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SECTION 1
INTRODUCTION

This effort was designed to investigate advanced hydrocarbon fuel
performance with respect to thermal stability under simulated high Mach
number flight conditions. A preceding program, which was contracted to
North American Rockwell, Los Angeles Division, provided the Advanced
Aircraft Fuel System Simulator used in this study. North American
evaluated five fuels of differing thermal stabilities in the simulator
(Refarence 1). A sixth fuel was avaluated by the Air Force Aero Propulsion
Laboratory (AFAPL) (Reference 2) as the first in a series of fuels to be
evaluated in-house. The results of these programs are summarized in
Table I.

The in-house effort is designed to expand upon the North American
Rockwell results and to pursue new areas of investigations with the
Simulator. Generalized performance data provided by this erfort will
aid in the development of representative small-scale tests, provide a
basis of relating small-scale test results to operational performance,
and provide information on the operational limitations of currently
available fuels to aid in designing specifications of fuels for future
supersonic aircraft. This report describes the results of the evaluation
of fuel AFFB-14-70.



TABLE 1

SUMMARY QF PREVIQUS TESTING

Fuel
Designation

Fuel
Type

Test Objective

ALCOR JFTOT
Breakpoint °F*

General Results

AFFB-B-67

AFFB-9-67

AFFB-10-67

AFFB-11-68

AFFB-12-68

AFFB-13-69

Jet A-1

JP-5

Aged JP-7

Neat JP-7

Spec JP-7

Jet A-1

Establish baseline of
heavy deposition

Establish baseline of
heavy deposition
Advanced Fuel Testing

Advanced Fuel Testing

Advanced Fuel Testing

Advanced Fuel Testing

570

525

615

750

725

660

Heavy deposition in wing tank
and manifald (Ref 3)

Heavy deposition throughout all
system components {Ref 4)

Moderate deposits in wing tank
and manifold (Ref §)

Moderate deposits in wing tank
and manifold. Less deposits
than AFFB-10-67 (Ref 6)

Results similar to AFFB-11-68
{Ref 7}

Moderate to heavy deposits in
wing tank and manifold (Ref 2)

*Lowest cantrol temperature where a Code 3 is first obtained
on the test heater tube.

S6-¢L-4L-"1dvdv
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SECTION I1
FUEL TESTED

The test fuel is designated AFFB-14-70 and was purchased from
Ashland 077, Inc. It was refined from U. §. mid-continent crude oil
and is a neat kerosene.

This fuel was chosen to serve as a baseline for future testing of
Simulator fuels to evaluate thermal stability characteristics resulting
from various refinery treatments (desulfurization, hydrogenating, etc.).

Laboratory analysis for this fuel are presented in Table II.
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TABLE II
AFFB-14-70 FUEL ANALYSIS

Ashland 01l Aerospace Fuels
Tests, Jul 70 Lab, Jul 70

Gravity, °API 45.0 45.1
Distillation
1BP 329 326
10% 360 364
20% 371 378
50% 400 409
90% 448 460
FBP 489 505
Rec 99 98
Res, % 1 1
Loss, % 0 1
% @ 400°F 50
Flash Point, °F 122 120
Freezing Point, °F -52.6 Below -51
Viscosity @ -30°F, CS 9.07
Net Heat of Combustion, Btu/1b 18,638
Btu/gal 124,539
Aniline Point, °F 152 149
Aniline Gravity Constant 6,855 6,720
Total Sulfur, wt. % 0.021 0.018
Mercaptan Sulfur, wt. % 0.0005 0.0
Aromatics, Vol. ¢ 11.6 10.8
Olefins, Vol. % N.6 1.1
Potential Gum, mg/100 ml Z.9 1.2
Smoke Point, mm 26 25
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SECTION ITi
SIMULATOR TEST CYCLES
1. GENERAL DESCRIPTION

The Advanced Aircraft Fuel System Simulator, a drawing of which is
snown in Figure 1, comprises a 500 gallon fuel system consisting of
airframe and engine fuel subsystems. The airframe subsystem has twc Fuel
tanks, a refueling system, a vent system, a simulated aerodynamic heating
and cooling system, a fuel feed system, a filter, and a heat exchanger.
The engine fuel system consists of an engine pump and bypass system, a
flow control valve, filter, heat exchanger system, manifold, and nozzle
system. Additional information can be found in Reference 8.

2. SUMMARY OF TEST PROCEDURES AND RESULTS

One test series consisting of a total of 93 environmental test cycles
(simulated missions) was conducted on fuel AFFB-14-70 in the Simulator.
The fuel flow rate, tank pressure, and dry tank skin temperature profiles
for the test series are shown in Figures 2, 3, and 4, respectively. The
fuel-out temperatures for the various components are shown in Figure §.
The fuel nozzle tzmperature nearly coincides with the manifold outlet
temperature,

Prior to each test cycle, the fuselage tank and the wing tank were
filled with fresh fuel to 95% capacity. Altitude simulation and inerting
of the fuel tanks were automatically controlled through the tank vent
system. Vacuum pumps were used in this system to reduce the internal
pressure of each tank and a nitrogen supply was provided to inert the
vapor space during simulated descent. The fuel in the fuseiage tank was
heated from approximately 70°F at the start of the test cycle to 220°F
at the end of the test cycle by radiation heaters to simulate aerodynamic
heating. Simultaneously, the upper and lower wing tank skins were heated
as follows to simulate aerodynamic heating.
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STIERE ML TR

Advanced Aircraft Fuel System Simulator

Figure 1.
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Test Cycles Maximum Skin Temperature
0-35 300°F
3% -70 375°F
71 - 93 200°F

Vibration simulation was provided by utilizing a vibrator on each
tank. The fuel was pumped from the tanks through a 75 micron airframe
filter and an airframe heat exchanger.

The airframe heat exchanger system rejected heat to the fuel at a
specified rate, resu]tiﬁg in an average increase in fuel temperature of
25° and 70°F for the acceleration and cruise conditions, respectively.
The fuel entering the engine fuel system was pressurized and heated by
the engine pump and bypass system. The average increase in temperature
across the pump was 5°, 10°, and 10°F during acceleration, cruise, and
descent conditions, respectively. The high pressure fuel flow was then
regulated by a manual fiow control valve and filtered by a 2-micron
engine filter. The fuel was further heated by the engine heat exchanger
system so that an additional increase in temperature of 25° and 60°F
was obtained during the acceleration and cruise conditions, respectively.
The fuel then passed through a heated manifold where average added
temperature increases of 47° and 85°F were produced for the acceleration
and cruise conditions.

At the beginning of descent conditions, the engine and airframe heat
exchanger heating systems were de-energized. Three-quarters of the fuel
passing through the engine exchanger during descent was returned to the
fuselage tank. The remaining fuel passed through the heated manifold,
where the fuel-out temperature rapidly increased to 600°F. The heat
input to the manifold was then slowly decreased to simulate descent
cooling of the manifold line. The fuel exiting the manifold 1ine passed
through the nozzle where temperature increases of 2° and 8°F were attained
for the cruise and descent conditions, respectively. During and at the
completion of the test series, the simulator was inspzcted and the data
analyzed.

