 2 TDR
rating at 2/4°C {525%F), then increased to 7 again at 281°C (5339F). Considerable
scatter exists in both the visual rating and the TDR rating of the triplicate tests
with Jet A-1 at those testing temperatures. The dielectric method showed no
appreciable deposits on the Jet A-i tubes until 2 temperature of 288°C (550°F) was
reached.

The TDR rating scale is nonlinear with its greatest sensitivity in the 0- to 10 scale

unit range. Sensitivity decreases considerably as higher value numbers are

oblained. .
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e. Auger Spectrometer/lon Milling

Selectea locations on a limited number of tubes from the test matrix were
analyzed using Auger spectrometer/ion miiling as a means of determining deposit
thickness. Elemental concentrations of carbon, oxygen, and aluminum were plotted
against time, while ion milling was being performed on the deposit. The Auger
spectrometer is sensitive only to elements present on the extreme surface of the
material being analyzed, so any increase of detected aluminum was used as an
indication that the fuel deposit had been miiled through. The time required to mill
away the deposit was recorded. Two different milling rates were evaluated. The
first milling rate was approximately 50 microamps/cmz. This speed proved to be
urrealistically slow for thicker deposit analysis, so the rate was increased to 125

. 2
microamps/cm®.

When Auger milling time was plotted against dielectric breakdown voltages for
each location, a reasonable correlation for both milling rates was estabiished for
milling times of up to 50 minutes. As shown in Figure 36, the 50 microamp per

<
454

ki3 3
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ION MILLING TIME, MIN

15

10}
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© 125 MICROAMP/(CM?) MILLING

A A A ke i i 1. [l 'y .

0 20 40 S0 80 100 120 140 160 190 200 720 240
DIELECTRIC BREAKDQWN, VOLTS

FIGURE 36. DIELECTRIC BREAKDOWN VOLTAGE VERSUS
AUGER ION MILLING TIME
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cmz rate indicates a linear removal rate, but insufficient data points were
generated to confirm this linearity. The plot for 125-microamp per cm2 milling
rate shows good linearity for the six points on its plot. if the dielectric voltages
are converted to thickness values based on 356 volts = | micrometer of thickness,
the slope of the line for 125 micrcamps per cm2 indicates a removal rate of 0.014%
micrometer per minute of ion milling time. Two data points involving deposits
which required over 2 hours to mill through are not presented in Figure 36. These
two locations required considerably longer milling times than their dielectrically
determined thickness would predict. This may indicate that the plotted line for the
125-microamp per cm2 milling rate begins to deviate from linear response
somewhere between 50 minutes and 120 minutes of milling time. More data points
in this milling time range would be required to establish a definitive milling rate

for these thicker deposits.

f. Comparison of Techniques

None of the rating techniques evaluated is a panacea suitable for universal rating
of thermal oxidation deposits. Under certain conditions, each of the techniques
gives an inaccurate evaluation. The conditions that cause erroneous readings seem,
in most cases, to relate to the formation of "abnormal deposits" which are
distinctively different from the normal varnish-like deposit in coloration, and are
rasily differentiated from norma! deposits by an experienced rater. The peacock
deposits which are commonly formed when testing diesel fuels appear to be normal
deposits in nature. The peacock coloration is not a true color change in the deposit
itself, instead appearing to be an effect of light passing through layers of deposit

representing one-fourth wavelength multiples of the light's wavelength.

The visual rating approach, while suitable for go/no-go testing requirements based
on prior experience of fuel performance at various rating levels, is unsuitable for
research studies due to its narrow scale range, its subjective color matching, and
its inability to evaluate peacock deposits. Visual rating is, however, an excellent
approach for spotting the "abnormal" deposits which could cause errors in TDR or .

dielectric evaluations.
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The TDR spun rating method is an improvement over the visual rating in several
ways. It has a much broader scale range (0 to 50), is not subjective in nature, and
produces similar readings for different operators. The major weaknesses in the
TDR approach are that a thin dark deposit will be rated just as severely as a
thicker but more transparent deposit. Variations in tube surface finish can atfect
tube reflectivity introducing error in the reflected light measurement, and the 0-
to 50-scale of measuring units is nonlinear in response, with reduced sensitivity to
change as the numbers increase in value. These weaknesses make quantitation and

correlation of test results rather difficult.

The dielectric method shows considerable promise as a research tool for compari-
son of deposits. It is not as sensitive to very thin deposits as TDR, but shows
tremendous potential for evaluation of deposits in the range of visual Code 3 and
greater. The only way this method can produce significant errors is if the deposit
has unusual electrical properties as compared to normal deposits. Most depocits
with unusual electrical properties can be detected by comparing dielectric value to
TDR rating. The fact that a deposit produces very low dielectric values but high
TDR values is a strong indication that the deposit is not the normally encountered
varnish-like deposits which function well as electrical insulators and should thus be
classified as abnormal deposits. The major advantage of the dielectric method is

its ability to equate breakdown voltages to approximate thickness and volumes,

The Auger spectrometer/ion milling approach to thickness measurement appears,
from the limited data generated within this program, to have potentia! to evaluate
deposit thickness. This approach deserves further evaluation as it may prove %o be
the best method available for measuring and quantifying the relatively thin
deposits of visual Code 3 and less. The primary disadvantages to this approach is
that it requires access to a very costly insirument that may be unavailable to most
investigators, and the time required to check multiple locations by this approach

can become excessive.

- D. Kinetic Studies Utilizing Dielectric Method (Preliminary Application)

1. __B_q_ckgrogg_q

Preliminary testing was performed to illustrate the potential research applications

of the dielectric method to studies involving variables that can influence reaction
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mechanisms or kinetics. These tests were designed to evaluate the effects of

JFTOT tube alloy, test fuel flow rates, and additive hlends on deposit formation.

Personnel from SwRI's Robotics and Automation Section of the Electronic Systems
Division have designed and built a compact, portable protctype system to facilitate
gathering of breakdown voltage data from JFTOT tubes. This system is known as
the thermal stability Deposit Measuring Device, or DMD. In this system, JFTOT
tubes are inserted into a holder and secured by a thumb screw. The holder has
provisions for rotating the tube trom 0 to 360 degrees. A linear translation stage
holds a probe mechanism that can be positioned to an accuracy of G.1 mm over a
range of about 60 mm, the length of the JFTOT tube deposit region. Thus, the
probe can be pesitioned accurately at any point on the surface of a deposit on the
tube. A voltage ramp varying from 0 to 900V maximum is applied across a JFTOT
sample from electrical connections on the tube holder and the probe. Three
separate analog peak-voltage detectnr circuits monitor the voltage applied across
the sample. The ranges of the peak detectors arz 0 to 20V, 0 to 200V and 0 to
2000V. An "auto-ranging" control circuit selects the proper peak detector to
moniter and displays the output of that detecior on a digital voltage pane! meter.
At the point in time of dielectric breakcown of a deposit, the voltage across the
sample decreases sharply, approaching a short circuit condition. The peak detector
circuit, however, maintains the maximum voltage attained, which is the breakdown
voltage. Presently, these data are manually recerded. A single push button is used
to reset the system and initiate the next test. The DMD was used to generate all
dielectric data in this section of the report. The results of stainless vteel versus

aluminum JFTOT tube tests are included in Appendix E.

2. Effects of JFTOT Tube Alloy

Table 30 is a summary of test results obtain:d when three of the fuels used in the

test matrix of aluminum tubes were tested using stainless steel JFTOT tubes.

The Cat I-H fuel, when tested with stainless steel tubes, produced an abnormal
deposit with coleration ranging from white 0 blue or green tones. The fact that
this unusual deposit was produced on each of the triplicate tests with stainless

steel tubes Is strong evidence that the alloy has affected the character of the
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TABLE 30. COMPARISON OF YOLUME OF DEPOSIT, BASED ON
DIELECTRIC STRENGTH BREAKDOWN VOLTAGE, ON STAIN-
LESS STEEL HEATER TUBE AND ALUMINUM HEATER TUBE

Visual ) 3 -7
Tezgperg(ure, Test Code - Volu?e of De‘?osnicgn X 10
Fuei Code cen No. Rating 07 %0 130 2707 Average

Cat 1-H (AL-13618-F)

Stainless Steel Tube 232 (450) | 4 33 45 37 46 46
232 {450) 2 4 48 49 62 46 51
232 (450) 3 4 16 Wy 37 31 40

Aluminum Tube 232 (450) 493] 3 36 20 59 25 35
232 (450) 4987 3 44 35 40 40 41
232 (450) 5113 3 30 40 71 48 58

Jet A-1 + Tetralin

(AL-U(»JE_—LS

Stainiess Steel Tube 268 (515%) i 4 103 117 201 194 154
268 (515) 2 4 421 345 115 257 285
268 (515) 3 4 324 284 210 189 252

Aluminum Tube 268 {515) 54,1 2 0 0 0 0 0
268 {515) 548T 0 0 0 4] 0 0
2638 (515} 5511 2 0 0 Q 0 0

Zet pel s Tetralin s

Thiophene (AL-13636 T)

Stainless Steel Tuoe 281 (338) 1 >4 306G 3154 3213 2672 3025
281 (538) 2 >4 3346 3301 3384 3617 3412
281 (538) ) >4 1998 2107 2487 2398 2306

Aluminuin Tube 251 (538) 5661 ip 182 131 7z 113 136
281 (538) 56771 ip 176 143 194 308 205
281 (538) 5787 3p 47 38 71 L1o4 78

deposit since normal deposits were formed by this fuel with aluminum tubes.
Unfortunately, the abnormal rature of this deposit made it impossible to defini-
tively evajuate by any of the rating methods. The deposit appeared "thin" visually,
but the colors cculd not be properly matched to the visual color chart. TDR
indicated a higher scale reading when testing the stainless steel deposits, but it 1s
unknown if this is an effect of thickness or coloration. Dielectric evaluation
indicates, as shown in Table 30, that the deposits are nearly identical in volume
for both the stainless and aluminum tubes. This comparison technique is also
unsuitable in this case, since it is quite possible that the abnorrnai deposit on the
stainless steel tubes may have considerably different electrical properties than the
normal varnish-like deposit.  While quantification of alloy etfect could not
properly b~ performed with this fuel, the abnormal nature of the stairless steel

tube deposits does indicate that alloy effects are involved.
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The Jet A-l with tetralin fuel blend produced striking differences when tested
with stainless steel tubes. At the 268°C test temperature, no detectable deposit
was formed on the aluminum tubes. This was confirmed by all the evaluation
techniques. When tested with stainless steel tubes, the fuel formed a deposit
detected by all the methods. Dielectric method indicates the deposit volumes on

2 -
the stainless steel tuktes varied from 154 to 285 ¢m™ 10 7.

Jet A-l with tetralin and thiophene produced a normai-appearing deposit on both
the aluminum and stainless steel tubes. All techniques detected an increase in
deposits on stainless stee! tubes. Visual rating increased from Code 4 to> 4. The -
TDR rating increased from approximately 30 units to 50 units. In visual appear-
ance, the stainless steel tube deposits were obviously a considerably thicker
deposit than the aluminum tubes. However, neither optical rating method could
show the degree of deposition differences since the stainless steel tube deposits

were beyond the upper rating limits for these techniques.

The dielectric method was, however, able to easily resclve the magnitude of
difference between the deposits. As shown i Table 30, the deposit volumes on the
stainless steel tubes are from 10 to 20 times greater than the aluminum tube, This
supports the visual observation that the stainless steel tube deposits appeared to

be considerably thicker than the aluminum deposits. .

Tests of the elfects of stainless steel versus aluminum JFTOT tubes were also
performed using Jet A-l, diesel control, and l|-percent sulfur fuels. These tests
were run with single tubes rather than triplicate testing. These tests also showed a
consideranle increase in deposit volume formed when stainless steel tubes were
used. This is illustrated in Table 31, which suinmarizes the deposit volumes

detected by dielectric means.

TABLE 31. COMPARISON OF STAINLESS STEEL AND
ALUMINUM JFTOT TUBES

Aluminum _ Stainless Steel

Visual Deposi Visual Deposit

D 53241, Cede Voture, Code Volume,

Fue] Tested oC Rating  _cmJ x 107 Rating _cm3 x 107
Diesel Control 268 >4 71 >4 715
Jet A-j 281 >4 54 >h 1669
1% Sulfur Diesel 204 >4 25 >4 54
76
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: " \ 3. Effects of Additive and Flow Rate
:‘A To illustrate the potential of the dielectric method for evaluation of additive and
g;' flow rate effects, a small matrix of 10 aluminum tubes was tested. These tests
;: compared the deposit formation of Cat 1-H fuel and Cat 1-H fuel with additive
K . treatment (MIL-5-53021 (stabilizer only)}, at several flow rates and total test
a; S , times. The tesi results are summarized in Table 32, and data sheets are included
3y & . . .
OO in Appendix F. All 10 of the tests in this matrix were performed at 260°C (500°F).
b2 -
’ e *"' As shown in Table 32, flowing 450 mL of test fluid through the JFTOT tester at 4.5
_ ' mL/min for 100 minutes produced very little total deposit with neat or additive-
» e treated fuel. This is probably due to the short residence time of the fuel at this
L flow rate.
% Ly
X
3 o
o TABLE 32. EFFECTS OF ADDITIVE AND FLOW RATE
AR ‘ (All Tests at 260°C (500°F)
-7 ;‘e Cat 1-H Fuel With Additive
oL g Fuel Volumes Cat 1-H Fuel Volume % of Additive
i ‘,'i ' and Flow Deposit Volume, Deposit Volume, Treated Degosit
I Conditions cm3 x 10-7 cm3 x 10-7 . As Compared to Neat
. 450 mL Total
4.5 mL/min 91 95 100
100 min
450 mL Total
3 mL/min 3616 242 7
150 min
450 mL Total
1.5 mL/min 3938 18606 47
300 min
900 mL Total
3 mL/min 6794 841 12
300 min
900 mL Total
1.5 mL/min 5099 2951 38
600 min

-

When the flow rate was reduced to 3 mL/min for 150 minutes (ithe standard JFTOT

‘et

flow rate), a drastic increase in deposit volume was noted for the neat fuel with

-7 : . L \
3616 cn13 x 15 of deposit formation. The additive-treated fuel, under the same

L A
s

R

fiow conditions, produced only 7 percent of the deposition velume produced by the

&
e

neat fuel.

S
Pggl Mgy
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When flow rates were further reduced to 1.5 mL/min for 300 minutes, the deposit
volume produced by the neat fuel was very close to the volume produced at 3
mL/min. The additive-treated fuel, however, did not perform as well at the 1.5-
mL flow rate. While it still produced less deposit volume than the neat fuel (47
percent) at the 1.5 mL flow rate, the effectiveness was n' t as great as was noted

at 3-mL flow rate.

Tests were also performed with neat and additive-treated fuel using 900 inL of
test fluids at both 3-mL/min and 1.5-mL/min flow rates. Table 32 illustrates that
while the increased volumes of test fluid and longer testing times produced
increased deposits for both the neat fuel and additive-treated fuel, the reduction
of deposit volume with additive treatment was approximately the same percentage

encountered on the tests involving 450 mL of fluid volume.

Since measurable deposits were formed on all of the 10 tubes of this matrix, it was
decided to plot the number obtained by totaling the TDR ratings at each 2-mm
distance along the tube against the total volume obtained for each tube by the
dielectric method. Th.s v-~s done to determine if total of TDR ratings along a tube
can be correlated tc the (.'bosit volume by the dielectric method. As Figure 37
illustrates, the correlav.'n f~r these 10 tubes is quite good, which shows that total
TDR rating may be usable {for determination of deposit volume, at least within a

limited range. This should be further evaluated in any future testing prograrns.

1000 e

- [

-

800

500 |-

TCTAL OF TDR RATINGS
{EACH 2 mm OF TUBE LENGTH)
T

L 1 i 1 4 1 i

1000 2000 3000 4000 5000 6000 7000

VOLUME cM3 « 10 / BY DIELECTRIC METHOD

FIGURE 37. TOTAL OF TDR RATINGS VYERSUS VOLUME BY
DIELECTRIC METHOD
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;': Y. APPLICATION OF HOT LIQUID PROCESS SIMULATOR INSTRUL-

s MENTATION TO DIESEL FUEL THERMAL STABILITY

: ::' In the late 1960's, Alcor Inc. of San Antonio, TX designed a new method for testing
) ‘ ) . -

j R ::\ jet fuel fouling tendencies. The Jet Fuel Thermal Oxidation Tester or JFTOT,
' W became, and still is, a standard used worldwide.(10,16) Soor: after the introduction

of the JFTOT, several were parchased for high-temperature testing and research of

™

e
L

petroleum liquids. Although this work was promising (17), it soon became apparent
that the specific nature of the JFTOT test limited its usefulness for research. It

¥
T & ] y

was at this point that Alcor built a unit strictly for research, the Thermal Fouling

Tester (TFT). The TFT used the same basic principle as the JFTOT, i.e., resistive

>a
n

; ':. heating of a metai tube in « tul :-in-shell heat exchanger; however, the TFT
§ A eliminated the differential pressure measurement and added higher tempera-
Yoo I ture/pressure capabilities. With time, further variants of the TFT were built:
3 : 'j'-;_-. models with extended tube lengths, variable flow rate, heated systems, and some

with all of these features. The uliimate variant was the research JFTOT or
Thermal Oxidation Fouling Tester (TOFT). This unit had many of the {eatures of
the TFT's plus the addition of a high-pressure manometer. This unit was adopted
for AFQP testing and evaluation at Belvoir F&L Research Facility in the Army's

Mobility/Combat Fuels research program.