1
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A summary of the results of the 93 test cycles is as follows.
Inspection of the simulator showed that the fuselage tank internal
surfaces were coverad with a brown powder that could be detected only by
wiping the surface with a white wiper. The puddle areas of the wing tank
were discolored at maximum skin temperatures of 300°F and 375°F but
were clean at 200°F. The deposit rated a maximum of 6 and 9 on the
Coordinating Research Council (CRC) Lacouer Rating Scale at maximum skin
temperatures of 300% and 375°F, respectively. No loose deposits were
present. Puddle areas were noted by concentric rings of deposit.

The airframe filter showed no discoloration; however, an increase in
pressure drap of D.06 inches of water was measured which is considered
insignificant. The inlet and cutlet of the airframe heat exchanger were
unchanged in cotor with no significant change in performance. There was
no evidence of engine pump performance degradation during the testing.

The engine fuel lines and components contained nc noticeable deposit.
The engine filter {2 microns) was replaced three times during the 93 test
cycles as the result of increases in pressure drop. The engine heat
exchanger contained nc noticeable depasits and no significant change in
performance was evident.

The manifold contained medium-brown to dark-brown deposits. The
calculated maximum deposit increase per test cycle was 0.07130 mil, using
a deposit thermal conductivity of 0.07 BTU-ft/ftZ-hr-°F. The engine
nozzle was covered with a powdery deposit and the pressure drop across
the nozzle increasad 2.7%.

3. COMPONENT TEST PROCEDURES AND RESULTS

The following is a detailed discussion of the test cycle procedure
and the results for each component. The resuylts obtained are expressed
in terms of component performance degradation, calculated deposit
thickness, and color scale ratings. The use of a c¢celor scale for quanti-
fying the fuel degradation in the simulator is far inferior to

12
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measurements of performance dégradation and deposit. However, the CRC
Lacquer Rating Scale was used 30 comparisons can be made to previous

fuel tez!ing results. Unless otherwise stated, the brown rather than

the aray scale was used. Additionally, selected components were rated
using the Advanced Aircraft Simulator (RAS) scale.

a, Wing Tank
(1) System Revision

A1l previous testirg was conducted using an internally mounted
aircraft boost pump (Reference 8). It was necessary to cool the boost
pump during the high temperature portion of each test cycle. This
resulted in a cool surface that condensed fuel vapors which ran back
to the bottom of the tank and again were vaporized. Heavy deposits
resulted beneath the boost pump. The Tife of the boost pump was relatively
short aven with cooling and replacement was inconvenient and time
consuming. The pump was replaced with an externally mounted pump pro-
viding longer Tife and easier replacement. An "Aurora" all stainless
steel turbine pump, Model No. G4S-55, was selected.

(2) QOperational Procedure

Prior to each test cycle, the wing tank was filled with fresk fuel,
ranging in temperature from 44° to 64°F, thruugh a totalizing flowmeter
to 95% of its capacity based on the fuel density at a temperature of 70°F.
This quantity, 651.3 pounds, was used for each test cycle within a
repeatability tolerance of Tess than 0.3 percent. After the tank was
fiiled, the test cycie commenced by energizing the boost pump, es-
tablishing a fuel flow of approximately 5.8 gallions per minute out of
the wing tank and automatically reducing the internal pressure of the
wing tank in accordance with the required pressure schedule {Figure 3).
The wing tank and probe heaters were energized at 14 and 16 minutes
after start-up, respectively, in accordance with the heating schedule
ascertained during the initial test cycles.

13
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The first 35 test cycles were conducted at a maximum wing tank skin
temperature of 300°F (See Figure 6). Visual inspection indicated that
deposits were being formed in the puddle areas. The tank was cleaned
and the maximum skin temperature raised to 375°F (See Figure 7) for the
second 35 test cycles in order to provide information on the effect of
temperature on deposit formation in the wing tank. A significant increase
in the amount of deposit formed was abserved when the tank was inspected
at the end of the second 35 test cycles.

Since both of the test temperatures (i.e., 300° and 375°F) were well
below the minimum temperature at which deposits start to form in the
manifold, the maximum temperature was lowered to a level that would
permit a rough determination of the breakpoint of the fuel in the wing
tank. The tank was cleaned and testing commenced at a maximum skin
temperature of 225°F (See Figure 8). The tank was agais inspected
following test cycle 93 (23 cycles at 225°F), and no deposits were
visible in the tank. Testing was stopped since further testing would not
provide any additional information in any of the zystem components.

As in past test series, probes were placed in the vapor space of
the wing tank in order to determine the effect on deposit formation of
various temperatures and materials. The number of probes was reduced to
three from four since better data could be obtained by placing both
stainless steel and titanium specimens on each probe instead of having
three stainless steel probes and one titanium probe. The maximum
temperature attained by each of the probes during the three temperature
profiles used for the wing tank during the tenth test series was as
follows:

Max. Skin Temperature Maximum Probe Temperatures
of the Wing Tank Praobe 1 Probe 2 Probe 3
300°F 300°F 255°F 240°F
375 375 335 320
225 225 180 180

14
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The temperature of probe 1 was controlled to produce the same
temperature profile as the dry wing tank skin. The temperature of
probe 2 was contrelled to simulate the side of the wing tank, and
probe 3 was unheated in order to duplicate the lowest tempsrature in
the tank. In order to provide specimens that had been subjected to the
dry skin and fuel puddle conditions of the bottom of the wing tank, two
dishes and one disk were placed on the bottom of the tank.

The airframe fuel pressure diminished at 16 minutes after test
start-up, indicating that the fuel depth in the wing tank was approximately
1 inch and the pump was cavitating. This condition was immediately
followed by a decrease in fuel flow. The fuselage pump was then energized
and the wing pump de-energized. The wing tank fuel dump valve was opened
at 17 minutes. Most of the remaining fuel in the wing tank drained
through the valve into a sump tank and the fuel dump valve was closed
28 minutes later. The wing tank attitude was calibrated to cause
approximately 1450 milliliters of fuel to remain in tank after it was
drained. During the cruise condition, which commenced 22 minutes after
test start-up, the temperature of the dry heated portion of the wing
tank skin was increased and stabilized at the desired maximum skin
temperature.

Vibration and simulated aerodynamic cooling were commenced 126
minutes after test start-up. The vibrator was shut off at 136 minutes
and cooling continued through the end of the test cycle.

(3) Results

The wing tank was opened after completion of testing at each
of the three maximum skin temperatures to visually examine the
deposits in the wing tank. The entire wing tank was rated by making
a sketch of the tank showing the location, area, and rating of the

18
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deposits using the CRC Lacquer Rating Scale. These yisual examinations
are summarized as follows:

Test Max. Skin Vent Tube Bottom Bottom
Cycle Temp. Sides Area Trusses Dry Mrea Puddle Areas
35 300°F Clean Clean (lean Clean 4-5
70 375°F Clean Clean Clean 2-4 3-9
93 225°F Clean Clean Clean Clean Clean

Sketches were made of the wing tank after 35 and 70 test cycles and
are shown in Figures 9 and 10, respectively. The tank was found to be
clean following the first 35 test cycles (maximum temperature of 300°F)
except for small stains in the puddle areas. The tank was c¢leaned and
35 additional test cycles conducted at a maximum skin temperature of
375°F. Inspection revealed that the entire bottom If the tank was covered
with deposit; the heavier deposit being predominantly in the puddle areas.
The remainder of the tank was clean. The tank was again cleaned and
23 test cycles cenducted at a maximum skin temperature of 225°F. There
was no evident disccloration of the tank foliowing this testing.