In 1982 (18) Alcor began design of a new research heat transfer system. The Hot
Liguid Process Simulator (HLPS) systein resulted from this effort., With the HLPS,
a recearcher has the JFTOT and TFT combined tn one modular system that can be

expanded or modified to fit any requirements,

A Hot Liquid Process Simulator (HLPS) purchased by Southwest Research Institute
from Alcor Inc. in 1984 became operational in June 1985 (see Figure 38). One of
the systems to which the HLPS can be configured (s in the representation of a fuel
injector system with the tube acting as the hot test surface. Before initiating this
work, it was felt necessary to first verify that the HLPS could provide standard
ASTM D 3241 type results. This would lend confidence to the data obtained where

no direct comparison could be made.
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Photo Source: ALCOR

Modifications
1. New temperaturc (tub2 current) control board assembly

. Line restrictor to limit pressure surges

. Pump size reduced

. New cooling bus bar

. Alternate method to determine changes in heat output
as a function of film thickness

I VS I 8

FIGURE 38. ILLUSTRATION OF HOT LIQUID PROCESS SIMULATOR

After more than a yecar of testing which included a significant number of
modifications and adjustments to the HLPS system, a final eva,uation of the

system was nade.

Tube temperature profiles for JFTOT, TOFT, and HLPS equipment were obtained
and compared to profiles listed In the ASTM D 3241 procedure, Three profiles
using a JFTOT apparatus (including one in which the water flow was intentionally

. R, . J o O .
reversed) and one using a TOFT unit, each at o 224 °C (435 F) set point were made,

The three JETOT tube temperature protiles repeated themselves within 5° vo 107F,

. . A Oy
however, o atiles between crpapmeene differed by as much g, 20 o 307F.
— ] Y

+

Variiuons be tweon JEFTOT and TOFT profites ana the 1Y 3241 tables were up to
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20°F using ne 224°C (435°F) set point (Figure 39). Values of the experimental
data varied from greater than to less than the tabulated values. The crossover was

at about location 40 on the JFTOT thermocouple position scale.

x REV. WATER FLOW (224°C)
+ 3/25/85 224°C
& 3/28/85 224°C
250 0O 3/28/85 (TOFT AT 224°C)
¢ STD 224°C
¢
wi
o
2
2 2004
o
(VY]
a
=
w
-
150 -
1% " 1, 3 i A |
0 10 20 30 40 50 60

THERMOCOQUPLE LOCATION

FIGURE 39. JFTOT DATA

Tube temperature profile data on the HLPS unit were taken at 218°C (425°F) and
260°C (500°F) after addition of a water-cooled member to the lower bus bar and a
conversion from digital to analog tube temperature control. These HLPS tube
profile data (Figure 40) were reasonably consistent with the standard profiles
detailed in the D 3241 procedure, Maximum variation from the standard was less

than ZOOF for both sets of data.

Consistency was obtained with both visual tube ratings and the spun tube ratings
obtained frura HLPS, TOFT, and JFTOT systems. Based on these findings, it was
concluded that the HLPS can duplicate the JFTOT apparatus in the ASTM D 324

test method.
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®

+

4 ASTM D 3241 PROFILE AT 218°C \
B HI.PS PROFILE AT 218°C

TEMPERATURE, °C
g
NN\
\ ~
A N
N AY
N N
“a
yd
v
e

100 L s - | 1
0 10 20 30 40
JFTOT STATION NO.

by o
]

FIGURE 40. COMPARISON OF HLPS AND STANDARD VALUES

For the first time, the measurement of inlet and outlet fuel temperatures was
examined closely. After 6 hours at 232°C  (450°F) using Cat 1-H {fuel, no
perceptible temperature changes occurred other than apparently random oscilla-
tions of | to 2 degrees, even though a significant deposit had formed on the tupe.
In determining if this was a real result, the configuration of the apparatus was
reviewed. Significant heat is conducted through the outer wall of the flow
chamber so that ambient conditions could affect the results of the experiment.
Also, location of the outlet temperature sensor is several millimeters downstream
from the end of the heated tube. This could also reflect measurable heat loss since
the fuel has to tlow through right angle couplings. A method by which the power
supplied to the tube can be measured is under consideration. This is potentially

much more accurate in measuring the thermal effects of deposit buildup.

A review of tuning an¢ electronic components of the HLPS with an Alcor

representative provided the tollowing informaticen:
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l.

2.

q.

The gain and proportional bands (PB) are related in that the gain
controls total power {current) available (via the SCR) to heuat the tube
while the PB indicates the percent of attenuated power being used.

Thus, to obtain a higher PB reading, the gain must be reduced.

The gain control regulates available SCR triggering from 4 to 28 ma in
the second of two control loops. Minor adjustments to the first loop

may be obtained using a front panel control.

Location of the gain control is next to and eitner above or behind the
bias control depending on whether tne ciccuit board is vertically or

horizontally mounted.

When lowering the gain control significantly, the PB should be reduced
to less than 50 percent using the keypads. If the gain still needs to be
reduced and the PB has gone over 90 percent, the keypad to reduce the

PB. All changes should be made in the manual mode.

The bias contro! is adjusted so that a zero volt cutput will be obtained

when "out 1" is a zero percent.

Normal settings are PB 80-90 percent, rate .01 (should be kept there),
reset 4.5. The latter controls the number of times per minute control

calculations are applied to adjust instrument conditions.

Calibration mode of the conirol module (bbtained by pressing the upper
right and lower left keypads simultaneously) will reset the EROM
(working memory) to the same conditions prescribed by the base

memory.

Data output units may be changed, e.g., from °F to °C by first pressing
sir: ultaneously the upper left and upper and lower right keypads of the
control module. Press the upper left keypad ur til the parameters to be
changed appear on the LED screen, then press the forward backward

keypads until the appropriate unit appears (C,F, etc.). Exit to the

33
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tuning mode by pressing the lower l2ft keypad. Remember that
numerical parameters must also be changed (e.g., upper limit 751%F
must be changed to £00°C).

9.  The thermocoupie (T. ) parameters may also be changed (°C to

» T
o in’ out
F) by removing the two face piates, changing the switch location

underneath and reversing the plates befece replacing them.

The effect of filter screen size on the AP values during IFTOT analysis was studied
for Cat 1-H. Filters having nominal pore sizes of 10 and 5 um were employed
(standard = 17 um). Temperatures between 400° and 530°F (204° and 260°C) (for
10-um filter) and 460° to 500°F (238° to 260°C) (for 5-um filter) were used for
five determinations each. The 10-ym filter showed significant AP at 480°F
(249°C) only. The 5-um filter yielded an excellent family of curves as shown in
Figure 41. [t is planned to continue experimentation to determine potential
correlation of injector fouling tendencies with HLPS systemn tests employing
> 3241 JFTOT test tubes, new rating methods, smaller pore-size screens (probably
5-10 pm), and fuel effluent rating (evaluation). In August 1985, HLPS operating

manuals were printed./]18)

1000
100%

AP, mm Hg

=

7
L

L 1 —d
iy 100 150
(END TEST

1

TIME, MINUTES

FIGURE %1. JFTOT ANALYSIS USING 5-MICROMETER TEST FILTERS
IN CAT I-H FUEL AT YARIOUS TEMPERATURES
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Vi. SUMMARY AND CONCLUSIONS

Experience ° - f~r with the Injector Fouling Bench Test (IFBT) using the CLR-D
injectors and the DD 6V-53T injectors suggest that this is a viable approach to
evaluate the deposit-forming tendencies of diesel fuels at elevated temperatures.
The CLR-D hot engine test injector evaluations are difficuit to reproduce on the
IFBT due to combustion products' (including lubricants) contribution to injector
tip/hole deposits. The injector tip hole plugging (fouling) in the engine tests (and
IFBT) is a very random event which is difficult to repeat. Depositioch on the
injector pintle and in the holes of the injector body tip should receive the major

evaluation emphasis as a function of injector fouling.

Fuel thermal instability products contributing to injector (internal and external) tip
deposits are complicated by both fuel combustion and lubricant <ombustion
phenomena. These "carbon residue" evaluations which contribute to injector and

nozzle fouling would be better evaluated in microburner residue tests.

Visual rating methods for both IFBT and JFTOT tests lack sufficient quantitation
and dynamic range to be very useful in evaluating the thermal stability of diesel
fuels. Air flow techniques for measuring injector hole deposition are being adopted
for further evaluation in future IFBT tests. Both TDR Spun and dielectric strength
breakdown voltage provide a better quantitative measure of pintle deposits and

JFTOT test tube deposits.
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VYIl. RECOMMENDATIONS

Effort in this program in the near term should be focused on an expanded data
matrix which would include very unstable fuels (including fluid catalytic cracked.-
light cycle oil) as well as the high-sulfur referee and Cat 1-H engine reference
fuels. Temperature severity in IFBT tests must cover a sufficient range and
duration for correlating with JFTOT-type tests. Engine testing, if done at all,
should utilize an air-cooled engine capable of operating over a range of injector
temperatures, both above and below that of the CLR-D hot engine test injector
temperature range. Test fuel flow regimes, test surface metailurgy, and fuei
additives should be important considerations in IFBT/JFTOT-type test correlations
leading to the recommendation for fuel specification test and test limit definition.

In the long term, both bench test and modified JFTOT-type testing need to be
expanded irom compression-ignition engine injector considerations to include the

ground turbine nozzle (in AGT-1500 engines) which utilize diesel fuels.

Limitation of the dielectric strength breakdown voltage technique for quantitating

high-temperature deposit needs to be explored and defined.
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1.0

CLR-D HOT TEST
Description

The CLR-D engine hot test was initiated to study lubrication mechanisms in
adiabatic or low heat reiection engines. The inavailability of an adiabatic
test engine resulted in the modification of a CLR-D engine to run uncooled.
Table A-1 describes the CLR-D engine:

TABLE A-1. CLR-D OIL TEST ENGINE

Configuration Direct Injection
Bore, cm (in) 9.65 (3.80)
Stroke, cm (in) 9.53(3.75)
Displacement, cm3 (in3) 696.5 (42.5)
Compression ratio 14.33:1
Valve Timing (IN) 5° BTC 10 38° B3C

(EX) 55° BBC to 20° ATC

Fuel injection system Bosch APE
Barrel and plunger 6 mm
Injector 4-hole

The water jacket around the cylinder was left ewmpiy, and the water
passages to the cylinder head were plugged. The cylinder head was cooled
with ethylene giyco: to keep the exhaust valve from burning. The cylinder
liner was instrumentea with 12 thermocouples, which ranged from top
center of upper ring travel to bottom center of upper ring travel, at four
positions 90 degrees circumferentially around the liner. Two of the
positions included the thrust and antithrust sides. The air-fuel ratio was
used to control the cylinder liner temperatures; however, this method
proved inadequate due to the thermal lag of the system. A machined
aluminum block was fitted with rod heaters and slipped around the cylinder

liner.
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2.0

3.0

A temperature controller was then used to control the cylinder liner

temperature at the net point.

Preparation for the Test

The injection system is thoroughly examined to insure proper injector
performance. The injectcr tip is rated clean with a TDR spun rating for
baseline data. The injector is assembled and the pop-off pressure is set at
2500 psi, and the spray pattern is examined for proper atomization. The
engine is assembled and the instrumentation calibrated. A positive displace-
ment m ter is attached to the crankcase to monitor blowby, to determine

the level of ring sticking.

Test Procedure

Table A-2 lists the test conditions for the CLR-D hot test:

TABLE A-2. TEST CONDITIONS

Test hours 40
Speed, rpm 2000
A/F ratio 30:1
Fuel flow, Ibs/hr 3:0

Head temp, °C (°F) 154 (310)
Liner temp, °c (OF), average 334 (633)
Oil temp, °C (°F), galley 132 (270)

The test is run for 40 hours or until poor injector perforinance is indicated
by increase in fuel consumption, loss of power, and increase in exhaust
temperature. The engine is operated 7 hours a day, with a haif hour warm-
up and cool down. Lubricant level is monitored closely due to high lubricant

consumption.
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INJECTOR FOULING BENCH TEST METHODOL OGY FOR
DIESEL FUEL THERMAL STABILITY

1.0 Scope

1.1  This methodology is being developed for evaluating the thermal oxidative
deposition/sticking and/or fouling tendencies (under accelerated test conditions) of

diesel injector.

1.2 This methodology will be used to determine the tendency of diesel fuel to

cause sticking and/or fouling of injector parts in service operation.

2.0 Apparatus

2.1 References

2.1.1 CLR-D Engine Manual

2.1.2 Detroit Diesel Series 53 Service Manual

2.1.3 Cummins P-T Injector System Manual

2.1.4 ISO 4010-1977 (E)

2.2 Injector Systems

2.2.1 The injector systermns used for IFBT evaluations represent the three most
common injection systems used in diesel engines. The three IFBT apparatus were

developed to examine the sensitivity of each unique injection system to fuel

therinal stability.

2.2.1.1  The CLR-D IFBT apparatus represents a jerk purnp-line-nozzle type of
injection system. The jerk pump meters and pressurizes the fuel, which is carried
to a remote nozzie by a high pressure line. All fuel recirculation ¢.° s in the jerk

pump and the bypassed fuel does not see high injector temperatur:
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The IFBT apparatus was designed to simulate the injector pintle deposition of the
CLR-D hot test engine. The apparatus is shown in Figure B-1. Thermal mapping of
the pintle in the CLR-D engine determined tne temperatures at which the injector

is controlled.

2.2.1.2 The IFBT Detroit Diese] (DD) apparatus was developed to determine the
injector deposition tendencies of the DD unit irjector. The unit injector contains
the metering/pressurizing assembly and nozzle in a single unit; thus the bypassed
fuel is exposed to high injector temperaturas. The interest in developing the DD
rig spawned from the high fuel return rates of the unit injector in which the fuel is
used to cool the injector in the cylinder head. The high recycle rate and the
additional thermal stressing of the fuel are considered important factors governing
the pintle deposition with the DD rig. Figure B-2 is a schematic of the Detroit

Ciese! test apparatus.

2.2.13 The IFBT Cummins apparatus was devcloped to examine the relative

deposition tendencies of the Cummins PT-fuel injection system. The PUV.-fuel

: :‘ system uses a low pressure/high volume pump to supply fuel to the injectors at a .
T Uy consfant pressure dependent on load. All metering occurs thrcugh an orifice in the

injector. When the injector plurger is lifted o#f its seat, all remaining unmetered

n F! fuzl is recirculated. The bypassed fuel is used to cool the injector, where it is

/ Z expozed to high temperatures. Figure B-3 depicts the Cummins IFBT apparatus.

.
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2.3 Preparation ior Test
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2.3.1 Prior to the test, the injectors for the resective bench test rigs are
exiryined, based on the [rocedures cutlined in their respective manuals, Additional
tests include a nezzle airflow check and a TDR spun rating for paseiire data of a

clean pintie/plunger. The test undergoes a battery of tests listed in Table B-1.

TABLE 8-1. FUEL TESTS

JFTOT Breakpoint
ASTM D 2276
ASTM D 2Z74
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2.4 Test Procedures

2.4.1 For each of the three IFAT rigs, 20 gallons of the test fuel is procured, The

injector rigs are operated at their respective conditions described in Table B-Z2.

TABLE B-2. IFBT OPERATIMNG CONDITIOMS

Bosch APE
Condition CLR-D Detroit Diesel Cummins
: Test hours 40 40 40
= Speed, rpm 1000 1000 1000
N Fuel flow, gal/hr 0.5 0.5 0.5
2 ’: Fuel pressure, psi - - 140
X Fuel spray temp, °C (°F) 288 (550) 204 (400) 204 (400)

After-test performance evaluations include the evaluations described in the
respective injector references, plus the air flow test for the determination of
nozzle hole plugging. Tne zir flow evaluation is a modification of the IS0 40i0-
1977 () standard.