The stainless steel and titanium probes were rated and replaced each
time the tank was cleaned and after the test series. There was no
significant difference in the discoloration of the titanium and stainless
steel probes. The probes removed after the first 35 test cycles were
dull when compared to an unused probe. Tke 300°F probes were s1ightly
yellowed. The 240 and 255°F probes were very similar in appearance with
Tittle, if any, yellowing.

The probes removed after the second 35 test cycles were all slightly

yellowed. The 320°F probe was only veryv slightly yellowed and the 375°F
probe was the most discolored of 211 of the probes. The probes removed

15
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after the Z3 test cycles at a maximum temperature of 225°F were not

discolored. The ranking of the probes in order of increasing discoloration

is as follows:

180°F {225°F) 1B0°F (225°F) 225°F (225°F) Least Discoloration
240°F {300°F)
255°F (300°F)
320°F (375°F)
335°F (375°F)
300°F ({300°F)
375°F {375°F) Most Discoloration

NOTE: The numbers in parenthesis are the maximum wing tank skin
temperatures.

The dishes ard disk removed after the first 35 test cycles were
slightly yellowed and rated less than 2 on the CRC Lacquer Rating Scale.
There was no significant dijfference in the appearance of the dishes
and disk. The dishes and disk removed after completion of the second
35 test cycles (375°F maximum skin temperature) were covered with brown
and gray depesits rating fiom 3 te 6 on the CRC Lacquer Rating Scale.

A small amount of multicolored deposit was evident on one of the dishes.
Dishes and disk were not included in the testing at 225°F.

b. Fuselage Tank
(1) System Revision

A1l previocus test series were conducted using an internally mounted
aircraft boost pump. The pump was exposed to temperatures during each
test cycle that were well above the rated temperature 1imits of the

pump. This resulted in a significant reduction in the mean-time-to-failure.

Therefore, the pump was replaced with an external boost pump as dis-
cussed previously for the wing tank.

22
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{2) Operational Procedure

Prior to each test cycle the fuselage tank was filled to 95% of the
capacity. The average weight of fresh fuel used to fill the tank was
2114 pounds. The average weight ratio of residual fuel to fresh fuel
was 0.19. A time-temperature history of the fuel and vapor in the
fuselage tank is shown in Figure 11. Following refueling, the tank was
pressurized with nitrogen to 17.4 PSIA and the test cycle commenced.
The internal pressure of the tank was automatically reduced in accordance
with the pressure schedule. At 14 minutes after start-up, the fuselage
tank heaters were energized in accordance with the heating schedule
ascertained during the initial test cycles. This heating schedule was
established to produce the required fuselage fuel outlet temperature.
At 15.5 minutes (average) after start-up when the wing tank fuel
diminished, the fuel source was switched to the fusplage tank. As the
fuel level drcpped below each section of heated fuselage tank skin, the
temperature of that section approached 500°F. The schedule provided for
heating the tank until 100 minutes after start-up. At 100 minutes, the
heaters adjacent to the wetted areas were de-energized to minimize the
fuselage fuel outlet temperature during descent in order to approximate
the overall design profile requirements.

The unwetted fuselage tank skin remained at a temperature of 500°F
until tank cooling commenced at 126 minutes after test start-up. The
tank cooling continued until the tank and residual fuel were sufficiently
cooled so that the resultant fuel temperature after refueling was below
90°F.

Vibration of the tanks normally commenced at 126 minutes and Tasted
for 10 minutes; however, it was discovered during the testing that the
external boost pump dces not produce sufficient agitation in the fuseiage
tank to bring about release of the dissolved gases in the fuel as it is
heated and the pressure in the tank reduced. As a result, commencing
with cycle 60 the vibrator was run for the entire simuiated mission.
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(3) Results

The fuselage tank was inspected after 35, 70, and 93 cycles. There
was no deposit or discoloration present in the tank at these times.

c. ATtitude and Irerting
(1) Operational Procedure and Results

Prior to test cycle start-up, the automatic altitude control solenoid
valve and the vacuum pumps were energized and the fuselage and wing tanks
pressurized to 17.4 PSIA with gaseous nitrogen. At test cycle start-up,
the altitude programmer was energized and automatically controlled the
tank pressure as shown in Figure 3 to within 0.5 PSI. The maximum rate
of pressure reduction during simulated climb was 1.6 PSI per minute. At
16 minutes after test start, the pressure of the tanks reached 3.5 PSIA,
and this pressure wes maintained during cruise. At 126 minutes after test
cycle start-up (begirning of descent), the pressure of the tanks was
automatically increased by the addition of gaseous nitrogen to 17.4 PSIA
at a maximum rate of 1.0 PSI per minute.

d. Vent Heating
(1) Operational Procedure and Results

At 16 minutes after test cycie start-up, the reasistance heater tapes
on the fuselage and wing tark vent lTines were energized to simulate
aerodynamic heating. A variable voltage control and temperature controller
were used for each vent line to produce the same metal temperature at
47 minutes after testing start-up as the maximum unwetted skin temperature
in the tank to which the vent Tine was connected. This temperature was
maintained throughout the cruise portion of the test cycle. At the
beginning of descent, the heater tapes were de-energized. The tempciature
of the fuselage and wing tank vent Tines decreased at a linear rate to
lTess than 300°F at 159 minutes. The vent lines were inspected for deposit
following the test. Both vent lines were clean.
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e. Fuel Condensate
{1) Operational Procedure and Results

Upon completion of each test cycle, the condensate resulting from
tank fuel boil-off was drained from the vacuum system condenser tank
and measured. The average amount of condensate for each of the three
maximum wing tank temperature conditions; i.e. 300°, 375°, and 225°F,
was 78, 197, and 0 milliliters, respectively.

f. Airframe Fuel Filter and Lines
(1) Operational Procedure and Results

Approximately 39,000 gallons of fuel ranging in temperature from
44" to 215°F passed through the airframe lines and were filtered through
the 75 micron filter system during the test series. The pressure drop
across the filters, measured during the climb {maximum fuel flow) condition
of the test cycles, is shown in Figure 12. A small amount of debris con-
sisting mainly of 1int was found in the filter folds; however, the filter
element and the filter bowl were not discolored. There was no accumulation
of debris in the airframe filter system that could be related to the
deposits formed in the wing tank. The lines ir the airframe system were
deposit free.

g. Airframe Heat Exchanger
{1} Operational Procedure

A naphthenic mineral o0il was circulated through the shell side of
the feat exchanger at a flow rate of 3 GPM. This o0il was heated by an
electrical heater, having a variable heat control, to simulate the
heat rejected tc the fuel by the various airframe subsystems. The heat
input to the oil was set at a level established during the initial test
cycles. The heater was energized at test cycle start-up and de-energized
126 minutes later. The heat input to the fuel during this period was an
average of 600 BTU per minute. The average fuel temperaiure rise across

26



Lz

PRESSURE OROP - [NCHES WATER

21

18

12

o

o Gﬂ\ m =T} I LD, —tDl
"o o o i oo od N T
O O G O @ (M e uN] D o0 SEnn OO mﬂmd [URO] Q u}
o o O b © U
lu] D(D u] lu] ® Lu] o

FUEL FLOW RATE = 5.8 GPM
INCREASE = 0.06 INCH WATER
AVG DEVIATION = 0.67 INCH WATER
CORR COEFFICIENT = 0.23 -

1] 10 20 30 40 S0 [=14] 70 BO E[9]

TEST CYCLES

Figure 12. Pressure Drop Acrass Airframe Filtaer

L00

§6-£L-H1-1d¥3v



AFAPL-TR-73-95

the airframe heat exchanger during cruise conditions was 70°F, and a
maximum fuel-out temperature of 270°F was reached during the test cycle.

(2) Results

The overall heat transfer coefficient and pressure drop of the
airframe heat exchanger were determined for every other test cycle and
are shown in Figures 13 and 14, respectively. The heat transfer coeffi-
cients are corrected to an average fuel temperature of 210°F in the heat
exchanger. Analysis of the overall heat transfer data using the sum of
the least squares method indicates that the heat transfer coefficient
decreased -0.31% during the 93 test cycles with a correlation coefficient
of 0.13 (Figure 13). Analysis of the pressure drop data showed the
pressure drop increase was -0.24 PSI for the 93 test cycles with a corre-
lation coefficient of -0.34 {Figure 14). These changes are not considered
significant. Inspcction of the heat exchanger upon completion of 93 test
cycles revealed no change in the color of the surfaces exposed to either
the fuel or the oil.

h. Engine Pump Subsystem
(1) Operational Procedure and Results

The pump speed and two hand controlled throttling valves (main flow
and bypass) were regulated during each test cycle to produce the
specified temperature increase across the pump subsystem and the required
fuel flow rate. The throughput flow rate was 5.8, 2.7, and 2.7 GPM
during climb, cruise, and descent, respectively. The pump bypass flow
rate was 0, 3.6, and 3.3 GPM during climb, cruise, and descent,
respectively. The temperature of the fuel measured immediately downstream
of the pump reached a maximum of 280°F during the test cycle. The inlet
and outlet were clean when they were inspected on completion of the
test series.
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i. Engine Fuel Filter and Lines
(1) Operational Procedure and Results

Approximately 39,000 gallons of fuel ranging in temperature from
65° to 280°F were passed through the filter assembly and 1ines during
the tast series. The filter assembly contained a 2-micron nominal filter
element. The element was replaced three times during the 93 test cycles
due to plugging by fuel deposit generated in the heated tanks and the
airframe heat exchanger. The pressure across tie engine filter was
measured during descent conditions and is shown in Figure 15. Replacement
of the filter element was ragquired each time the pressure drop exceeded
50 inches of water during descent. The engine fuel lines were deposit
free when inspected following the test series.

j. Engine Heat Exchanger
(1) Calibration Test Procedure
The purpose of calibrating the engine heat exchanger was to:

a. Determine more accurately the heat transfer efficiency
loss by using higher heating capacity and flow rates.

b. Determine if a calibration shift occurred.

¢. Determine if a physical change in the engine heat
exchanger occurred.

The fuel was pfeheated in the fuselage tank to 190°F and was
recirculated through the exchanger. The oil was heated to 4€8°F while
recirculating through the shell side of the exchanger. The fuel flow
rate was then adjusted to 12 GPM through the engine heat exchanger.
After the fuel outlet temperature had stabilized, the test was repsated
with fuel flow rates of 9, 6, and 3 GPM through the engine heat,
exchanger. The oil flow rate was o GPM for all tests.
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The heat input to the fuel was 1708 Btu per minute for the 12, 9,
and 6 GPM tests and 1394 Btu per minute for the 3 GPM tests. The overall
heat transfer coefficients were computed from measurements of fuel flow
rate and fuel and oil temperatures. The engine heat exchanger overall
heat transfer coefficients were corrected, using an empirically derived
equation, to an average fuel temperature in the heat exchanger of 210°F,
and an il flow rate of 6 GPM.

The calibration was then repeated using another heat exchanger
(standard) that was not used during the test serjes. Following the
test series, both the engine and standard heat exchangers were again
calibrated. The pretest and post-test series calibrations of the standard
heat exchanger were conducted to determine whether any changes had
occurred that would affect the comparison of the pretest and post-test
series engine heat exchanger calibration test results.

(2) cCalibration Results

The calculated heat transfer coefficients for the engine and
standard heat exchangers, obtained during the calibration test, are
shown in Figure 16. The heat transfer coefficients measured for the
standard heat exchanger before and after the tenth test series decreased
by 0.8, 0.9, 1.6, and 1.9 percent for the calibration flow rates of
12, 8, &, and 3 GPM, respectively. This decrease indicates that a slight
change occurred in the equipment used to measure engine heat exchanger
heat transfer. The results from the engine heat exchanger calibration
were corrected taking intoc account these equipment changes. After these
corrections, the engine heat exchanger indicated a change in heat
transfer coefficients from the pretest to post-test calibratfons of
0.6, -0.1, -0.3, and -0.6 percent at the calibration flow rates of
12, 9, 6, and 3 GPM. These indficated changes are not considered
significant.
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(3) Test Cycle Operational Procedure

A naphthenic mineral oil was circulated through the shell side of
the engine heat exchanger at a flow rate of 3 GPM. This oil wis heated
by an electrical heater, having a variable heat control, to simulate the
heat rejected to the fuel by the various engine subsystems. The heat
input to the 0il was set at a Tevel established during the initial test
cycles to produce the desired heat input to the fuel. The heater was
energized at test cycle start-up and de-energized 126 minutes later.
The heat input to the fuel during this period was an average of 537 BTU
per minute. The average fuel temperature rise across the engina heat
exchanger during cruise conditions was 60°F and a maximum fual-out
temperature of 340°F was reached during the test cycle.

(4} Test Cycle Results

The engine heat exchanger gverall heat transfer coefficients
measured during the 93 test cycles are shown in Figure 17, A1l values are
corrected to an average fuel temperature of 210°F in the heat exchanger
and an oil flow rate of 3 GPM. A linear curve fit of the data revealed
a 1.26 percent decrease in the heat transfer coefficient. This indicated
change is in general agreement with the instrumentation shift measured
during the calibration tests. Thus, it is considered that no significant
change in heat transfer occurred during the test series. This is
confirmed by the visual inspection of the heat exchanger that was con-
ducted following the testing. The heat exchanger was observed to be in
a "1ike new" condition.