Alsoc, following the completion of the test, the pintle/plungers are rated for
deposition by the methods listed in Table B-3 and compared <o their respective
defore-test measurements. Resuits are then listed in the respective wourk sheets

(Figure= B-4 through B-6).

TAEBLE B-3. iFBT DEPOSITION RATINGS

Visual CRC lacqer gemerit scale
TDR =pun rating
Dielectric breakdown

JFETOT visual rating scaie
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FIGURE B-4
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FIGURE B-5

CLR—D / BOSCH INJECTOR
IFBT INSPECTION WORKSHEET
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FIGURE B-6

DETROIT DIESEL N70 UNIT INJECTOR
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1% SULFUR REFEREE DIESEL AL-13619-F AT 204°C (300°F)--TEST 5423+

Tude MARK %  Visal
Statien e Distectric Strengeh, Voity TOR - Rytng Dhickneys Veawryment [
Dieleciric
® a0 se? 02 Averasps B SR . W e
0¥ [ [ 0 <] 0 ) ]
L] [} 0 0 Q 0 1 1)
06 ) 0 0 Q 0 t [
08 a "] 0 1] 1] i ]
e ] 0 '] 0 ] ] Q
(%4 0 Q 0 2 o 0 o
" 0 0 ] Q [ 0 @
16 0 0 ] 0 0 ! [+]
1] 0 L] v [+] Q ] 0
n ] v /] 2 9 { o
i ] ¢ Q 0 Q 1 4]
ri 0 [ a3 [} ] 3 (]
- % [ 0 0 0 [’ 6 1
8 L] 0 0 3.0 1.5 1 5
» 3.0 3.0 4.0 8.0 2.8 L3 &
n 0.6 6.0 2.9 4.0 7.7 L]
pLJ 10.0 .2 2.7 1.0 12.% 3 L]
¥% €8 2.2 1.8 2.1 I3.. 9 v8 (P}
b1 3 2.0 3.0 BN § 3. 292 12 Rt
80 .l 7.0 (3R] 30.8 3.2 15 A (P)
L4 4l.$ 26.) 12.6 5.0 32.6 13 24 (P)
L 1) 3.0 3.0 BRI ] .0 2. 13 >4 (P)
L) 2.0 .9 10.1 9.0 8.0 [{] 8 {P)
L] 12.0 7.9 23.y .. .4 13 L3
50 10 2.0 ¥%.0 3.0 0.7 3 L]
52 20.0 c 2.0 2.4 13.1 4 L]
b i.0 .o 4.0 9.0 6.3 10 L3
* 12.0 13,3 .2.0 2.0 7.2 i L3
38 0 0 o ] a L] L]
TOTAL 1.3 2%1.1 28,3 g6 36.6

*#3FTOT, D 3241
Change in Pressure Drop, mm of Hg: 0.5 at 159 min
Preheater Deposit Codes P
TDR Spun Deposit Rating: 15 at 40

1% SULFUR REFEREE DIESEL AL-13619-F AT 204°C (400°F)—TEST 5163+

Tube MARK 9 Visual
Station Drielectzic Strensih, Volty e TDR Rating Thickness Megpurgment
© . e A e wwe
02 9 0 o ) o ) 0
0% 1.8 0 1.7 @ 0.9 1 Q
06 2.3 0 0 11 0.9 0 0
bl ) bl a [\ 0 D a 1]
ic Q i} Q 9 0 Q bl
12 0 9 0 b ¢ 0 0
s 1.6 1 0 23 .3 @ 0
16 0 I 2.2 0 0.& 1] 0
[} ] 9 ] (] Q 0.4 bl ]
20 1] 0 1.0 2.4 (S o o
22 ] bl 9 3.9 a.v [ 0
24 0 il Q 3.7 0.% i ]
26 (3% ) a [ ] 0.3 2 b
1 ] n [ b 0.8 . 0
30 9.7 0 3 .7 b Y
»n 2. [ Tl 1%.2 3.0 1) .
3 10.2 9 4.9 16.9 1.0 L} .
3 26.% p) . 12.2 19.2 3 ‘.
3 £y, i 2.9 3.6 3.7 ’ L]
0 7 21.% ¥ 2 .G %0 i LN4 4]
~2 18,9 W I ) w i LU it L1 4]
" ¥ Q 8.2 IR} Lo M.t 1t NG
“% .7 v sy vy LA L] 8Py
%) 1.1 ) B Wl n.og ‘ .
A Wi v 39 % .2 7 * .
97 7. 2 N 6.1 %6 ’ "
" Foa i MY E 2N | X . ‘
bl 0.2 IRa | 1 L | (R 13 . ‘
3% 7. ot V2 T 1.9 FAl . ‘
TOTAL 13).% sl i LERT | MYy 198 Y ‘

*JFTOT, D 126} |
Change in Pressuce Drop, om of Hy: )
Preheater Deposit Code: P
TOR Spun Deposit Rating: Pe a2
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1% SULFUR REFEREE DIESEL AL-13619-F AT 212°C (€25°F)--TEST 3087+

Tube WARK ¥ Vijual
Statign Diglegiric Sgrength, Yoite Siten TOR Rayng Thickness Mea ks nent
S S e n® A L X we
02 ] 0 [} 0 [ 3 0
[ [ 0 0 ] 0 f 0
04 [ 4 N 0 0 0 ]
o0t [ 0 [ 0 0 0 0
10 0 ] . [ 0 0 0
12 [ 0 4 0 [ ] [
i e [ 0 0 9 9 [
16 Q [ 2.9 [ L9 v [
18 0 0 )8 2.9 1.6 9 0
n [ 0 37 i 2.0 ? [
43 3.7 2.4 0.0 2. 8.7 3 3
kAl .. 3.0 2.0 2.3 2.6 1" [}
2 0 3.3 16 3.0 1.8 10 » -
n n.e 13.0 13.3 3. 6.7 3 &
30 2.7 53.3 %7 v.6 w3 9 8 (P}
2 [ 9.2 [N 3.9 17.a 7 WP
w 2.5 4.7 wr.7 n.s LTI Y 16 (P
* 105.4 93.0 1 9.1 "y 1 (P :
e 9.2 83.4 ¥} 93,2 .9 18 a(e)
0 10€.% 91.0 1064 $7.2 100.3 19 (P
[} 142,0 0y.? 69,7 2.6 1.0 19 (P
[ 90.1 #7.0 .7 nz2.» 9.8 18 4 (P
v 8 108.% 7 65,5 0.3 17 8 (P)
" w9 163 35.4 §7.0 7.0 113 4 (P)
36 9.1 6.8 5.2 6.8 8.6 13 24 (P)
32 6.3 30,8 25.8 5.3 21,3 13 (P
3 .l A 101 %.4 w3 11 »8 (P)
36 3.2 3.2 194 *%.6 16.3 10 s
sk 1.9 1.3 7.3 [ %4 (%] 12 .
TOTAL 870.1 1621.0 637.0 %9, 1 LAY

*JFTOT, D 324l
Change in Pressure Drop, mm of Hg: iat 150 min
Preheater Deposit Cude: o3P
TDR Spun Deposit Rating: 19 at 42

1% SULFUR REFEREE DIESEL AL-13619-F AT 218°C (425%F)—TEST 5193+

Tube MARK ? Visual
Swation - Dhelectric Strength, Yoits _TDR_ Raumg _Thickness Mepsurzmant e
0 e w® me Avese e e we_ e
01 n 2] 0 ] o & n
0 6.1 ] [ [ [ ) 0
o .. 2.0 1.0 ] 6.1 2 9
% 5.0 .0 Q ] 2.y ? 3
0 [ n n ] 0.3 t ]
12 ] 9 4 1.0 1 ! b}
1% “.9 G ] .3 N 1 :
16 0 0 0 9 ] 1 0
¥ 5.0 8.6 9 (.9 iy 1 g}
0 9 2.0 Ve 2 Ly K 0
n 3.0 L | 2 6.0 9.2 13 )
2% 17.3 0 0 2.9 .8 23 L]
r3 (L] 3.0 L1 n.’ vy L3 "
23 v (LN LI 304 42y ] s (P)
3 (228 [N 1r.s W.? “i.6 0 “im
i 0.4 160, v 678 8.9 m.o 17 ‘4 (p) *
3 63,3 LN LRL] R 61.2 18 e
. .Y v3.0 ol i0:.8 1ny.3 1003 21 LRt
i 1) 0t.7 wy ! (YR .0 9y 22 CX{d]
‘0 16084 i .0 W ¥1.% ¢ s
22 16Y.0 .9 i3.7 iy, 9 9 2%
. tel.b PSS [ "o L LY 12 s (P}
a .y s sy (VO] Y Ny 4Py
" EL ) [UE) LI 3.2 (32 PRl LT
” (P Y 3 W0 hod (Y | 4 van
32 i2.0 L] [AM) AR [E 1 1y 1
» P IR noo .y .0 15 1
- Y0 [ ten vi.a ik 17 .
n Q 0 I 9 ‘ 22 »
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SIFTOT, D el

R . Change in Pressure Drop, mim of Hg: 4 at 130 mm
s Prehester Deposit Code: IR

Lo TOR Spun Deposit Rating: 2% at bu
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19 SULFu i REFEREE DIESEL AL-13619-F AT 218°C (825°F)--TEST 54T+

Tuker MARK ¢ Visual
Siaten. Olgtectric Soopathy Yolia SaleEe TLR layog e Thighneyy Megpurgmant
e A W pe
01 0 9 0 0 0 . )
o8 IR 0 2.0 0 L ] 9
[ 0 0 0 2.4 0.6 . 0
o [+ 2 0 9 0 ) 0
19 ] 3 L] 1] 0 ) 1]
17 0 1] o 1.3 0.7 ) 0
(L] Q b ] Ll ] 3 1]
146 L] 0 0 16 (8 4 0
13 L] 0 Q Ly 0.8 . Q
0 [} 0 0 3.8 0.7 ‘ [
n L] Q Q 1.9 3.3 7] 0
I 1% .2 4 1.3 2.1 Y 3 0 wm 0.0% um  00% um
26 . 3.8 20.0 %1 T.2 10.9 1 1]
» 2.0 1.2 n.1 IR i€.3 1 .
W .3 2.3 2.2 K] 3%.8 13 4P 09 um 203 um 0% m
32 2.1 n.e 1.4 .y LIS ] 2t > Py
» 50.3 W RN 10.0 .6 18 SAP) 00% um 012 um 012 um 019 um
Auger
¥ .6 0.9 1086 63.1 .3 " u(p)
" 106.0 100.0 3.4 9.6 1.2 20 -4 (@)
80 98.1 8.2 1.6 L3 100.% 0 SAP 028 wm 02 um OV um
Auger
L3 8.7 101.¢ 95.3 103.0 9%.3 20 ()
. 106. 9 3.2 8.6 193.2 9.1 ¥ 8 (@) 0.3 um 932 wm
5 7 7.3 100.3 1.3 6.0 17 Se(P) 08 um
Auger
L1} .0 t90.0 Te. 3 63,3 2 17 >4 {P)
0 as.7 8.0 5.1 %.) ».s 17 >4 (P)
b} 4.0 10.2 3.2 3.7 2.6 K2 a ()
1) 69 ¥%.% 7.2 3.9 .8 I» e (P)
36 2.0 .8 [ 3.6 0.2 12 .
33 n 7.0 5y 19.7 7.9 12 .
TOTAL 32,4 7:0.0 1563 8110 2.9

*IFTGT, D 3241
Change in Pressure Drop, mm of Hg: 2 at 130 min
Freheater Deposit Code: »Ip
TOR Spun Depesit Rating: 20 at 40

1% SULFUR REFEREE DIESEL AL-13619-F AT 232°C (450°F)--TEST 5027 *

Tishee MARK 9 Vixal
Station Dielectric_Strength, Yoits . TOR Rayng Thckngys Mepuwement
o N o o Bielectric ° o
L L. s Ao Averags e ¥ 29

uz 0 0 [ 0 0 2 9
3] 0 0 1 ] a i a2
06 0 0 1 ] L Q Q
a8 2} 9 2 2 9 ! 0
10 a 0 0 ] Q i 0
i2 9.6 0 t.0 0 2.7 i 2]
(L] Q ] 0 Q '] 1 2]
16 0 0 Q v a3 2 2]
18 n ) 13 0 9.3 L] ]
20 0 9 2.4 3.3 [ £ “
2 1.7 t.2 3.0 LI 2.3 ] .
2 9.3 9.7 1.6 3. LI 9 ce (P
26 10.2 Q . 0.3 1.2 t3 Su P
8 2. p Y] w.7 7.9 .S 16 -8 4p)
30 6.3 8.} .6 9.1 ot 2 R
32 21.3 76.) 103.7 LI 321.9 2 -4 (P
1L 7. N ’¢.0 100.3 2.7 7 ai{py
¥ V1 83,3 1.’ 3.t 5.9 30 ~% Py
b1} 1032 102.8 108 | 122.6 108.2 31 -8 (P}
L3 106.% 106, % 0. % t49.3 117.¢ L 3
*? 0w} .4 Leg. ) (21 is.3 £3 )
ob s 7.0 1068 112, 9.7 3] .
(1 1811 1873 (AR (R 17,2 w0 .
" " s Y 1r.a 6.3 L1e ¥ ) L3
i i00.¢ RN HR R o2 Y 0 \
b X210 .37 328 o U hed 1 A ]
1) 3 6 W 0oy 1" W [
M b LY I3 wol iy 26, ¥ ¥ 3
» IRy 720 I 283 [A3%3 % '

TUTAL [ARA NS [RADIE | ERS 2N WY IFLT

STETOT, B 326]
Change in Pressure Drop, inm of Mg 185 at 180 nan
Prene tver Deposit Code: 4
TR Spun Deposit Rating: 45 at 44
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1% SULFUR KEFEREE DESEL AL-isi\9-F AY 232°C (450°F)~TEST S177»

Tude MARK ¥ Visal
tatign, e e SVRARGAC oyt Vit TOR Pating TSRS Mepmearmt

s e fretos WL
a1 0 0 u 0 0 . [
[ o [ [ ] 0 2 9
06 0 " n 0 [ ? ]
os 0 [} ) a n ! [
10 0 9 v 0 b ! [
H [} 0 9 0 0 1 0
0 o [ o 8.0 1.0 t a
3 0 0 0 1.0 IR H 0
1e wr 1.0 EN .0 1.7 ) 0
10 v.0 1.0 2.1 1.0 L ) )
@ V.0 1 1.0 [} Ly 1 )
™ 2.0 ) 0.0 6.0 104 7 f .
2 1.0 2.0 10.0 72.% w.i 7 >8P}
n r.0 4.0 “.0 54.) “0.4 t6 Yo
w0 7.6 80 ¢ [T 9.1 7.0 u Su (P
3 [HNY 73.0 63.) 127 0 .7 n YN
» 0.y 10%.2 170.0 104.0 112.2 b4 Lo (P .
"3 1y.9 198,0 16,9 137.2 .7 » >4 {P)
1] 193.) 1389 139.0 .6 1.3 ) 4
3] 167.3 1230 176.9 4.9 197.0 a1 4
a2 5.8 126.3 2307 3.0 2i6.7 w“ 3
. 144.0 1.0 509 2%0.0 108.3 I3 3
¥ 1.3 156.7 HIR 164.¢ 1%6.0 o ‘
1] 3. 161.3 173.9 1280 133.9 3] [
0 9.0 2.8 130.9 02,1 [JUR] » .
52 163.0 106.2 01.8 125.9 1233 3] .
58 2.8 9a.0 20.9 120.8 6.6 » y
* %.6 s6.8 [ % LX) 3.9 23 )
] 120.¢ 4.9 . XY 61.7 7 2
TOTAL 1911.3 1982.7 1863.7 23734 09,3
*JFTOT, D 3241
Change in Pressure Drop, mr of Hg: 7 at 150 min
Preheater Deposit Code: 4
TDK Spun Deposit Ratings: 45 at 44
1% SULFUR REFEREE DIESEL AL-136'9-F AT 222°C (#50°F)—TEST 520T*»
tube MARK 9 Visua!
Station Qietectric Steeng:h, Voits TDR Rating Thickness ‘Asasurement
T i " e
02 0 u o 0 0 2 0
04 a 0 0 0 0 ! 2
23 0 ) n 0 [ ) o
08 0 3 0 ¢ 9 ! 9
10 ] [ 0 0 0 1 0
12 ) 0 o9 0 0.7 ! 0
13 q 0 0 o 0 1 0
16 0 0 0 0 5 H b
I 0 2 6.3 o 1.7 . [
20 0 0 0 1.4 0.3 1 9
1 .4 ° 0 20 1.2 i 3
I 2.3 ’2.8 1.7 5.9 .33 6 . 2.0 .m 205 um
6 8.8 Ay 2.5 1.8 1] HYE]
b4 %3 u’.a d 6.0 40.0 (6 > (9} 0.t2 .
30 74.2 2.9 83.7 0 w|.7 23 » 4 {P}
” .6 6.0 06+ 100.» 33.1 % e/}
I .3 Liv.s 1.6 tus.r TR 7] S8R DY wm 02 um 02 um 02 :
Auger
At3 11,8 19%.7 0.0 121.6 toe.? 1Y + 4P}
i 106.3 i6¥.3 ine.1 19).8 1340 40 . 0468
0 s 208 .4 196.7 Y. 6 08.0 ) “
[ %.6 179.t 186.8 29%6.1 HEN! s « 0.637 .m0 Ln 08 ,m  N&
Auger
" 189.0 i180.Y My.2 is.} N7 4 “
119 1.y 2138 3.3 2269 1283 119 &
[} IR 108 ] (72,4 B P I 1758 1.9 3 » ety m
N
bl ®r.Y fy.y [P ¥ 2.7 128 ¢ i} ]
¥ L ERLIN ] 4.0 0%, 1 6.0 iy +
) o L 6.3 6.0 Wl Rt »
34 ty LI A 6.2 221 Pl 1
b 1 L3} (] LI | 3.6 LI it ?
TOTAL Ry 2 IRV ] Tbed, § Pt R 122 LY

FIFTOT D AT T

) Change 11 Pressure Drop, mm of Mg: 47 at 1 0 man
F Preheater Deposit Code: 4
TOR Spun Deposit Rating: 45 at b
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1% SULFUR REFERLE DESEL AL-13619- AT 265°C (300F)--TEST 5017

Tube MARK ¢ Vo
Statign, o e RGN Meemany Vonts L IQR Raum sy Meamacgrmeny
A amt ' Rt L W
[} [ G a [1] ¢ o
Y 1 Q9 o LN 3 ) 3
[ 1.0 2.0 ] 1.0 2 o
o8 1. s 0 2.y 1 0
1o 7.1 Wi 0 (3% 1 0
1 3. 3.2 9 X} 3 0
16 .y t0.8 (LN} 7.0 0.y ’ [
1 .y . Ly 7.8 [N} 13 .
13 ¥%.7 13 N} 2.1 M. + s e (P
0 7.y ER ) (AN [EI) (] 18 Y]
2 62.% L) 20 LI 8¢ o] ra ()
" we.r . 8%.3 an.3 87,4 14 >naf)
) oy 19.0 1834 1%0.2 1533 » r (P
n s 10,3 FIR) 196} .9 al X
0 LI 126.6 .2 7.9 3.1 ) oI
” 8.0 500. 1 41,0 400.1 (X 0 )
» a2 5108 4632 3348 M. R "
13 %00.3 a7 301.4 U R (US| 90 .
n %00.9 N2 LTINS R 5.7.% 0 [
40 30%.7 HIPN Y 1 sy 1.2 .y )
L} [PL ] ‘3 330.9 L32 PR 872 (3] [}
"» 0.3 914.6 T 4462 et ) .
6 ays.e 306.9 $90.1 3%9.1 arsy .t .
1] "2 2 [¥1%] 8043 .y . .
50 130.0 3.4 82001 1.2 7.3 Y .
2 ny.3 147,38 154.7 [ER] .2 (3} [
5 0.7 i L., a2y 116.3 Y] .
% 197.7 1.1 ¥y .3 9.0 n .
% n.e 2.1 130.¢ .6 BN} * .
TOTAL 3480.2 F IR $239.8 L0 9.7
*JFTOT, D 3241
Change ir Prossure Drop, mm of Hg: 125 at 43 min
Preheater Deposit Code: >4
TOR Spun Deposit Rating: 30 at 34
1% SULFUR REFEREE DIESEL AL-136i9-F AT 266°C (300°F)—-TEST 5163«
Tube VMARK ¢ Vial
Station I Dielectric Strength, Volts SEETE _JIDR_ 0 Reung __  Thigkness Mepmurgmant —
3P e w Aveae — ok wet we?
02 A 5.3 0 0 1.3 3 Q
Uy 0.4 3.0 o [} 0.9 2 0
06 0.8 0.4 0 0 0.2 ! )
7] 0.4 0.4 n 9 .2 | 0
10 0.4 0.0 0 [ 0.2 | n
12 0. 2.4 0 0 6.2 H 0
" 0.4 2.9 1.6 0 [ 9 4
18 2.0 0.4 16 . a3 " “
18 1.3 0.4 N 7.4 5.9 I} > € ipP)
20 7.0 1040 e 2.0 LIS 0 S 4P
2 0.y a3 8.9 2.3 62.% 2 4 (P)
2 9.2 () t00.1 103.9 re.9 » S (P)
2% 00.0 16).% 19.2 1204 50,7 '3} 4 (P)
K} 152.0 193.) 156.0 300.4 300.9 s »
¥ 4%0.0 $13.0 1361 w0 %03.) 38 4
» 49%.0 306.0 w0 181.3 8.9 30 4
1" 103.0 wio 92.7 FLTN 1% 0 1] “
36 435.0 1290 3600 AN w3 1) “
» %00.0 137.9 2703 127 n.8 ) .
« 206.0 89,0 2902 1334 282.3 .8 .
[}] .0 “.0 201 2601 4 .
“ 150 %7 I 196, 3! ‘
“ 750 (RN} 206 0 128 “ ‘
L1} L& )y i30 0 .2 wd .
% 6 ) 7009 oy » ’
AH 19460 [ .0 L1 ] 131 ¥
b Ny (] 90 (LY sl 3
N % 3 Ly 130.6 3.0 23 )
b LI (R} o 5.1 n 1
TriaL W7 2261 ¥ RPN} LR TS
SIETOTTH INT
Change in Pressuve Drop, oo o Hgr 123 at 129 mun
Freheater Deponit lode: b
TOR Spun Deposit Rating: 50 ar 32

-_._u

.o v v
.1. " -

) ) « T f ( = o ‘ « i 0 S B ]
'y A “ B T .
:_\!.A. h_"xf - i‘_.l_‘i‘x ._K'A & JLM ‘{n PRARLE DN, PR Nl T




M URLATR DGR UL TR LTt T W LT T T N Sl L TG TR O ET . T vl A T,

WA WL R W AW PN W MO R M M WA NS AT R AT AR AP BRSO U T Y

1% SULFUR REFEREE DIESFL AL-13615-F AT 260°C (500°F)--TEST 5183°

Tube MARK § Visal
Statin, [ - AT LI 11 T TN S, T LA Yaum RLTRTC TS V1.2 Tt 1) R
s . Averws .
[ 0 ) .2 .6 1.8 ) []
[ .’ 2.2 3.7 .7 1.8 3 0
06 7.1 1.2 n 1.2 X} ] bl
03 L.l . . 1.3 R4 L] 0
il 1.0 1.3 .l 2.6 Ly 1 D]
12 3.4 LIS ] $.0 3.7 a7 1 ]
L) [N L ” I.é .4 [P v
16 W 1 98] 10.4 10.6 i1.9 13 » 0.08 Y
3] . .2 .t n.7 w.e 13 LR
0 76.% .3 78.4 62.2 £1.6 1 e )
b3 AN 136.¢ 10€.» 9.0 107.% 15 >4 (P) u.32 um .31 L [US 14 um
24 Té. & tvd.0 9.3 133.0 11237 X PRt
£ 158.3 128.6 250.% 181.2 1787 v ca Py 0.63 um .64 um
k2 } t23.2 131.0 0.3 123.0 1%8.7 L X1 °
b T3 29) 84,0 15¢ 8.6 > 34,7 » -4 {P) .77 in
n LIE N 34 3% 339.0 ra66.) 0 . i1} wm 1,94 um
Auger
b1} 336.9 3% ~ 3% %0.0 [T ] 0 L]
% 133.0 * 3% 306 338.0 R ] ® .
3 *356 » 4% 3% 591.9 3.3 50 .
L1} 2V 138.0 >33 0.0 4030 0 L}
a7 2336 .0 213 Jal.0 IR 0 0 L} R 1) um
Auger
11 >$%6 431.0 1.0 ury.n ~8G 49 . .22 wrm
E13 333.0 2934 335.0 1.0 »o46.0 A0 [}
L1} “86.0 136 347.0 $2.0 1) »F L3
30 [TUN) 245. 8 3%.0 .7 (7o, % 13 . P77 )
52 7.9 260.0 134.0 1.6 ing.9e (3] L3
3 9.3 193.2 w.? 3.4 LIS | o .
3% LY 10.% 9.) 1.2 1.2 38 .
b1 } 5.6 4.0 12.1 3.6 5.8 18 L3
TOTAL 53217 [5T1T 8302.% ag3z.9 3%33.2

*JFTOT, D 324l
Change in Pressure Drop, mm of Hg: 125 at 28 min
Preheater Depesit Code: b
TOR Spun Deposit Rating: 50 at 38
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*JFTOT, D 3241
Change in Pressure Drop, mm of Hg: 0
Prcheater Deposit Code: 0
TOR Spun Deposit Ratinig: 0

CAT [-H AL-136i8-F AT 204°C (4C0°F)—TEST 5053

Tube MARK % Visual

Station e Dielectric Strangth, Yolty TOR Ranng ____ _ Thickness Mespurement
o° _9¢® 120° 79 Dl: le:;lgc 0> 90° 180° 270°
02 ] aq L] q ] 2 0
0s 0 ] ] Q o t o
o8 Q Q 2 ] 2 ] n
o 1.8 ] 0 9 7.9 L] ]
i0 2.0 ] 0 3 2.3 o Q
¥ o 0 0 ’) [} 1] o
18 L] Q 0 .y 0.6 Q ']
s o d 9 Q 0 o [}
(13 Q o 4] Q9 a9 9 2
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*IFTOT, D 3241
Change in Pressure Drop, mm of Hg: ! at 150 min
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DIESEL CONTROL AL-13630-F AT 232°C (450°F)--TEST 1+
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JET Aol AL-13623-T AT 260°C (500°F)--TEST 5273~
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*JFTOT, D 3241
Chenge in Pressure Drop, mm of Hg: | at 150 min
Preheater Depasit Code: 1
TDR Spun Deposit Raring: 2 at 40
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JET A-1 AL-13623.T AT 276°C (525°F)--TEST 530T*
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*JFTOT, D 32nt
Change in Pressure Drop, mm of Hg: 123 at 95 min
Preheatar Depaosit Code: 24
TDR Spun Deposit Rating: 7 at 44
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JET A-1 AL-13623-T AT 281°C (538°F)}-VEST 5317+
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*JFTOT, D 3241
Change in Pressure Drop, mm of Hg: 2 at 150 min
Preheater Deposit Code: >3
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JET A-1 AL-13623-T AT 281°C (338°F)-TEST 5327+
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JET A-1 AL-13623-T AT 281°C (338°F)--TEST 5333
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*JFTOT, D 3241
Change in Pressure Drop, mm of Hg: 6 at 150 min
Preheater Deposit Code: P3
TDR Spun Deposit Rating: 7 at 46
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JET A-1 AL~13623.T &T 288°C {550°F)—TEST 5287+
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*JFTOT, P32l
Change in Pressute Drop, mm of Hg: 125 at 133 mnin
Preheater Deposit Code: 4
TDR Spur Depostt Rating: 10 at <8
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JEY A1 AL-13623-T £ 302°C (57 3°F)-TEST 5351+
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*JFTOT, D 3241
Change in Pressure Droj, mm of Hg: 125 at 98 min
Preheates Deposit Code: D4
TDR Spun Deposit Rating: 34 at 44
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JET A-1 WITH TETRALIN (3%) AL-13833-T AT 246°C (873°FL—TEST 3527+
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*JFTOT, D 324l
Change in Pressure Drop, mm of Hg: 45 at 15C min
Preheater Deposit Code: 1
TOR Spun Deposit Rating: 2 at 40

JET A-1 WITH TETRALIN (5%) AL-13633-T AT 246°C (#75°F)-TEST 5533+
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JET A~ KITH TETRALIN (3%) AL-13633-T AT 260°C (500°F)--TEST 5807+
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*JFTOT, D 324l
Change in Pressure Drop, im of Hz: 125 at 138 min
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JBT A-1 WITH TETRALIN (5%) AL-13633-T AT 274°C (525°F)—TEST 5397+
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JET A-1 WITH TETRALIN (3%) AL-13632-T AT 278°C (525°F)—TEST 5827+
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JET A-1 WITH TETRALIN (3%) AL-13633-T AT 288°C {550°F)-TEST 5407+
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IET A-1 WITH THIOPHENE AND TETRALIN AL-13636-T AT 302°C (S00°F)--TEST 5661
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Change in Pressure Drop, mm of Hg: 110 at 150 min
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JET A-1 WITH THIOPHENE AND TETRALIN AL-13436-T AT 250°C (500°F)—-TEST 5737+
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JET A-] WITH THIOPHENE AND TETRALIN AL-13636-T AT 278°C (523%F}.-TEST 5747+
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VIFTOT, O 3261
Change in Pressure Drop, mm of Hg: 107 at 150 min
Preheater Deposit Code: np
TDR Spun Deposit Rating: 13 at 38

JET Al WITH THIOPHENE AND TETRALIN AL-13636.T AT 281°C (338°F)-TEST 3663°

Tube MARK 9 Visunl
Stanon Dieiex trsc Strength, Yolty i Ratng Tryckne |y Mesmre nent
O et me Avews 21yl
01 0 0 o 4 0 ) b}
s o 9 Q@ 0 o} 3 0
06 O @ 0 0 ] b 2
na 3 9 o 0 } L} il
10 ] a v 0 ) ) 3
[F] ] u 0 9 M « [
ie i o i} ) G 3 n
s n 9 o 0 ) > 0
2] 9 0 o 0 B . Q
20 G u ) ) n 1 5
1 ] 9 u 7 0 ¥ )
PLl o 7 2 0 v 1 1)
n a u bl v 9 1 ¢
H 0 o o a v 6 0
L] 9 J 0 o 0 ' 2
" bl ) Bl o o 0 Ll -
" i o L] J I (B3 D
ALY IR } b L .2 3.8 ! .
111 3. il vy [ 121 & .
L) LY I LI Wy L Y L) [ '
LY A .0 feN| 82 L s '
" AV ALY .9y “y Iy | '
e 3T v et oy 18 '
i1} U8 [ v dd Fa i N
Lt 10 v mo [FIEN 00 e !
82 L Vod R} 2.4 re B} N
2 2.0 o ] g A 2 H
A 4 Pl o 3 9 : K
i o bl it 0 1 ' :
Teiag ey [Tl YN 197 3 Tl

SEFSTT AR T

Change in Pressure Drop, mm of Hg: 125 at (1L aun
Preheater Depoat Code: i
TOR Spun Deues t Rating: LEatus

150

"\'\‘ S u{{‘“ W \(“pQ‘\J“hu{‘ fn‘--‘k"“"‘k-*r.*
3‘.&..1&_*4

o
ML ks
SRS SN




I RN A TG P IR W (RO WS 7. PR A CUE YR PRI UM AT TE ML AT AT LA L o B°a DHa Bos K g JWa RBFe Lia £7 ]

JET A-] WITH THIOPHENE AND TETRALIN AL-13626-T AT 281°C (538°F)-TEST 567T*
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*JFTOT, D 324l
Change in Pressure Drop, mm of Hg: 125 at 60 min
Preheater Deposit Code: 3P
TOR Spun Deposit Rating: 14 at 44

JET A-1 WITH THIOPHENE AND TETRALIN AL-13636-T AT 281°C (538°F)—TEST 3737+
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JET A-1 WiiH THIOPHENE AND TETRALIN AL-13626-T AT 238°C (55C°F)—TEST 375T*
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SIFTOT, D 3261

Change in Pressure Deop, mr of Hg: 125 at 96 min
Preheater Depos.t Code: >3
TDR Spun Deposit Rating: 33 at 44

TET A-1 WITH THIOPHENE AND TETRALIN AL-13636-T AT 283°C (350°F)—TEST 576T*
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78T A-1 WITH THIOPHENE AND TETRALIN AL-13636-T AT 238°C (53C°F)--TEST 377'1%
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¥JFTOT, D 2241 )
Change in Pressure Drop, mm of Hg: 125 at i23 min
Preheater Deposit Code: >3
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JET A~ WITH THIOPHENE AND TETRALIN AL-13636-T AT 302°C (575°F).—TEST 5687 °
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T AT 302°C (375°F)-XRST 5693

JET A-l WITH THIOPHENE ANIS TETRALIN AL-1363
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#IFTOT, D 32l
Change in Pressure Drop, mm of Hg: 125 at 80 min
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JET A-1 WITH THIOPHENE AND TETRALIN AL-13636-T AT 302°C (575°F)—~TEST 5705+
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CALCULATED DEPOSIT YVOLUME COMFARED TO TDR SPUN
RATINGS AT 2-mm STATIONS S"JIMMED OVER THE
LENGTH OF TES" TUBE
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Vnlume of

Test Temn, Deposit, Sum of TR

Fuel (Code) No. .oC (¢r) cm3 X 107 Spun Ratings
1% S (AL-13619-F) 5213 177 (350) 19 181
5033 204 (400) 136 206
N 5247 218 (425) 483 347
B 5207 232 (450) 1022 595
B 5183 260 {500) 3268 526
‘ Cat 1-H (AL-i3618-F) 5081 204 {400) é 20
B 506T 218 (825) 26 145
- 498T 232 (4550) 4 86
B2 510T 260 (500) 123 190
A 49713 274 (525) 218 314
Diesei Control 2 274 (525) 26 33]
{AL-13630-F) 1 288 (550) 206 402
Jzt A-l {AL-13623-T) 5327 281 (538} 3 g
5383 288 (550) 17 72
5363 302 (57 5) 575 260
det A-1+ Tetralin 5437 288 {550) 219 A0

{AL-13623-T)

Jet A-l S642 260 1500} 5 1ay
+Tetralin 5747 274 (525) ) 213
+Thiophene (AL -13636-T) 5663 281 {538} 136 251
5773 288 {350) 287 272
5703 AT (575) 298 535
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APFENDIX D
TUBE MEASUREMENT PLOTS AND VOLUME OF DEPOSIT CALCULATIONS
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Tube Measuremen. Plots and Volume of Deposit Calculations

a
a

3/,'2)(‘;“’.
s

5

1. Three-Dimensional Plots - Twenty-one out of the 30 selected tube tests

%

L g
g

were plotted as dielectric strength (volts) by tube angle (degrees) by

x

s

tube length {mr). The nine tests that were not plotted produced only 0

t
«,

dielectric strength readings. Each of these plots was rotated to a 20°

. KX
N3
=

- o angle.