The pressure drop of the engine heat exchanger was measured and is
shown in Figure 18. A least-squares, straight-1ine curve fit of the datla
showed that the pressure drop across the engine heat exchanger decreased
0.37 percent which 15 considered insignificant.
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k. Manifeld
{1) System Revision

The manifolds subjected to testing in prior test series have all had
electrical tabs welded to the center and ends of the manifold as shown
in Figure 19 (a). A decision was made to omit both center tabs and the
bottom tabs at each end of tne manifolds as shown in Figure 19 {a). This
change necessitated the addition of an isolation fitting upstream of the
manifold to prevent electrification of the entire Simulator. The heat
Toss caused by the center tab was eliminated by this medification and
the accuracy with which the deposit thermal resistance can be calculated
was Tmproved,

(2) Operatiecnal Procedure

The tubing used to simulate the manifold section was 321 stainless
steel {.3125 inch QD by 0.028 inch wall by 120 inches long). Electrical
connector tabs were welded to the ends of the manifold tube to permit
terminal resistance heating. The heating power supply (four-10 KW DC
welders connected in parallel) was energized at test start-up and
produced the fuel temperatures shown in Figure 5. The same heat input
(840 BTU/MIN) was used for both climt and cruise conditions. During
descent, when the fuel flow rate was decreased from 2.7 GPM to 0.68 GPM,
the fuel outlet temwperature increased to 600°F. Maximum temperature was
obtained within 1 minute and then was slowly decreased in accordance
with the profile requirements by decreasing the power supply output.

The manifold was instrumented with ten 0.040-inch 0D stainless steel
sheathed thermocouples tack-welded to the outer wall. The thermocouples
were equally spaced along the manifold. The temperatures obtained from
these thermocouples were used to calculate the deposit thermal
resistance (DTRMIL) by the method described in Appendix 1. The acronym
DTRMIL is used since the standard units for deposit thermal resistance,
viz., FT/{BTU-FT/SQ FT-HR-°F), have been multiplied by 1200 MIL/FT
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Figure 19. Manifold Electrical Connection Locations
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throughout this report. The method decciibed in Appendix T provides a
significant improvement in the accuracy of calculation of DTRMIL,
particularly at Tow depesit levels.

(3) Results

Two manifolds were subjectied to testing, the Tirst one being
repiaced following test cycle 59. Manifold performance data are composed
of the fallowing three groups:

{a) DTRMIL calculated from test cycle data.

(k) Micromeier measurements of deposit thickness.

{c) Pressure drops recarded during testing.

The values of DTRMIL cefculated for each of the 10 thermocouple
locations for the first manifold are shown in Figure 20. A single first
order curve fit was used for each thermocouple location to chtain the
depositicn rate over the linear range of deposit formation (test cycles
20 through 59). These values, ajong with the correlation coefficients
and the total changes in DTRMIL, are shown in Table III.

The total change in DTRMIL was used to calculate the deposit
thickness at each thermocouple for deposit thermzl conductivities of
9.05, 0.07, and 0.09 BTU-ft/fte-hr-°F. These values are plotted in
Figure 21. The method used to calculate the deposit thickness is
presented in Appendix I. In the calculations, it is necessary to use
different values for the thermal conductivity of the deposit at different
locations in the manifold. Photomicragraphs of deposits showing the wide
range of deposit porosity are shown on page 64 of Reference 6. It is
apparent that the various forms of the deposit will have different
average values of thermal conductivity.

Testing was stopped on the second manifold after having completed
34 test cycles when it became evident that the results were not
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TABLE III

SUMMARY MANIFOLD DATA - 1QTH TEST SERIES

DISTANGE FROM CALCULATED RATE OF CHANGE IN DTRHMIL CH'{A{I%’(I;‘P;LIN

THERMOCOUPLE INLET ELEGTRIGAL MAX FILM RANGE RATE {DTRHIL CORRELATION DTRMIL
NUXDER TAD (INCHES) TEMP ° F (Cycles) ‘m_L_s") COEFFICIENT | (59 CYCLES)

1 5.75 355.0 20-59 0.0189 0.850 0.838

2 17.25 365.5 20-59 £.0229 0.960 1.017

3 28.75 372.0 20-59 0.0345 0.979 1.673

4 40.25 3770 20-59 0.0467 0.987 2.397

5 51.75 382.6 20-59 0.0672 0.993 3.388

6 €3.25 392.5 20-59 0.0921 0.936 4741

7 4.5 402.1 20-59 0.1213 0.996 6,502

8 86.25 AV 20-59 0.1466 0.937 7.897

g 97.75 418.1 20-59 0.1636 0.935 9.051

10 109.25 425.1 20-59 0.1862 0.999 10.361
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significantly different than the results obtained for the first manifold.
A comparison of the results from the two manifolds are shown in Table IV.

Micrometer measurements of deposit thickness were obtained using the
procedure presented in Appendix II. The results of these measurements
are shown in Figure 22 along with the calculated deposit thicknesses.
Deposit thickness measurements obtained using & micrometer are often
Tess than the actual deposit thickness. For example, a small percentage
of the deposit is lTost due to the vibration produced in disecting the
tubes. Also, it has been observed that the 0.185 inch diameter cylinder
used in the measuring process compresses the fine powdery surface of the
deposit to some degree.

The pressure drop of the manifold was measured during the cyclic
test series and is shown in Figure 23. Analysis of the data by the
sum-of-least-squares methad showed an increase in pressure drop of
8.7 PSI.

1. Nozzle Subsystem
(1) Operational Procedure

The nozzle heaters were energized at test startup and the output
controlled to produce a temperature rise of 2°F during the cruise
condition and 8°F during the descent condition. The same heat input was
used for the acceleration condition. The nozzle heater was de-energized
at 159 minutes after test start-up. The temperature of the fuel into
the nozzle reached a maximum of 600°F during the test cycle.

(2) Results
The nozzle element was replaced following test cycle 59 when the

manifold was replaced. The results of the measurement of pressure
drop are shown in Figure 24. The pressure drop increase during the
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TABLE IV

COMPARISON OF RATE OF CHANGE IN DTRMIL
BETWEEN TWQ MANIFOLDS USED DURING 10TH TEST SERIES

HERMOCOUPLE RANGE RATE CORRELATION
NUMBER (CYCLES) DTMIL/CYCLE COEFFICIENT
1 15-34 0.0111 0.660
1 %4-93 0.0235 0.879
2 15-34 0.0180 0.778
2 74-93 6.0286 0.854
3 15-34 0.0275 0.841
3 T4-93 0.0397 0.959
A 15-34 0.0503 0.950
4 74-93 0.0470 0.959
5 15-3, 0.0581 0.952
5 T4=93 0.0639 0.970
6 15-34 0.0886 0.973
6 T4-93 0.0886 0.975
7 15-34 0.1137 0.986
7 74-93 0.1098 0.990
8 15-34 0.1461 0.989
8 7493 0.1303 0.995
) 15-34 0.1780 0.993
9 74~93 0.1586 0.991
10 15-34 0.1959 0.992
10 74-93 0.1846 0.997
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test saries for each of the two nozzles was 18.1 and 2.0 PSI for the
first and second nozzles, respectively. The nozzle screens were covered
with a brown, powdery deposit rating 9 and B on the CRC Lacguer Rating
Scale for the first and second nozzle screens, respectively.
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SECTION IV
SIMULATOR STEADY-STATE MANIFOLD TESTS

Steady-state manifold tests were conducted to determine the rate of
deposit formatior under constant temperature conditions. Steady-state
test results are compared to the data cbhtained during cyclic tests and
used to provide a basis of correlation to the small-scale tests which
are operated in a steady-state manner. Only the manifold was tested
under steady-state conditions since it was the only system component
yielding sufficient quantitative deposit formation data during the cyclic
tests. Since the rate of deposit formatinn is affected by the flow rate,
see References 4 and 5, the steady-state tests included periods of
simulated acceleration flow rate.