,. ; 2.  Area Plots - The dielectric average of the four tube angles was
o ¢ e . .
o calculated at each distinct tube length measurement. This average in

volts was converted to millimeters and plctted against the tube jength.
All tests with the same fuel were plotted at a {ixed scale. The area
] under each plot was shaded to represent the average area at a given

plane parallel to the tube length.

3. Volume of Deposit - A first approximation estimate of the volume of

the deposit on each tube was calculated as follows:

a. The area was calculated under each quadrilateral shown on the
area plots and summed over the entire length of the tube (2-58
mm). For example, the average deposit a* 2 mm is 5 mm and the
average deposit at 4 mm is 7 mm. To caiculate the area between

2 and 4 mm, we would compute
Area = (4-2) * (5 + 7)/2) = 12 mm"~.
b. The deposit area was evenly distributed over the entire length of
the tube (2-58 mm) and a radius of the tube plus the deposit was

calculated.

C. The volume of the tube was computed using the formula

2z
\' s = U h
TUBE T
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where Cr is the radius (mm) and h is the tube length (36 mm).
d. The volume of the tube plus the deposit was computed

A h

2
T+D~ "IT+D

where 'TeD is the radius (mm) of the tube plus the deposit. -
e. The volume of the deposit was computed by subtraction:

V.=V

D T+D-V

Tc

Table ! lists the calculated deposit volumes for the 21 tests. It is emphasized that

this is a very crude approximation to the true deposit volume.

All calculations and graphs were generated using SAS and SAS/GRAPH Version
82.3.
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TABLE 1. YOLUME OF DEPOSIT BASED ON THE DIELECTRIC AVERAGE

Test Temp Volume of Degosn,
Fuel (Code) No. °C (°F) cm?x10-
1% S (AL-13619-F) 5217 177 {350) 19.4
5033 204 (400) 137.5
5264T 281 (425) 432.9
5207 232 (450) 1021.3
41837 260 (500) 3267 .6
Cat |l-H (AL-13618-F) 5083 204 (400) 5.8
506T 218 (425) 26.4
498T 232 (450) 40.5
510T 260 (500) 128.4
4973 274 (525) 217.9
Diesel Control (AL-13630-F) 2 273 (525) 26.1
1 288 (550) 106.0
Jet A-] (AL-13623-T) 5327 281 {538) 2.7
53837 283 (550) 17.2
53637 302 (575) 575.3
PR - Jet A-1 (AL-13633-T) 5437 260 (550) 218.7

P plus Tetralin

Jet A-1 (AL-13636-T) 3643 260 (500) 4.7
plus Tetralin 5743 274 (525 25.9
plus Thiophene 5661 281 (538) 135.8
5773 288 (550) 286.7
7.7

5703 302 (575) 897.
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FIGURE D-1.
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b. Area Plot For Tube Deposit
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Jet A~1 VWith Tetralia (5%) AL~13633-T at 268*C (515°F)
With Stainless Steel Heater Tube - Tegt 1%

Tube Mark 9 Visual
e il Dielectric Strength, Volts TDR Rating
Dielectric
0° 90° 180° 270° Average
02 1.3 1.0 2.3 3.3 1.9 10 0
04 3.3 4.7 2.6 0.1 2.7 8 0
06 6.2 4.9 2.9 0.1 3.5 7 0
08 0.5 5.1 4.2 0.1 2.5 7 0
10 0.1 2.9 1.4 0.7 1.3 7 0
i2 1.1 0.8 2.9 3.3 2.0 7 0
14 2.5 6.4 4.8 2.2 3.9 6 0
16 4.7 3.2 1.1 2.3 2.8 6 0
i8 6.2 1.6 2.5 4.8 3.8 6 0
20 4.1 1.6 0.6 1.2 1.9 6 0
22 5.3 5.7 0.8 6.6 4.6 7 0
24 3.0 6.1 0.1 5.7 3.7 7 0
26 2.6 3.1 7.1 6.5 4.8 7 o
28 0.8 0.7 0.1 5.6 1.6 8 0
30 2.8 4.6 5.3 4,1 4.2 8 0
32 0.7 4.9 8.1 1.6 3.8 8 0
34 0.6 3.4 5.4 2.6 3.0 9 0
36 0.6 3.5 1.8 1.4 1.8 10 0
38 0.1 4.0 1.2 1.9 1.8 11 0
40 0.4 4.3 1.3 1.1 1.8 11 0
42 0.3 0.8 0.5 0.2 6.5 20 3
44 0.1 0.7 0.6 1.4 0.7 24 3
46 0.1 0.3 0.6 1.6 0.6 26 3
48 0.1 3.9 6.2 1.3 2.9 20 3
50 6.3 0.7 6.6 54.6 17.0 24 4
52 7.6 0.9 45.8 0.3 13.7 30 4
54 6.4 22.¢0 83.3 82.8 48.8 30 4
56 108.7 71.3 86.9 35.9 80.7 27 4
58 4.0 32.2 65.1 87.9 47.3 26 4
TOTAL 180.5 205.8 351.9 340.2 269.6

*JFTOT, D 3241
Change in Pressure Drop, am of Hg: 17 at 130 min
Preheater Deposit Code: >4 .
TDR Spun Denosit Rating: 30 at 52
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Jet A-1 With Tetvalin {5Z) AL~13633-T at 268°C (515°F)
With Stainleas Steel Hester Tube -~ Teat 2%

Tube Mark 9 Visual
Station Dielectric Strength, Volts TDR Rating
Dislectric
0° 90° 180° 270° Average
02 5.3 0.4 0.8 0.2 1.7 13 0
04 1.4 1.2 4.1 n.3 1.7 12 0
06 3.7 5.3 4,7 0.1 3.4 10 0
08 6.3 3.5 1.9 0.2 3.0 9 0
10 h.4 C.6 4,2 0.1 2.3 9 0
12 4.4 0.8 4.0 0.1 2.3 9 0
14 0.7 6.3 1.2 0.1 2.0 9 0
16 1.3 0.1 2.4 0.4 1.1 8 0
18 8.7 6.3 4.4 5.5 6.2 8 0
20 2.0 5.5 4.9 5.2 4.4 8 0
22 6.2 5.9 2.2 5.0 4.8 8 0
24 5.6 6.3 3.0 5.4 5.1 9 0
26 3.8 3.8 0.5 6.1 3.6 9 0
28 0.9 0.7 0.4 1.9 1.0 10 0
30 3.8 5.9 0.1 1.1 2.7 11 0
32 4.5 6.0 0.4 0.5 2.8 11 0
34 4.7 4,2 1.5 5.3 3.9 11 0
36 0.9 4.4 1.3 0.9 1.9 12 0
38 5.8 6.0 6.6 5.9 6.1 12 0
40 6.7 3.4 7.5 1.0 4.6 18 0
42 5.0 2.5 4.8 3.2 3.9 24 2
44 3.0 4.9 5.6 6.1 4.9 26 3
46 5.6 3.3 4.4 5.1 4.6 22 3
48 7.3 3.4 0.9 6.5 4.5 26 3
> 50 18.0 0.1 3.3 14.8 9.0 29 3
o 52 52.7 71.9 1.6 59.5 46.4 32 4
: 54 168.7 106.7 1.7 90.5 91.9 34 4
56 224.0 208.0 108.5 73.2 153.4 31 4
58 172.8 127.5 19.8 147.2 116.8 310 4
TOTAL 738.2 604.5 201.9 451.5 500.0

S5 SO PO, o PR X, T

AR

B B gk gt -5 RO, g

*JFTOT, D 3241
Chanyge in Pressure Droyr, mm of Hg: 125 at 139 wmin
Preheater Deposit Code: ™4

TUR Spun Deposit Rating:

Z29 at S0
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Jet A-! With Tetralim (5%) AL-13633-T at 268°C (515°F)

_ P With Stainless Steel Heater Tube - Test 3%
NP Tube Mark 9 Visual
. Station Dielectric Strength, Volts TDR Rating
- Dielectric
zgu & 0° 90° 180° 270° Average
N .Zy
N 02 0.2 0.2 3.7 .3 0.3 18 1
S 04 4.5 0.8 0.4 0.6 0.6 13 0
SR G6 1.6 1.8 0.9 6.8 2.8 11 0
g 08 4.1 0.1 4.2 0.7 2.3 10 0
y 10 5.9 0.6 0.9 5.1 3.1 10 0
. 12 5.3 0.5 0.6 4.9 2.8 10 0
b 14 5.4 0.1 .4 6.0 3.7 10 0
N 16 4.3 0.1 2.4 3.9 2.7 11 0
RN 18 4.2 0.1 3.9 0.2 2.1 10 0
o 20 5.2 2.5 4.3 0.2 3.0 10 0
de o8 22 2.7 0.1 3.5 5.4 2.9 10 0
;g‘fu’t 24 5.6 5.2 0.5 6.0 4.3 10 0
1 26 1.8 0.1 4.5 6.1 3.2 11 0
&*; "8 28 2.2 0.5 4.9 4.2 3.0 11 0
e 30 2.3 0.9 3.2 4.2 2.6 12 0
e - 32 4.1 6.3 0.1 4.0 3.6 12 0
e N 34 0.4 5.7 0.2 2.5 2.2 13 0
~ R 36 0.5 0.2 0.1 4.0 1.2 15 0
vJ']_jf, 38 0.1 5.0 3.4 2.9 2.8 17 0
3 40 4.1 1.0 2.9 1.6 2.4 17 0
S 42 0.3 6.6 5.4 2.6 3.7 25 2
e S 44 6.1 7.3 1.0 4.5 4.7 26 2
TR 46 1.2 0.5 0.7 0.3 0.7 24 2
48 5.5 6.6 4.9 0.8 4.5 27 3
50 3.2 4.0 0.6 0.5 2.1 30 3
52 20.1 79.5 55.¢ 6.2 40.7 32 4
54 142.1 57.9 138.7 23.8 90.6 32 4
56 183.6  169.7 44,5 197.0 148.7 30 4
58 142.1  134.5 68.5 5.8 92.7 27 3
TOTAL 568.7 4,98.6 368.0 331.1 441.4

*JFTOT, D 3241
Change in Pressure Drop, mm of Hg: 125 at 127 ain
Preheater Deposit Code: >4
TDR Spun Deposit Rating: 30 at S0
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Jet A~1 With Thiophene and Tetralin AL-13638~7 at 2Bi°C (538°r}
With Stainless Steel Heater Tudbe ~ Tent 1%

Tube tark $ Visual
Station Dielectric Strength, Voles TDR Rating
Di=lectric
_0° 90° 180° 270° Average
02 1.4 1.4 0.5 0.8 1.6 17 2
04 3.6 0.4 1.5 0.6 L5 16 2
06 2.7 0.4 1.9 1.5 1.6 14 2
08 3.6 0.6 4.8 2.7 2.9 13 Y3
10 5.0 0.4 1.1 2.4 2.2 L 2
12 1.7 0.5 1.8 2.5 1.1 13 2
14 3.6 0.1 5.1 0.3 2.3 14 2
16 5.1 0.3 4.5 6.4 2.6 15 2
18 4.5 1.0 6.9 0.3 3.1 15 2
20 5.5 3.2 4.3 c.1 3.3 16 2
22 6.1 0.4 boh 0.1 2.7 18 2
24 5.0 0.8 4.1 0.1 2.5 19 2
26 2.1 0.6 5.3 4.7 3.2 27 2
28 5.9 0.3 4.8 2.8 3.4 26 3
30 5.7 0.9 0.9 1.8 2.3 20 3
32 7.8 1.1 b5 3.1 4.1 21 3
34 23.0 1.1 13.5 2.3 10.0 25 3
36 74.7 3.7 85.7 1.7 41.5 28 3
38 71.5 6.8 125.7 2.2 52.3 31 >3
40 178.3 8.9 150.7 2.0 85.0 35 >3
42 267.0 170.6 278.0 93.3 202.2 40 i
44 378.0 310.0 374.0 245.0 326.8 &2 >4
46 443.0 434.0 448.0 382.0 426.8 49 >4
48 559.0 524.0 540.0 412.0 508.8 50 e
50 539.0 6l6.C 581.0  560.0 574.0 50 >4
52 630.0 687.0 65..0 621.0 647.3 50 >4
54 673.0 945.0 785.0 562.0 766.3 S0 >4
56 755.0 947.0 7131.0 737.0 192.5 50 >4
58 708.0 867.0 316.0 944.0 833.8 50 >4
TOTAL 5369.0¢ 5533.0 5636.C 4687.0 5307.C

*JFTOT, D 3241
Change i{n Pressure Drop, mm of Hg: 125 at 94 ain
Preheater Depouit Code: >4
TDR Spun Deposit Rating: S0 at 4§
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Jat A~1 With Thiophene and Tetralin AL~13636~T at Z81°C (538°F)
Wiech Stainlieas Steesl Heater Tube - Test 2%

Tube Mark 9 Vi sual
Statdon Dieleckric Streogth, Volts . DR Rating
Dlelectric
0° 97 180° 270°  Average
02 1.5 1.8 ¢.5 1.8 1.4 19 2
04 4,6 1.6 3.9 1.1 2.8 i8 2
06 1.4 4.8 1.4 S. 8 2.3 18 2 .
03 2.5 0.2 4.7 6.3 2.3 17 2
10 2.0 5.0 1.5 6.5 2.3 17 2
12 9.3 4.8 3.1 2.4 4.9 17 2
14 1.1 4.5 5.3 3.6 3.6 16 2
16 4.8 7.3 6.7 4,0 5.7 16 2
18 4.1 3.8 6.2 5.4 4.9 17 2
20 1.8 5.4 7.2 4.5 6.2 17 2
22 5.6 7.7 5.9 1.5 5.2 18 2
24 1.7 3.9 5.5 5.2 4.6 19 2
26 1.8 3.3 6.9 5.3 5.1 23 37
28 4.1 6.2 4.5 5.0 4.9 27 1p
30 4.1 7.1 4,7 F 5.7 27 3p
32 n.6 1.0 9.1 1.5 3.0 23 ap
34 6.5 11.2 £8,1 8.1 18.5 23 &P
36 26.6 32.9 40,3 2.8 25.6 30 4P
38 21.3 18.1 84.3 116.1 59.9 33 4
40 142.2  179.2 139.0  115.3 143.9 38 4
42 287.0 238.0 174.3 266.0 241.3 43 >4
44 282.0  285.0 302.0  349.0 304, " 46 >4
46 3156.0  351.0 406.0 466.0 394.8 50 >4
: 48 26,0 472.0 497.0 641.0 509 .9 50 >4
> 50 775.0 673.0 586.0  793.0 706.8 50 >4
§- 52 822.0  824.0 563.0  829.0 814.5 5G >4
_‘:: 54 900.0  900.0 915.0  84&7.0 909. 5 50 >4
N 56 920.0  886.0 936.0  921.0 915.8 "9 >4
%Y 58 847.0 B53.0 867.0 885.0 863.0 50 TA
% TOTAL 5871.0 5792.0  5936.0 6346.0 5986.C
K‘Q
N

-

*JFTOT, D 3241
Change in Pressure Drop, mm of Hg: 125 at 84 wmin
Preheater Deposit Code: >4
TODR Spun Depouit Rating: 50 at 46
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Jet A-1 With Thiophene and Tetralin .L~136:6-T at 281°C ($38°F)
With Stainless Steel Heater Tube -~ Tegt 3%

Tube Mark 9 Visual
Station Dielectric Strength, Volts _TOR Rating
Dlelectric
9° 90° 180° 270° Average

02 2.3 3.1 0.2 0.5 1.5 13 1
04 3.9 6.5 0.7 0.2 2.8 11 1
06 2.3 4,5 1.4 0.3 2.1 9 1
08 4.1 4.9 0.7 0.5 2.5 9 1
10 2.0 6.9 0.1 4.0 3.2 a i
12 2.1 4,1 0.8 0.5 1.9 9 1
14 6.1 4,7 0.1 0.7 2.9 9 i
16 4.4 3.9 T8 0.1 3.0 10 1
18 4.5 2.6 1.3 0.4 2.9 10 1
20 4.7 3.1 1.2 0.1 2.3 1 1
22 4.1 3.3 4.0 0.3 2.9 13 1
24 4.1 4.4 4.8 0.3 3.4 15 1
26 0.3 2.2 0.2 0.1 Q.7 23 3
28 4.1 5.8 4.3 0.1 3.6 26 T
30 4.1 5.8 2.9 0.4 3.3 21
32 3.9 11.5 4.3 0.5 5.0 17 3p
34 4.7 2.9 17.3 5.0 7.5 13 3p
16 3.8 4.9 42,6 6.2 14.4 2¢ 3p
38 38.6 35.7 68.7 38.1 45,3 29 4
40 89.4 48.5 8i.2 139.3 89.6 34 4
42 108.7 71.0 151.0 204.0 133.7 39 4
44 159.2 191.0 258.0 256.¢C 216.1 42 >4
A6 285.0 241.06 328.0 330.0 296.0 50 >4
48 407.0 325.0 412.0 362.0 376.5 50 >h
50 473.0 414.0 515.0 489.0 472.8 50 >4
52 618.0 435.0 621.0 519.¢ 548.3 50 >4
54 687.0 673.0 637.0 6i4. U G4 LR 50 >
56 765.0 647.0 719.0 607.0 LRG D 50 >4
58 217.0 531.0 483.0 628.0 464.8 50 >4

TOTAL 3506.0 13697.0 4364.0 4207.0 4046.0

“JFTOT, D 3241
Change in Pressure Drop, mm of Hg: 115 at 90 ain
Preheater Deposit Code: >4
IDR Spun Depeait Reting: SO at 46
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Cat 1-H AL-13618-~F at 2&0°C (500°F), Flow Rate of

4,5 mL/minute for 10G0Q Minutes - Test 1051T*

Visual

Mark 9
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Cat 1-H Al~13618~F Wich FOA-15% at 260°C {500°F), Flow
Rate 4.5 wlL/minute Por 100 Minmuces — Test 105AT#*

Tube Mark ¢ Visual
EE&EERE Dielectric Streq&th, Volts TDR Ratiny
Dielectric
0° agv 180° 370° Average
02 3.4 3.4 4.5 4,7 4.0 5 1
04 1.5 3.0 3.4 5.0 3.2 4 1
06 3.2 3.¢ 3.8 3.9 3.7 2 1
08 0.2 3.2 3.4 3.5 2.7 2 1
10 2.3 3.7 2.8 5.3 3.5 1 i
12 6.4 1.5 5.3 6.1 4,8 1 1
14 5.7 1.8 4,2 4.1 4,0 1 1
16 2.8 3.8 4.9 4.6 4.0 2 1
18 2.1 0.9 6.6 5.6 3.8 2 1
20 4.6 4.2 4.8 4.3 4.5 3 1
22 0.9 2.¢@ 5.2 2.9 3.0 4 i
24 1.9 4.2 1.7 4.9 3.7 4 1
26 4.3 3.5 3.8 5.5 4.3 7 1
28 7.0 4.2 3.7 4.0 4.7 10 1
30 1.8 4.4 4.5 3.9 3.7 15 1
32 1.9 8.7 5.9 4.8 5.3 18 3
34 11.2 1l1.6 7.2 v.8 10.2 19 3
36 7.8 10.2 12.8 15.% LL.6 2L 3
38 7.1 11.3 2.7 0.1 10.3 21 3 ¢
40 9.5 3.8 11.4 9.2 8.5 21 3
42 4.4 26.73 16.9 0.6 13.6 21 )
44 5.5 26.2 11.6 3.4 11,7 20 2
46 2.1 i.3 h. 4 6.1 3.5 \7 2
48 4,8 5.8 6.8 9.7 6.3 14 2
50 3.1 8.4 5.7 1.8 4.8 10 1
52 4.5 3.7 4.1 9.5 5.5 9 1
54 3.5 5.8 4.9 6.5 5.2 11 1
56 5.1 2.3 4,7 3.0 R 19 1
58 9.7 4.8 13.7 8.0 9.1 19 >4
TOTAL 130.1 179.1 185.3 173.1 167.5 101
VOLUME,
3 =7 . , . N
cm X 1O 14 102 106 96 95

*25 1bs/1000 bbl Foa-15
YEIFTOT, D 324)
Cnange [n Pressure Drop, am of Hg: O
Preheater Deposit Code: >3
TOR Spun Deposit Rating: 21 at b
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Cat 1-H AL-13618~F at 260°C (500°F), Flow Rate of
3.0 nL/minute for 150 Minutes — Test 1052T*

Tube Mark 9 Visual
Station Dielectyric Streugth, Volts TDR Rating
Dielectric
. 0° 90° 180° 270° Average
0z 2.6 3.9 4,6 0.6 2.9 5 1
04 2.7 4.3 3.5 1.3 3.0 4 1
06 3.8 3.1 1.5 0.2 2.2 6 1
08 3.4 1.7 1.7 0.7 1.9 8 1
10 0.1 0.6 3.6 0.6 1.2 11 1
12 2.6 3.1 1.2 0,2 1.8 15 1
14 3.4 1.1 3.2 0.9 2.2 18 3
16 2.3 1.5 4,0 2.0 2.5 19 3
18 3.2 1.5 3.5 1.9 2.5 14 4
20 1.4 4.9 7.6 2.1 4,0 8 >4
22 8.5 5.1 4,6 2.7 4.0 8 4p
24 15.8 14,2 48.4 4.3 20.7 19 4p
26 29.1 66,8 75.7 16.4 47.0 20 4p
28 47.6 93.8 75.7 54.1 67.8 23 4P
30 80.7 i17.0 104.0 63.9 31.4 31 4p
32 106.0 182.0 176.0 106.0 143.0 36 4p
34 191.0 276.0 258,0 262.0 247.0 41 >4
' 36 420.0 624.0 453.0 488.0 496.0 54 >4
' 38 668.0 908.0 836.0 945.0 839.0 36 >4
40 810.0 948.0 920.0 948.0 907.0 56 >4
42 9%05.0 948.0 949.0 949.0 938.C 56 >4
44 437.0 889.0 459,0 946.0 683.0 56 >4
46 741.0 787.0 845.0 777.0 788.0 54 >4
48 607.0 632.0 625.0 658.0 631.0 52 >4
50 292.0 339.0 9.5 387.0 257.0 41 b
52 119.0 115.0 3.6 171.0 102.0 27 4
54 20,7 56.4 3.2 74.8 38.8 21 2
56 2.2 31.7 2.4 27.8 l6.0 21 AWk*
58 4,0 4.8 1.0 3.7 3.4 19 AW
TOTAL 5530.0 7064.0 5884.0  6895.0 6344.0 799
VOULUME,
cm3 X 10 7 3152 4026 3354 3530 3616

*JFTOT, D 3241
Change 1in Pressure Drop, wm of Hg: 12% at 30 minutes
Preheater Deposit Code: >4
TDR Spun Deposit Rating: »50 at 38

** pAi=Abtqonaal White Deposit
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Cat 1-H AL~13618~F at 260°C (500°F) With FOA-15%,
Flow Rate of 3.0 mL/minute for 150 Minutes ~ Test 1057T**

Tube Mark 9 Visual
Station Dielectric Strength, Volts TDR Rating
Dielectric
0° 9%0° 180° 270° Average
02 3.0 2.9 0.3 3.7 2.5 1 1
04 1.4 1.5 3.3 3.1 2.3 ) 1 .
06 3.8 1.2 1.8 1.9 2.2 0 1 !
08 0.6 2.2 2.9 1.3 1.3 0 1
10 b. 4 2.4 0.5 5.6 3.7 0 1
12 6.0 3.4 1.8 b.b 3.9 0 1
14 3,6 1.0 1.5 3.2 2.3 0 1
16 2.4 3.3 3.1 2.1 2,8 0 1
18 1.3 1.7 1.4 3.1 1.9 1 1
20 3.9 1.9 4.9 3.5 3.6 2 1
22 3,0 0.3 3.2 2.4 2.2 5 1 5
24 4,0 2.8 10.6 2.4 5.0 1. 2
26 3.9 3.6 12.2 7.8 6.9 17 4
28 2.6 9.6 19.4 10.5 10.5 17 A
30 4.6 3.5 19.6 12.7 10.1 11 4
32 8.4 11.5 18.3 6.2 11.1 7 3
34 7.0 4,7 17.7 14.5 11.0 6 3
36 14.8 0.9 26,2 12.1 13.5 5 3
38 24,4 4.3 13.3 5.2 11.8 S 3 >
40 35.7 9.6 11.0 11.9 17.1 5 3 1
42 37.8 3.2 2.1 5.3 12.1 5 3
44 42,2 1.9 16.0 3.5 13.0 5 3
46 29.3 1.8 4.3 6.4 13.0 6 3
48 30.7 8.3 3.5 3.3 11.5 8 3
50 4,4 4.2 1.1 3.1 3.2 11 3
52 8.7 2.9 4.0 4.3 5.0 10 3
54 7.9 4.7 6.3 2.4 5.3 8 4
50 39,1 15.4 5.1 7.1 15,7 50 4
58 207.0 181.0 236.0 246.0 218.0 46 4
TOTAL 548, 0 296.0 460.0 399,0 424,0 242
VOLUME,
en® x 107 112 169 262 227 242

*25 1bs/1000 bbl FOA-15

RRJFTOT, D 3241
Chaage {n Pressure Drop, mm of Hg: 36 at 150 minutes
Preheater Deposit Code: 4

TOUR Spun Deposlt Rating: S0 at 56
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Cat 1-M AL-13618~F at 260°C (500°F), Flow Rate of
1.5 nL/min for 300 Minutes - Teat 1053T*

Tube Mark 9 Visual
Station . Dielectric Strength, Veolts TDR Rating
Dielectric
0° 90° 180° 270° Average

02 2.1 3.1 2.9 1.1 2.3 8 1
04 1.1 1.3 3.7 1.0 1.8 7 1
06 3.7 0.8 3.4 2.6 2.6 15 1
08 2.7 2.9 3.4 2.7 2.9 17 3
10 8.1 i.1 6.4 1.0 4,2 13 3
12 12.4 3.6 2.0 B.6 6.7 8 3
14 17.5 2.3 3.7 39.2 15.7 8 4
16 19,4 18.1 23.4 51.1 28.0 23 4
18 47.7 85.1 98.3 72.6 75.9 21 4
20 42.8 111.0 139.0 112.0 01,0 29 4
22 113.0 195.0 211.0 171.0 173.0 41 >4
24 228.0 303.0 276.0 257.0 271.0 46 >4
26 409.0 468.0 387.0 434.0 425.0 54 >4
28 635.0 593.0 575.0 595.0 592.0 57 >4
30 949.0 949.0 945,0 9%3.0 937.0 58 >4
32 949,0 949.,0 949.0 949.0 949.0 59 >4
34 949.0 949.0 %49.0 870.0 929.0 59 >4
36 946.0 949.0 949.0 646.0 873.0 58 >4
38 7G8.0 664,0 710.0 331.0 603.0 57 >4
40 526.0 480.0 565.0 365.0 484.0 54 >4
42 195.0 225.0 252.0 143.0 204.0 45 4
b4 89.7 192.0 168.0 13.1 93.2 34 AWk *
46 37.6 90.1 87.3 5.1 55.0 i2 AW
48 24,1 13.6 68.6 40.7 36.8 17 AW
50 3.9 17.3 17.7 4.8 10.9 14 AW
52 4.6 5.6 48.5 8.7 16.9 11 AW
54 3.0 0.7 le.3 h. 4 6.6 1C AW
56 3.0 6.5 3.3 6.9 4.9 9 AW
58 2.7 2.1 4.2 b7 3.4 10 AW

TOTAL 6903,0 7191,0  7488.0  6046.0  69%09.0 B64

VOLUME,
3 ~7 ; . .

cm’ X 10 3935 4099 4268 3446 3938

*JFTOT, D 3241
Change in Pressure Drop, rmm of Hg: 1295 at 1656 minutes
Preheater Deposit Code: >4
TDR Spun Deposlt Rarving: >50 at 20

** AW = Abnormal White Deposit
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{ﬁ Cat 1-H AL-13618-F With FOA-15* at 260°C (500°F),
.c: Flow Rate 1.5 mL/mmuts for 300 Minutes - Test 1058T*% !
BX
Tu be Mark 9 Visual
aw,! Station Dielectric Strength, Volts TDR Rating
k Dielectric
B
oo 0° 90° 180° 270° Average -
e
)
M 02 2.1 2.7 1.5 2.7 2.3 0 1
04 2.4 3.1 1.2 0.9 1.9 0 1
¥ 06 1.3 2.3 1.9 0.7 1.6 0 1
i 08 3.8 2.0 1.0 1,0 2.0 0 1
e 10 3.7 1.6 2.0 0.8 2.0 0 1
B 12 3.2 1.6 1.2 0.7 1.7 0 1
“~ 14 4.7 2.3 1.9 1.3 2.6 1 1
- 16 4.9 3.7 3.4 1.4 3.4 11 2
¥ 18 3,2 3.6 5.1 1.3 3.3 12 2
s 20 8.1 2.7 7.9 4.8 5.9 4 >4p
T 22 14.3 37.9 18.4 13.3 21.0 7 >4P
e 24 41.1 58.6 11.3 41.7 38.2 15 >4P
26 54.73 70.1 70.8 61.5 64.2 16 >4P
S 28 11.1 94,3 78.3 0.0 68.4 16 >4p
g 30 55.7 119.0 165.0 168.0 126.9 21 >4P
o 32 74.1 99.1 187.0 184.0 136.1 24 >4p
~ 34 144.0 230.0 171.0 203.0 187.0 26 P
& 36 187.0 203.0 195.0 201.0 196.5 27 >4P
- 38 181.0  171.0  201.0  206.0 189.8 27 >4p
;§f 40 168.0 108.0 205.0 198.0 169.8 27 >4p
% 42 172.0 185.0 195.0 193.0 187.3 27 >4 P
s 44 171.0 168.0 191.0 216.0 186.5 27 >4p
‘ 46 148.0 216. 0 177.0 251,00 198.0 27 >4P
A 48 172.0 259.0 189.0 185.0 201.3 28 >4p
‘O 50 146.0 209.0 188.0 193.0 184. 0 46 >4p
N 52 168,90 228.0 264.0 208.0 217.0 50 4
e 54 195.0 204.0 190.0 £45.0 183.5 52 4
- 56 380.0 514.0 375.0 320.0 372.3 52 4
V8 58 345, 0 338.0 273.0 276.0 308.0 56 4
B TOTAL 2865.0  3442.0  3372.0  3369.0  3263.0 599
'% VOLUME,
9 em’ X 107 1633 1962 1922 1920 1860
-~ *25 1bs/1000 bbl ¥oa-15
A **JPTOT, 1 3241
2{‘ Change in Pressure Drop, mm of Hg: 129 at 68 winutes
! :\ Preheater Deposit Uode- 4
A TDR Spun Deposit Rating: »50 at 52
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Cat 1-H AL-13618~F at 260°C (500°F), Flow Rate of
3.0 mL/minute for 300 Minutes — Test 1054T*