1. STEADY-STATE OPERATIONAL PROCEDURE AND RESULTS
a. System Revision

As previously indicated for the ¢yclic manifolds, a decision was
made to omit the cen*er tabs and the bottom tabs at each end of the
manifolds as shown in Figure 19. This revision reduced the heat Tost
and improved the accuracy of the data analysis.

b. Oparational Procedure

Three separate tests were conducted. The first test, identified as
10.801, ran for 60 hours with Tuel inlet and cutlet temperatures of
200°F and 460°F, respectively. The entire test was run at steady-state
conditions with a flow rate of 0.68 GPM except for one 22 minute period
of flush flow rate {5.8 GPM) at 53 hours.

~ The second test, identified as 10.802, ran for a total of 70 steady-
st{te hours. The entire test was run under steady-state-flush conditions
consisting of 22 minutes of flush flow rate after each hour of steady-
state conditions as shown in Figure 25. The third test, identified as
10.803, was conducted under steady-state conditions {nc flushing) using
one of the three-tab type manifolds to provide a comparison between the
two types of manifolds.
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The tank pressure was 3.5 PSIA during all of the steady-state testing.
This reduction in prescure was accompanied by a reduction in the dissoived
oxygen in the fuel. The oxygen concentration in the system was measured
during one of the steady-state tests as the fuel flowed through the
system. The results indicate that the oxygen concentration of the incoming
fuel was 63 PPM by weight. The reduced tank pressure lowered the dissolved
oxygen of the fuel exiting the tank and entering the manifold to 20 PPM.
Oxygen consumption in the hot manifold further reduced the oxycen
concentration to 10 PPM.

c. Results
{1} Deposit Thermal Resistance

The temperature, electrical power, and flow rate data from eacnh test
vere used to calculate the deposit thermal resistance (DTRMIL) in the
manifold. The calculation method is presented in Appendix I. Plots of
DTRMIL for each of the ten thermocouplas for each of the three manifolds
are shown in Figures 26, 27, and 28. The curves for each of the ten
thermocouples on each manifeld wera offset from zero to improve
readabiTity. A statistical analysis was conducted to determine the rate
of change in GVRMIL, the correlation coefficient, and the total change
in DTRMIL. The results of the analysis performed on the data from each
manifold are summarized in Tables V, VI, and VII.

The effect of the flushing actijon at 53 hours for manifold 10.801 is
evident in Figure 26 for thermocouples 8, 9, and 10. Another indication
of the effect of flushing can be obtained by comparing the results
obtained on manifold 10.801 versus the results obtained on manifold
10.802. The comparison reveals that the rate of change of DTRMIL for the
steady-state-flush test (10.802) is only 25% of the rate obtained
without flushing (10.8C1).
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53



TABLE ¥
SUMMARY OF MANIFOLD DATA 19.801

5

THERMOCOUPLE  DISTANCE FROM CALCULATED RATE OF ChANGE CORRELATION TOTAL CHANGE
NUMEBER INLET ELECTRICAL  MAX. FILM IN DTRMIL COEFFICIENT IN DTRMIL
TAR {INCHES) TEMP. °F RANGE (HRS) RATE

] 5.75 411.7 40.1-52.6 . 0028 0699 356
e 53.9-59.7 .0470 .627 .273
2 17.25 429.2 40.1-52.6 -.0044 -.1120 .197
2* 53.9-59.7 0143 2497 .083
3 28.75 447.1 40.1-52.6 .0039 0582 .348
k4 : §3.9-59.7 .0202 . 2886 17
4 40.25 465.4 40.1-52.6 .0062 an 460
4* 53.9-59.7 .5397 .664 231

5 51.75 484.2 40.1-52.6 .00628 144 .495
5 83.4-59.7 0648 636 .377

6 £3.25 503.3 40.1-52.6 .0299 .594 .989
6* 53.9-59.7 .053% .539 A8

7 74.75 523.0 40.1-52.6 .0790 .R52 2.005
7* 53.9-50.7 .1094 .718 .636
8 86.25 542.9 40.1-52.6 .2529 .976 6.052
a* 53.9-59.7 .2035 .888 1.184
9 97.75 563.3 40.1-52.86 ,6214 .994 16.472
9* 53.9-59.7 .5094 956 2.963
10 109,25 584.1 40.1-52.6 1.259 .999 35.87
10+ 53.9-59.7 734 .972 4.274

* AFTER FLUSH AND STEADY STATE RESUMED

SH-£L-H1-1dVdV
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TABLE VI

SUMMARY OF MANIFOLD DATA 10.802

Tharmocouple Distance from Calculated Rate of Change Correlation Total Change
Number Inlet Electrical Max Fila in DTRMIL Coefficient in DTRMIL
Tab (Inches) Temp °F Range {Hrs) Rate
1 §5.75 409,3 ¢ - 69.7 .0059 .573 .389
2 17.25 424.3 0 - 69,7 .D045 476 .3n
3 28.75 442.4 0 - 69.7 .0052 .591 .360
4 40.25 453.4 0 - 69.7 .0050 427 .348
5 51.75 479.4 0 - 89.7 .0185 .897 1.292
6 63.25 500.4 0 - 69.7 .0316 .976 1.637
7 74.75 524.4 45 - 69.7 .0588 .957 3.33
8 86.25 538.4 45 - 69.7 118 .981 6.253
[} 97.75 563.5 45 - 69.7 L2161 .995 10.633
10 109.25 586.5 45 - 69,7 .289 .996 16.327

S6-€4-¥1-dvdY
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Figure 28. Calculated DTRMIL for Test 10.803
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TABLE VII
SUMMARY OF MANIFOLD DATA 10.803

89

THCRMOCOUPLE  DISTANCE FROM CALCULATED RATE OF CHANGE CORRELATION TOTAL CHANGE
NUNBER IHLET ELECTRICAL MAX, FILH IN DTRMIL COEFFICIENT IN DTRMIL
TAB (INCHES) TEMP. °F RANGE (HRS) RATE
1 5.75 428.2 45,1 - 57.5 -.0024 -.085 1.14
2 17.25 445.0 " .0057 .161 .90
3 28.75 462.2 " .0012 04 t.36
4 40.25 481.7 " L0223 .532 1.93
5 51.75 496.2 " 0562 .802 3.56
6 63.25 503.6 " L1343 .942 a4.71
7 74.75 523.7 " .2126 999 6.81
86.25 540.7 " 4302 .995 12.96
9 97.75 559.7 " .8803 .998 24.71

10 109.25 582.7 " 1.3564 .998 41.80

S6-gL-H1-1dYdY
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(2) Visual Inspection

The manifold tubes from the three steady-state tests were bisected
for visual inspection. The deposit appears to gradually increase along
the tube from the inlet to the outlet. That s, no sudden breakpoint
is evident in any of the three manifolds. Deposit color changed from
light blue-gray at the inlet to dark brown at the outlet. The deposit on
manifold 10.802 appears to be darker than the deposit on either of the
other two manifolds. This is probably due to the length of the test but
may be due to the longer time reguired to lay down the same amount of
deposit. That is, the depasit on the steady-state-flush manifold was
subjected to more time at high temperature.