Tube Mark 9 Visual
Station Dielectric Strength, Volts TDR Rating
Dielectric
. 0° 90° 180° 270° Average
02 4,4 1.0 1.5 0.6 1.9 2 1
04 1.1 3.0 1.1 l.6 1.7 2 1
06 1.0 1.6 1.0 1.1 1.2 7 1
08 1.1 0.9 3.8 1.7 1.9 12 2
10 1.8 0.8 3.9 2.0 2.1 11 4p
12 1.3 0.7 3.1 2.3 1.9 6 4p
14 h,5 3.9 3.3 1.8 3.4 3 4P
L6 0.7 3.7 38.7 1.2 11.1 la 4P
18 2.9 4.8 80,2 10,5 24.6 18 4p
20 62.8 39.8 82.3 64.6 62.4 21 4p
22 109.7 107.7 146.9 52.8 104.3 31 4p
24 132.4 192.1 205.0 79.5 152.3 38 4p
26 195.0 284.0 232.0 227.06 234.5 48 >4
28 307.0 381.0 390.0 317.0 348.8 50 >4
30 541.0 527.0 576.0 609.0 563.3 53 >4
32 944.0 947.0 948.90 925.0 941.0 56 >4
34 947.0 948.0 948.0 948,.0 947.8 58 >4
36 948.0 948.0 948.0 948.0 948.0 59 >4
- 38 948.0 9 8.0 920.0 948.0 9%1.0 59 >4
40 947.0 948.0 947.0 948.0 97,5 59 >4
42 948.0 948.0 947.0 94 8.0 947.8 59 >4
44 948.0 948.0 948.0 948.0 948.0 59 >4
46 948.0 948.0 948.0 948.0 948.0 58 >4
48 947.0 947.0 573.0 936.0 850.8 57 >4
50 940.0 904.0 776.0 872.90 873.0 56 >4
52 658.0 749.0 853.0 £53.0 728.3 51 4
54 344,0 317.0 371.0 245.0 319.3 39 4
56 82.3 72.3 2.8 913.3 62.7 22 4
58 0.5 0.9 1.6 6.3 2.3 18 4
TOTAL 11917.0 12125.0 11900.0 11739.0 119290.0 1026
VOLUME,
cn’ x 1077 6793 6911 6783 6691 6794
*JFTOT, D 3241 T
Change in Pressure Drop, wm ol Iy, 2% at 25 winules
Preheater Deposit Code: >4

TDR Spun Deposit Rating: >5%0 at 30
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Cat 1~H AL-13618~F With FOA-15* at 260°C (500°F),
Flow Rate of 3.0 mL/minute for 300 Minutes -~ Test 1061T**

Tube Mark 9 Visual
Station Dielectric Strength, Volts TDR Rating
; Dielectric
A 0° 90° 180° 270° Average .
:A-.l ;'f.'l
R 02 1.1 0.2 1.4 1.1 1.0 0 i
b A 04 1.0 0.7 0.2 2.2 1.0 0 1
R é 06 0.9 0.2 1.3 1.2 0.9 0 1
' g 08 1.5 0.1 1.2 1.1 1.0 0 1
= 10 0.3 1.3 1.8 0.7 1.0 0 1
12 i.l 1.9 1.9 1.4 1.6 0 1
14 0.4 0.8 2.9 2.1 1.6 0 1
16 2.4 2.8 0.5 4.1 2.5 1 1
18 1.3 1.6 1.6 1.1 1.4 6 1
20 0.1 5.8 1.1 2.4 2.4 13 2
22 0.5 4,7 0.9 3.2 2.3 8 3p
24 3.6 1.9 2.0 8.3 4.0 4 3p
26 4,5 4.2 0.8 15.2 6.2 10 3p
28 8.8 37.2 3.9 27.9 19,5 18 3p
30 9.6 39.5 6.6 49.9 26,4 17 3p
32 68.8 58.2 45,1 69.7 60.5 18 )
34 75.4 €3.2 45,1 77.9 65.4 20 >4
36 144,0 143.8 53.6  135.7 119.3 25 >4
38 175.2 178.7 43,1 130.4 131.9 26 e '
40 137.4  127.8 6.8 123.9 99.0 26 >4
42 177. 4 145.6 70.2 134.2 131.9 26 >
44 122.9 30.5 46.4 125.1 81.2 25 >4
46 102.9 1.5 74.9 97.9 69.3 21 AG**x*
48 104.7 11.7 43.9 108.1 67.1 19 AG
50 20.3 12.2 89.1 84.9 51.6 18 AG
52 18.7 7.4 40.1 46.6 28.2 19 AG
54 78.2 5.9 75.3 60.2 54.9 33 4
56 131.0 171.9 167.8 128.5 149.8 54 4
58 342.0 377.90 316.0 133.4 292.9 56 >
TOTAL 1736.0 1438.0 1149.0 1578.0 1476.0 463
VOLUME,
cm3 X 10 ’ 996 820 655 899 841
* 25 1bs/1000 bbi FOA-15 B
**JFTOT, D 3241
Change In Pressure Drop, mm of Hg: 125 at 140 ainutes
Preheater Deposit Code: >4
TDR Spun Deposit Rating: 33 at 54
**XA( = Abnormal Green Deposit
: 204
by 4
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Cat 1-H AL~1361i8-F at 260°C (500°F), Flow Rate
of 1.5 mL/minute for 600 Minutes -~ Test 1055T*

Tube Matk 9 Visual
Station Dielectric Strength, Volts TDR Rating
Dlelectric
0° 90° 180° 270° Average
02 1.3 2.1 1.2 0.6 1.2 8 AWk *
04 1.2 0.9 1.4 6.9 1.1 6 AW
06 1.4 1.0 0.7 1.7 1.2 5 A¥
08 3.1 1.6 3.1 0.7 2.1 6 AN
10 1.1 1.5 2.6 2.9 2.0 9 AW
12 1.8 1.0 0.1 2,7 1.4 11 AW
14 2.7 1.3 2.4 3.1 2.4 12 AW
i6 0.9 1.7 1.1 1.5 1.3 16 AW
18 1.0 1.5 2.7 3.3 2.1 18 AW
<0 2.9 17.1 0.9 1.1 5.5 21 AW
22 17.4 36.4 1.3 2,3 14,4 24 AW
24 3.4 71.8 1.1 49.9 31.6 29 AW
26 50. 4 106.7 0.9 44,7 50.7 36 3
28 106.5 164.0 4.9 62.3 84,4 43 3
30 189.3 364.0 85.3 116.7 188.8 54 4
32 407.0 536.0 428.0 605.0 494,0 56 4
34 654.0 724.0 673.0 613.0 666,0 57 4
36 948.0 948.0 757.0 948.0 900.3 58 4
38 %48.0 948.7 948.0 948.0 98,0 58 >4
40 948.0 948.0 948.0 948.0 948.0 59 >4
42 958.0Q 948, 0 948.0 948.0 948, 0 59 >4
A 948.0 948.0 548.0 948.0 948.0 59 >4
L6 94 5,0 920.0 947.0 879.0 922.8 58 >4
48 552.C 653.0 678.0 635.0 629.5 53 AP*x*
50 383.0 434,0 393.0 449.0 414.8 40 4P
52 263,0 290.0 276.0 237.0 266.5 30 4p
54 193.0 182.7 222.0 217.0 203.7 25 4p
56 130.7 169.8 152.7 169.4 155.7 19 4p
58 118.6 115.8 137.6 64. 2 109.,1 17 3
TOTAL 8771.0 9538.0 8566.0 8903.0 8945 o 946
VOLUME
e’ X 1077 4999 5437 4883 5075 5099

*JFTGT, D 3241
Change in Tressure Drop, mm of Hg: 125 at 210 minutes
Preheater Deposit Code: >4
I'DR Spun Deposit Rating: >5C at 30

#% AW = Abnoiwai White Deposit

*XKAT = Abnrrmal Purple Deposlt
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4 Cat 1-H AL-13618-F With FOA-15% at 260°C (500°F),

y Flow Rate of 1.5 mL/minute for 600 Minutes - Test 1064T**
I
40 Tube Mark 9 Visual
N Statlon Dielectric Strength, Volts TDR Rating
i Dielectric

i 0° 90° 180° 270° Average
)

4 02 0.7 0.9 1.0 0.8 0.9 1 1
il C4 1.1 0.8 0.2 1.2 0.8 0 1
7?; 06 1.7 0.9 0.9 0.9 1.1 0 1
T 08 2.6 0.9 0.6 0.4 1.1 0 1
i 10 1.4 0.8 0.8 0.9 1.0 0 1
'y 12 1.0 0.8 1.2 0.8 1.0 4 1
Es 14 2.7 1.5 1.1 0.9 1.6 11 4P
B 16 0.8 3.7 1.3 0.7 1.6 6 4p
;5 18 9.3 15.6 1.9 3.6 7.6 19 4p
o 20 54,7 53.9 20,7  88.1 54, 4 17 4p
ol 22 69.9 71.3 42.8  102.6 7.7 22 49
yy 24 117.6  121.4 78.5 132.0 112.2 25 >4
- 26 172.7  130.9 113.0  171.0 146,9 31 >4
& 28 186.8 181.8 132.5 198.0 174.8 35 >4
k< 30 254.0  222.0 176.3  229.0 220.3 41 >4
o 32 273.0  241.0 239.0  257.0 252.5 A >4
V- 34 310.0 232.0 274.0  280.0 279.0 46 >4
B 36 322.0  281.0 282.0  295.0 295.0 47 >4 ,
S 38 338.0  303.0 256.0  319.0 304,0 4 >4 ’
3 40 316.0  309.0 345.0  321.0 322.8 48 >4
k) 42 291.0 30L.0  316.0 306.0 303. 5 48 >4
R 44 313.0  299.0 294.0  307.0 303.3 43 >4
_ 46 320.0  286.0 244,0  290.0 285.0 47 >4
~ 48 299.0  27L.0 256.0  281.0 276.8 47 >4
» 50 258.0  261.0 280.C  272.0 267.8 50 4
<3 52 282.0  321.0 197.0  201.0 250.3 58 >4
. 54 402.0  390.0 264.0 5720 407.0 58 A
¥ 56 665.0  231.0 186.0  698.0 495.0 58 4
5 58 331.0  307.0 247.0  469.0 338.5 58 4
,x} TOTAL 5596.0 4860.0  4453.0 5799.0 5178.0 968

Tj VOLUME,

¢ em’ X 1077 3190 2770 2538 3305 2951

2 -

X *25 1bs/1000 bbl FOA-15
v **JFTOT, D 3241

B Change {n Pressure Drop, mm of Hg: 125 at 90 wminutes
3 Preheater Deposit Code: >4
zf TDR Spun Deposit Rating: >50 at 52

206
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1% Sulfur Referee Diesel AL~13619-F at 204°C (400°F) With Stainless
Steel Heater Tube — Test 10837T*

Tube Mark S Visual
Station _ Dielectric Strength, Volts TDR Rating
Dielectric
0° 90° 180° 270° __Average
02 2,6 1.5 0.2 2.9 1.8 16 0
04 1.0 0.6 1.1 0.8 0.9 13 0
06 4.5 1.0 4,0 0.8 2.6 11 0
08 3.5 1.1 5.7 2.6 3.2 9 0
10 2.1 0.1 2.3 0.2 1.2 9 0
12 1.0 0.2 1.5 2.1 1.2 10 0
14 0.9 0.4 0.8 3.1 1.3 10 0
16 0.9 0.4 4,7 1.2 1.8 11 1
18 3.5 0.3 2.8 1.3 2.0 10 i
20 0.7 0.3 0.1 1.9 0.8 10 1
22 0.7 0.1 2.6 4.2 1.9 11 1
24 1.1 2.2 1.6 1.7 1.7 12 AB**
26 1.1 0.1 1.1 1.5 1.0 10 AWk *x#
28 1.0 0.1 0.5 2.4 1.0 10 AW
30 1.2 0.1 2.7 2.5 1.6 14 >4
32 1.7 3.7 1.0 2.3 2.2 26 >
34 1.7 2.9 5.0 1.9 2.9 18 >4
36 1.0 3.1 6.3 2.0 3.6 13 >4
38 3.2 2.9 2.7 3.9 3.2 22 >4
40 0.5 1.2 6.7 2.6 2.8 23 >4
42 6.0 2.5 3.4 4.3 4.1 29 >4
44 4,2 0.7 5.7 4.0 3.7 30 >4
46 8.0 2.7 6.6 4.2 5.4 40 >4
48 3.7 1.5 13.5 8.7 6.9 hb >4
50 3.9 2.9 21.2 15.7 10.9 b4 >4
52 7.7 2.3 23.7 3.6 9.3 49 >4
54 4.8 7.5 2.7 3.5 4,6 50 >4
56 4.6 19.6 9.5 5.7 9.9 48 >4
58 1.0 2.3 0.2 0.1 0.9 46 >4
TOTAL 79.8 64.3 139.9 89.4 94.4

*JFTOT, D 3241
Change in Pressure Drop, mm of Hg: 125 at 75 minutes
Preheater Deposit Code: 4P
TOR Spun Deposlt Rating: 50 at 54

** AL = Abnormel Blue Deposit

**kAW = Abnormal White Deposit
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Jet A~1 AIL~-13623-T at 281°C (538°F) With Stainless
Steel Heater Tube - Test 1084G*

Tube Mark 9 Visual
Station Dielectric Strength, Volts TDR Rating
Dielectric
0° 90° 180° 270° Average
02 4,6 0.9 0.4 0.2 1.5 16 0
04 3.0 C.8 0.3 0.8 1.2 13 0
06 1.5 1.3 0.1 2.0 1.2 10 0
08 2.4 1.3 0.6 1.4 1.4 10 0
10 3.1 0.4 1.3 L.6 L.6 10 0
12 1.6 1.0 1.2 1.7 1.4 10 0
14 2.1 1.4 1.7 0.5 1.4 11 0
16 2.0 0.9 1.7 0.5 1.3 11 0
18 1.6 1.6 2.8 2.5 2.1 11 0
20 1.4 1.9 4.3 2.3 2.5 10 0
22 3.8 1.3 2.3 4.3 2.9 11 0
24 o4 5.1 3.5 4.9 4.5 12 0
26 5.4 5.5 3.3 4.6 4,7 10 0
28 5.3 6.3 4.6 4.8 5.3 10 0
30 5.9 5.5 3.8 3.9 4.8 16 0
32 4.9 3.9 4.8 1.7 3.8 26 4p
34 5.2 4.8 4.3 1.1 3.9 20 4P
36 15.8 1.4 21.4 2.3 10.2 15 4p
38 64.73 5.7 48.9 0.6 29.9 24 4P
40 74.5 62.8 51.0 6.7 48.8 24 4
42 145,6 197 .0 128.2 88.5 139.8 30 4
44 181.5 210.0 181.3 30.5 150.8 34 ~4
4o 24,0 218.0 255.0 212.0 252.3 41 >4
48 283.0 4106.0 289.0 318,10 130.0 45 >4
50 391.0 467.0 432.0 168.0 414,5 48 4
52 446,.0 4510.0 G444,0 403.0 425.8 S0 >4
54 4050 454.0 425.0 3850 H17.3 50 =l
Sk 479.0 466.0 12,0 3 5.0 418.0 4 i
hy 291, 0 3l0.0 JOO. 0 7208 245,00 45 >
TOTAL 3159.0  3262.0 009,00 2291.,0 2928.0