(3) Micrometer Measurements of Deposit Thickness

Deposit thicknesses were measured usin¢ a micrometer for comparison
to the calculated values. The techrnique used is described in Appendix II.
These measurements and the calculated deposit thicknesses at deposit
thermal conductivities of 0.05, 0.07, and 0.09 BTU-ft/ftZ-hr-°F are
shown in Figure 29. The graph indicates thal the thermal conductivity
increases from approximately 0.05 at the inlet te 0.08 at the outlet.

(4) Comparisoen to Past Fuels

The deposit formation rates from tests 10.801 and 19.802 were
compared to the deposit formation rates from past tests of other fuels.
The results are shown in Figures 30 and 31. For both types of tests, i.e.,
steady-state and steady-state-flush, the data indicates that the thermal
stability of AFFB-14-70 is approximately midway between the thermal
stabilities of fuels AFFB-9-67 and AFFB-10-67.

(5) Correlation of Steady-State-Flush and Test Cycle Data

Data from steady-state-flush test 10.802 was correlated to test cycle
data. This was done by predicting the deposit formation rate per test
cycle based on the steady-state-flush data and comparing these results
with those measured from cyclic tests. Prediction is made on the basis
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of a spectrum of fuel temperatures from the maximum film temperature

to the average stream temperature. The initial outer wall temperature
profile (temperature versus test cycle time) was used to calculate the
maximum film temperature profile for each thermocouple. Using this
profile along with the steady-state-flush curve of rate of change of
deposit thermal resistance versus maximum film temperature (Figure 31),
deposit rate versus test cycle time can be plotted. The area under this
curve is the predicted deposit thermal resistance per test cycle for each
thermocouple position.

The predicted test cycle deposit rates based on average stream
temperature were found by the same method except that a plot of the
rate of change of deposit thermal resistance versus average stream
temperature was used and the average stream temperature profile was
found by a 1inear interpolation of manifold inlet and cutlet temperatures.

Figure 32 shows the predicted deposit thermal resistance per test
¢ycle and the measured values. The measured rates compare more closely
to rates based on the average stream temperature than to rates based
on the maximum film temperature.
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SECTION V
EFFECT OF DISSOLVED OXYGEN ON DEPOSIT FORMATION

As aircratt capabilities continue to increase, a greater heat load
is placed on the fuel since it is used as a coolant for airframe and
engine components. Some jet aircraft produce temperatures that approach
or possibly exceed the thermal stabiiity 1imits of the fuel. Low cost,
simpte methods of increasing fuel thermai stability of current fuels
are more desirable than developing new tharmally stable fuels. Ffuel
denosit formation s & chemical reacticsn that can involve dissolved
oxygen; therefore, one method of improvirg thermal stability is to
remove oxygen from the fuel. The testing discussed in this section was
done to show the effect of dissolved oxy«ar zoncentration on the thermal
stability of fuel AFFB-14-70.

1. SYSTEM REVISION

A Parker-Hannifin nitrogen inerting system was installed on the
SimuTator as a dissolved oxygen reduction system., The system permits
nitrogen or air to be injected into the fuel during refueling or while
the fuel is being recirculated. The system includes two Beckman oxygen
analyzers with probes in the ullage space and in a recirculation line to
determine thke oxygen level. The system is capable of producing dissalved
oxygen levels from less than 1 PPM to air saturated.

2. OPERATIONAL PROCEDURE

Steady-state tests were conducted on fuel AFFB-14-70 at several
levels of dissolved oxygen to determine the effect on thermal stability.
The: manifold fuel inlet and outlet temperatures were 200°F and 460°F
respectively. The oxygen concentration was reduced to the desired level
by injection of gaseous nitrogen into the fuel and by a simultaneous
reduction of the tank pressure to a level slightly above the equilibrium
pressure for the desired oxygen concentration. The fuel was continuously
recirculated past an oxygen probe during a test and the ouput from the
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analyzer was recorded throughout the entire test. The fuselage tank
ullage space oxygen level was recorded in a similar manner. Control of
oxygen concentration was accomplished by adding nitrogen or air as
required.

Each test was run until the rate of change of DTRMIL at thermocouple
ten (highest temperature location} became constant. A Jet Fuel Thermal
Oxidation Tester (JFTOT) was operated simultaneously with the Simulator.
The JFTOT was installec on-line to receive fuel directly from the
manifold inlet. Both the manifold and the JFTOT operated at 400 PSIG.
Both 2.5 hour and 5 hour JFTOT tests were run.

3. MANIFOLD RESULTS

Seven steady-state tests were conducted at oxygen concentrations
ranging from 8 to 75 parts per million by weight. The test time and
oxygen concentration for each test are listed in Table VIII.

A plot of deposit thermal resistance (DTRMIL) versus steady-state
time for each test is shown in Figures 33 through 39. Tables IX
through XV are the manifold data summaries for each test. The rate of
change of OTRMIL at thermocouple ten for each test is plotted versus
oxygen concentration in Figure 40. The curve shows that the deposit
formation rate decreases as the oxygen in the fuel decreases. Very
little change in deposit formation rate occurs until the oxygen concen-
tration drops below 30 PPM. Most of the improvement in thermal stability
occurs at oxygen concentration levels below 20 PPM. The rate of change
of DTRMIL at 8 PPM is about one-third the rate at 75 PPM,

Air saturated and deoxygenated (0.1 PPM) tests have been conducted on
fuel AFFB-14-70 by Esso Research and Engineering Company (Reference 9).
The data generated over a temperature range of 300 to 600°F indicates
that reducing the dissolved oxygen to 0.1 PPM results in an B7% reduction
in the rate of deposit formation at B00°F. Tests were not conducted by
Esso at intermediate dissolved oxygen levels.
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TABLE VIII

DISSOLVED QOXYGEN TEST CONDITIONS

TEST TEST OXYGEN

DESIGNATION TIME, HRS. CONCENTRATION, PPM
10.807 37.2 16

10.817 46.8 75

10.818 3.9 75

10.£19 105.8 8

10.820 40.3 55

10.821 59.9 12

10.822 63.1 22
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TABLE IX
SUMMARY OF MANIFOLD DATA 10.807 16 Pey