KiEror, b oar T T
change In Pressure Drop, mm of Hg: 125 at 69 minutes
'teheater Depostt Code: A
DR Spun Deposit Reting: 50 at 50
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Diesel Countrol AL=13630-F at 269°C (515°F) With
Stainless Steel Heater Tube — Test L082J%*
Tube Mark 9 Visual
Station DMelectric Strength, Volts TDR Rating
Melectric
0° 90° 180° 270° Average
2 2.7 1.3 2.1 2.0 2.0 14 0
04 3.2 3.3 1.6 3.1 2.8 14 0 -
06 1.2 2.1 2.7 1.5 1.9 13 0
03 0.7 C.5 G.2 0.1 0.4 14 0
10 2.7 1.4 0.8 0.3 1.3 14 ¢
12 1.2 1.1 0.6 1.3 1.1 15 0
14 0.5 0.5 L.9 0.5 6.9 15 0
16 0.6 0.5 1.7 1.4 1.1 15 0
18 2,0 1.5 1.7 1.0 1.6 14 0
20 0.6 0.7 0.4 1.1 0.7 15 0
22 2.9 2.1 3.0 2.1 2.9 16 0
24 2,3 1.7 1.8 2.6 2.6 18 0
26 .5 1.0 4.9 1.0 1.9 20 0
28 0.5 2.1 3.0 2.4 2.0 22 C
30 1.5 1.9 2.6 2.2 2.1 23 3
32 1.6 3.6 5.1 3.0 3.3 23 3
34 3.9 5.5 7.7 1.6 4.7 23 3
35 7.2 8.4 4,6 0.9 5.3 25 4
38 3.7 7.0 6.8 0.9 4,6 28 4 hd
40 2.2 12.9 4.6 0.7 5.1 33 A
42 2.5 15.3 5.5 0.5 6.0 27 4
44 1.1 22.5 14.6 2.1 10.1 20 4
46 5.1 46,4 31.5 0.4 20.9 31 4
48 24.7 87.2 57.9 7.9 44,4 34 &
50 141. 104.5 122,1 42,1 102. 6 41 4
92 191.0 198.0 198.0 241.0 207.0 50 >4
54 266.0 177.8 208.0 245.0 2242 50 >4
56 318.0 297.0 306.0 276.0 299.3 <0 >4
= 58 241.0 249.0 376.0 304.0 292.5 50 >4
I TOTAL 1233.0 1257.0 1380.0 1149.0 1255.0
M. o,
R e
* AJFTOT, D 3241
+ AN Change in Pressure Drop, am of Hg: 1 at 150 minutes
- Preheater Deposit Code: >4F
' - TDR Spun Deposit Rating: 50 at 52
RN
. K,
Dy “J'j
‘“\‘
o D
b3
" ’
_v’
o
- 212
. AR S A AR A e B s i s R AT ST P S



AR TN T AT W e LM AT S W0 W W N R T A AR A

DISTRIBUTION LIST

DEPARTMENT OF DEFENSE

DEFENSE DOCUMENTATION CIR
CAMERON STATION 1
ALEXANDRIA VA 22314

[S¥]

DEPT. OF DEFENSE
ATTN: OASD (A&L) (MR DYCKMAN) 1
WASHINGTON DC 20301-8000

CDR

DEFENSE FUEL SUPPLY CTR

ATTN: DFSC-Q (MR MARTIN) H
CAMERON STATION

ALEXANDRIA VA 22304-6160

DOD

ATTN: DUSDRE (RAT) (Dr. Dix) 1
ATTN: ROOM 3-D-1089, PENTAGON 1
WASHINGTON DC 20301

DEFENSE ADVAMCED RES PRQJ
AGENCY

DEFENSE SCIENCES OFC I

1400 WILSON BLVD

ARLINGTON VA 22209

DEPARTMENT OF THE ARMY

HG, DEPT OF ARMY

ATTN: DALO-TSE (COL BLISS) l
DALO-TSZ-B (MR KOWALCZYK) 1
DALO-AV i
DAMO-FDR (MAJ KNOX) i
DAMA-ARZ (DR CHURCH) 1
DAMA-ART (LTC RINEHART) |

WASHINGTON DC 20310

CDR
U.S. ARMY BELVOIR RESEARCH,
DEVELOPMENT & ENGINEERING CTR
ATTN: STRBE-VF 10
STRBE-WC Z
FORT BELVOIR VA 22060-5606
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CDR
US ARMY MATERIEL DEVEL %
READINESS COMMAND

ATTN: AMCLD (DR ODOM) 1
AMCDE-SG 1
AMCDE-SS !
AMCQA-E 1
AMCSM-WST (LTC DACEY) 1

5001 E{SENHOWER AVE
ALEXANDRIA VA 22333-0001

CDR
US ARMY TANK-AUTOMOTIVE CMD
ATTN: AMSTA-RG (MR WHEELOCK) i
AMSTA-TSL (MR BURG) ]
AMSTA-G |
AMSTA-MTC (MR GAGLIO),
AMSTA-MC, AMSTA-MV
AMSTA-UBP (MR MCCARTNEY) !
AMSTA-MLF (MR KELLER) 1
WARREN M| 483975000

p—

DIRECTOR
US ARMY MATERIEL SYSTEMS
ANALYSIS ACTIVITY
ATTN: AMXSY-CM (MR NIEMEYER) l
AMX3Y-CR 1
ABERDEEN PROVING GROUND MD
21005-500646

DIRECTOR

AFPPLIED TECHNOLOGY LAB

1J.S. ARMY R&T LAB (AVSCOM)

ATTN: SAVDL-ATL-ATP (MR MORROW) |
SAVDL-ATL-ASY 1

FORT EUSTIS VA 23604-5577

DIRECTOR

US ARMY MATERIEL CMD

MATERIEL SUPPORT ACTIVITY

ATTN: AMXTB-T (MR STOLARICK) 1
FORT LEWIS WA 98433

CDR
US ARMY GENERAL MATERIAL &
PETROLEUM ACTIVITY
ATTN: STRGP-F (MR ASHBROOK) |
STRGP-FE, BLDG 85-3 1
STRGP-FT I
NEW CUMBERLAND PA {7070-5008%
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HQ, DEPT. OF ARMY
ATTN: DAEN-DRM
WASHINGTON DC 20210

CDR
US ARMY RES & STDZN GROUP
(EUROPE)
ATTN: AMXSN-UK-RA (DR OERTEL)
AMXSN-UK-SE (LTC NICHOLS)
BOX 65
FPO NEW YORK 09510

CDR, US ARMY AVIATION R&D CMD

ATTN: AMSAV-EP (MR EDWARDS)
AMSAV-NS

4300 GOODFELLOW BLVD

ST LOUIS MO 63120-1798

CDR

US ARMY ABERDEEN PROVING
GROUND

ATTN: STEAP -MT-U

ABERDEEN PROVING GRQUND MD

21005

CDR
US ARMY YUMA PROVING GROUND
ATTN: STEYP-MT-TL-M
(MR DOEBBLER)
YUMA AZ 35364-2130

PROJ MGR, BRADLEY FIGHTING
VEHICLE SYS

ATTN: AMCPM-IFVS-M

WARREN MI 48397

PROG MGR, M113 FAMILY OF VEHICLES

ATYN: AMCPM-M113.T
WARREN M{ 48397

PROJ MGR, MOBILE ELECTRIC POWER
ATTN: AMCPM-MEP-TM

7500 BACKLICK ROAD

SPRINGFIELD VA 22150

CDR
US ARMY EUROPE & SEVENTH ARMY
ATTN: AEAGG-FMD
AEAGD-TE
APO NY 09403

CDR

THEATER ARMY MATERIAL MGMT
CENTER (205TH)-DPGM

DIRECTORATE FOR PETROL MGMT

ATTN: AEAGD-MMC-PT-Q

APO NY 09G52

CDR
US ARMY RESEARCH OFC
ATTN: SLCRO-ZC
SLCRO-EG (DR MANN)
SLCRO-CB (DR GHIRARDELLI)
P OBOX 12211
RSCH TRIAMNGLE PARK NC 27709-221!

PROG MGR, TACTICAL VEHICLE
ATTN: AMCPM-TYVY
WARREN MI 43397

DIR

US ARMY AVIATION R&T LAB
(AVSCCM)

ATTN: SAVDL-AS (MR WILSTEAD)

AMES RSCH CTR

MAIL STOP 207-5

MOFFET FIELD CA 94035

CDR

TRADOC COMBINED ARMS TEST
ACTIVITY

ATTN: ATCT-CA

FORT HOOD TX 76544

CDR
105TH S & T BATTALION
5TH INFANTRY DMV {MECH)
FORT POLK LA 71459

b

CPDR
PROI OFF, AMPHIBIOUS AND WATER US ARMY DEPRPOT SYSTEMS CMD
CRAFT ATTN: AMSDS-RM-EFO !
ATTN: AMCPM-AWC-R CHAMBERSBURG PA 17201
4300 GOODFELLOW BLVD
ST LOWIS MO 63120
BFLRY No. 205
Page 2 of 5
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CDR

US ARMY LEA

ATTN: DALO-LEP

NEW CUMBERLAND ARMY DEPOT
NEW CUMBERLAND PA 17070

CDR

US ARMY GENERAL MAYERIAL &
PETROLEUM ACTIVITY

ATTN: STRGP-FW (MR PRICE)

BLDG 247, DEFENSE DEPOT TRACY

TRACY CA 95376

PROJ MGR, LIGHT ARMORED VEHICLES

ATTN: AMCPM-LA-E
WARREN MI 48397

CDR

US ARMY ORDNANCE CENTER &
SCHOOL

ATTN: AT3L-CD-CS

ABERDEEN PROVINC GROUND MD

21005

CDR
US ARMY FOREIGN SCIENCE & TECH
CENTER
ATTN: AMXST-MT-1
AMXST-BA
FEDERAL BLDG
CHARLOTTESVILLE VA 22901

PROJECT MANAGER, LIGHT COMBAT

VEHICLES
ATTN: AMCPM-LCV-TC
WARREN, MI 48397

HQ, US ARMY T&E COMMAND

ATTN: AMSTE-TO-0O
AMSTE-CM-R-O

ABERDEEN PROVING GROUND MD

21005- 5006

CDR, U ARMY TROOP SUPPORT
COMMAMD
ATTN: AMSTR-ME
AMSTR-S
4300 GOODFELLOW BLVD
ST LOUIS MO 63120-1798

DIRECTOR

US ARMY PSCH & TECH LAB
(AVSTOM)

PROPULSION LABORATORY

ATTN: SAVDi.-PL-D (MR ACURIOQ)

21000 BROOKPARK ROAD

CLEVELAND OH 441353127

CDR

US ARMY NATICK RES & DEV LAR

ATTN: STRNA-YE (DR KAPLAN)
STRNA-U

NATICK MA 01760-5000

CDOR

US ARMY TRANSPORTATION SCHOOL
ATTN: ATSP-CD-MS (MR HARNET)
FORT EUSTIS VA 23604-5000

PROJ MGR, PATRIOT PROJ OFFICE
ATTN: AMCPM-MD-T-C

J.5. ARMY MISSILE COMMAND
REDSTONE ARSENAL AL 35893

CDR
US ARMY QUARTERMASTER SCHOOL
ATTN: ATSM-CD
ATSM-TD
ATSM-PFS
FORT LEE VA 2380!

HQ, US ARMY ARMOR CENTER AND
FORT KNOX

ATTN: ATSB-CD

FORT KNOX KY 40121

CDR
COMBINED ARMS COMBAT
DEVELOPMENT ACTIVITY
ATTN: ATZL-CAT-E
ATZL-CAT-A
FORT LEAVENWORTH KA 66027-5300

CDR

US ARMY LOGISTICS CTR

ATTN: ATCL-MS (MR A MARSHALL)
ATCL-C

FORT LEE VA 23801-6000

BFLRF No. 20%
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PROJECT MANAGER

PETROLEUM & WATER LOGISTICS
ATTN: AMCPM-PWS

4300 GOODFELLOW BLVD

ST LOUIS MO 63120-1798

CDR

US ARMY FIELD ARTILLERY SCHOOL
ATTN: ATSF-CD

FORT SILL OK 73503-5600

CDR
US ARMY ENGINEER SCHOOL
ATTN: ATZA-TSM-G
ATZA-CDM
ATZA-CDD
FORT BELVOIR VA 22060-5606

CDR

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

FORT BENNING GA 319955400

CDR

US ARMY AVIATION CTR & FT RUCKER
ATTN: ATZQ-DI

FORT RUCKER AL 36362

PROG MGFE, TANK SYSTEMS

ATTN: AMCPM-MIEL-SM
AMCPM-Me0Q

WARREN MI 48397

CDhR
US ARMY ARMOR & ENGINEER BOAKD
ATTN: ATZK-AE-AR
ATZK-AE-LT
FOKT KNOX KY 40121

CDR

6TH MATERIEL MANAGEMENT CENTER
19TH SUPPCORT BRIGADE

APQ SAN FRANCISCO 96212-0172

CHIEF, U.5. ARMY LOGISTICS
ASSISTANCE OFFICE, FORSCOM
ATTIN: AMXLA-FO (MR PITTMAN)
FT MCPHERSON GA 30330

BFLRF No. 205
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DEPARTMENT OF THE NAVY

CDR
NAVAL AIR PROPULSION CENTER
ATTN: PE-33 {MR D'ORAZIO}

p—

PE-33 (MR KARPOVICH) 1
P OBOX 7176
TRENTON NJ 06828
CDR
NAVAL SEA SYSTEMS CMD
ATT™: CODE 05M& (MR R LAYNE) 1

WASHINGTON DC 20362-51C1

CDR

DAVID TAYLOR NAVAL SHIP R&D CTR

ATTN: CODE 2830 (MR BOSMAJIAN) l
CODE 2759 (MR STRUCKO) 10
CODE 2831 l

ANNAPOLIS MD 21402

CG

FLEET MARINE FORCE ATLANTIC
ATTN: G4 (COL RCMMANTZ) l
NORFOLK vA 23511

CDR

NAVAL SHIP ENGINEERING CENTER
ATTN: CODE 6754 1
PHILADELPHIA PA 19112

PROJ MGR, M60 TANK DEVELOPMENT

ATTN: USMC-LNO I

US ARMY TANK-AUTOMOTIVE
COMMAND (TACOM)

WARREN MI 48397

CDR

NAVAL AIK SYSTEMS CMD

ATTN: CODE 53645 (MR MEARNS) |

WASHINGTON DC 2036l

CDR

NAVAL RESEARCH LABORATORY

ATTN: CODE 6170 1
CODE 6130 I
CODE 6110 {IPR HARVEY) l

WASHINGTON DC 20375

CDR

HAVAL FACILITIES £ENGR CTR

ATTN: CODE [202B (MR R BURRIS) !
200 STOVAL ST

ALEXANDRIA VA 223822
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CDR CDR
NAVAL AIR ENGR CENTER WARNER ROBINS AIR LOGISTIC
ATTN: CODE 92727 1 CTR
LAKEHURST NJ 08733 ATTN: WRALC/MMTV (MR GRAHAM) 1
ROBINS AFB GA 31098
COMMANDING GENERAL
US MARINE CORPS DEVELOPMENT CDR
& EDUCATION COMMAND USAF 3902 TRANSPORTATION
ATTN: DO74 (LTC WOODHEAD) 1 SQUADRON
QUANTICO VA 22134 ATTN; LGTVP (MR VAUGHN) !
OFFUTT AIR FORCE BASE NE 68113
OFFICE OF THE CHIEF OF NAVAL
RESEARCH CDR
ATTN: OCNR-126 (MR ZIEM) I HQ 3RD USAF
ARLINGTON, VA 22217-5000 ATTN: LGSF 1
APO NEW YORK 09127
CHIEF OF NAVAL OPERATIONS
ATTN: OP 413 1 CDR
WASHINGTON DC 20350 DET 29
ATTN: SA-ALC/SEM 1
CDR CAMERON STATION
NAVY PETROLEUM OFC ALEXANDRIA VA 22314
ATTN: CODE 43 (MR LONG) 1
CAMERON STATION
ALEXANDRIA VA 22304-6180 OTHER GOVERNMENT AGENCIES
NATIONAL AERONAUTICS AND
DEPARTMENT GF THE AIR FORCE SPACE ADMINISTRATION
VEHICLE SYSTEMS AND ALTERNATE
HQ, USAF FUELS PROJECT OFFICE
ATTN: LEYSF I ATTN: MR CLARK !
WASHINGTON DC 20330 LEWIS RESEARCH CENTER
CLEVELAND OH 44135
HQ AIR FORCE SYSTEMS CMD
ATTN: AFSC/DLF !  DEPARTMENT OF TRANSPORTATION
ANDREWS AFB MD 20324 FEDERAL AVIATION ADMINISTRATION
ATTN: AWS-110 1
CDR 800 INDEPENDENCE AVE, SW
US AIR FORCE WRIGHT AERONAUTICAL  WASHINGTON DC 205%0
LAB
ATTN: AFWAL/POSF (MR CHURCHILL) | US DEPARTMENT OF ENERGY
WRIGHT-PATTERSON AFB OH 45433 CE-151
ATTN: MR ECKLUND 1
CDR FORRESTAL BLDG.
SAN ANTONIO AIR LOGISTICS 1000 INDEPENDENCE AVE, SW
CTR WASHINGTON DC 20585
ATTN: SAALC/SFT (MR MAKRIS) l
SAALC/MMPRR I ENVIRONMENTAL PROTECTION
KELLY AIR FORCE BASE TX 78241 AGENCY

AIR POLLUTION CONTROL {
2365 PLYMOUTH ROAD
ANN ARBOR MI 48165

BFLRF No. 205
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