Go=£/-u1-1dY4dv

THERMOCQUPLE DISTANCE FROM CALCULATED RATE OF CHANGE CORRELATION TOTAL CHANGE
NUMBER INLET ELECTRICAL MAX FILM IN DTRHIL COEFFICTENT IN DTRMIL for
TAB (INCHES) TEMP °F RANGE RATE 37.2 HRS
1 5.75 411.7 20.2-37.2  -.02583 -.705 .042
2 17.25 429.2 20.2-37.2  -.pl62 -.519 .097
3 28.75 8470 20.2-37.2  -.0115 -.503 137
a 40.25 465.4 20.2-37.2 -.0317 -.386 .253
5 51.75 484.2 20.2-37.2 .0054 .183 .943
6 63.25 503.3 20.2-37.2 .0558 .880 2.07
7 74.75 £23.0 20.2-37.2 1468 .on 4.306
8 86.25 542,9 30.1-37.2 .3947 .989 8.471
9 97.75 563.3 30.1-37.2 .7645 .994 14.762

10 109.25 584.1 20.2-37.2 1.2205 .997 29.804
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TABLE X
SUMMARY OF MANIFOLD DATA 10. 817 75 PPN

S6-£4-Y1~dVdY

THCRMOCOUPLE DISTANCE FROM CA[.CULATED RATE OF CHANGE CORRELAY ION TOTAL CHANGE
NUMBER INLET ELECTRICAL MAZ FILM IN DTRMIL COEFFICIENT IN DTRMIL
TAB (IKCHES) TEMP °F RANGE (HRS) RATE FOR 46.8 HRS
1 5.75 411.7 1.4-46.8 .0044 421 .205
2 17.25 429.2 " .0016 A77 .074
3 28.75 447.1 " 0639 .356 .182
4 40.25 465.4 " .0066 .627 .307
3 81.75 484.2 " .0078 .680 . 367
§ 63.25 503.3 " .0051 .481 .237
7 74.75 523.0 25.4-46.8 .0292 .797 .B62
8 86.25 542.9 25.4-46.8 .0675 .936 2.152
9 97.75 £63.3 32.4-46.8 .3620 .995 8.392

10 109.25 584.1 37.5-46.8 1.6054 .998 27.955
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TABLE XI
SUMMARY OF MANIFOLD DATA 10.818 75 PPM

THERMOCOUPLE DISTANCE FROM CALCULATED RATE GF CHANGE CORRELATION TOTAL CHANGE
NUMBER INLET ELECTRICAL MAX FILM IN DTRMIL COEFFICIENT I DTRMIL
TAD (INCHES) TEMP °F RANGE (hR) RATE FOR 37.9 HPS
1 5.75 4a1.7 1.1-37.9 -.0026 -.139 -.098
2 17.25 429.2 " -.0016 -.112 -.061
3 26,75 147.1 " .0oze .195 .105
4 40.25 465.4 " -.0005 -.029 -.0176
5 51.75 484.2 " .0016 .094 .061
6 63.25 503.3 " .0090 .454 . 340
! 74.75 523.0 26.4-37.9 . 0687 .889 1.154
8 86.25 §42.9 26.4-37.9 .0971 .945 2.719
9 97.75 563.3 32.6-37.9 .3849 .085 6.946

10 109.25 584.1 32.6-37.9 1.543 .998 23.230
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TABLE XIT
SUMMARY QF MANLIFOLD DATA 10.819 B PPM

THERMOCOUPLE DISTANCE FROM CALCULATED RATE OF CHANGE CORRELATION TOTAL CHANGE
HUMBER INLET ELECTRICAL HAX FILM IN DTRMIL COEFFICTENT IN DTRMIL
TAB (INCHES) TEMP ©F RANGF (HRS) RATE FOR 105.8 HRS

i 5.75 411.7 1.25-105.8 .0042 .693 448

2 17.26 429.2 " .0027 .580 281

3 28.15 447.1 " .0040 .6N 427

4 40.25 465.4 " 00467 797 .494

5 51.75 434,2 " .0087 .928 .924

] 63.25 503.3 " .0097 .936 1.240

7 74.75 523.0 75.3-105.8 .0457 .924 1.835

8 86.25 542.9 " .2020 991 6.094

9 97.75 563.3 " L3510 N 14,208

1 109.25 584.1 65.3-105.8 .5270 .999 25.398
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TABLE XII1
SUNMMARY OF MANIFOLD DATA 10.820 55 PPM

iL

THERMOCOUPLE DISTANCE FROM CALCULATED RATE OF CHANGE CORRELATION TOTAL CHANGE
NUMGER IMLET ELECTRICAL MAX FILM [N DTRMIL COEFFICIENT IN DIRMIL
. TAB (INCHES) TENP °F RARGE (HRS) RATE FOR 40.3 HRS
1 5.75 a11.7 1.25-40.3 .0005 .038 .Q19
2 17.25 429.2 b -.0001 -.013 -.006
3 28.75 447.1 " .0001 .007 .003
4 10.25 465.4 " .N036 290 .146
5 51.75 484.2 " L0111 .724 A48
B 63.25 503.3 32.5-40.3 .0352 .563 .288
7 74.75 523.0 " .0661 .763 1.299
8 86.25 542.9 ! 1741 .958 3.184
9 97.75 563.3 " L4750 .990 7.277

10 109.25 584.1 " 1.6300 .998 25.905

S6-£/-H1-1dvdy
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Figure 38. <Calculated DTRMIL for Test [10.821
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TABLE XIV

SUMMARY OF MANIFOLD DATA 10,821 12 PPW

THERMOCOQUPLE  DISTANCE FROM CALCULATED RATE QF CHANGE CORRELATION TOTAL CHANGE
NUMBER INLET ELECTRICAL HAX FILM I oToMIL COEFFICIENT IN DTRMIL
TAB (INCIIES) TEMP °F RANGE (HRS) RATE FOR 59,9 RS

1 5.75 Mn.7 1.3-59.9 -.0044 -.352 -.26%

2 17.25 429.2 1.3-59.9 -.0022 -.249 -.132

3 28.75 447.1 1.3-59.9 L0005 .048 .029

4 40.05 465.4 1.3-59.9 .0018 218 .106

5 51.75 484.2 1.3-59.9 0070 .6D7 420

b 63.25 503.3 20.2-59.9 .0z80 895 1.124

7 24.75 523.0 40.4-59.9 0923 97 2.778

8 83.25 542.9 45.0-59.% 3207 .985 8.437

9 97.75 563.3 45.0-59.9 6110 .998 16.428

10 109.25. 584.1 40.4-59.9 7759 .997 24.442

56-E£-HL-TdVdY
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T THERHAL RESLSTANCE — MIL-5Q FT-HR-CF/BTU-FT
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TABLE XV
SUMMARY OF MANIFOLD DATA 10.822 22 PPM

18

THERMOCOUPLE DISTANCE FROM CALCULATED RATE OF CHANGE CORRELATION TOTAL CHANGE

NUMBER INLET ELECTRECAL MAX FIUM IN DTRMIL COEFFICIENT IH DTRMIL
TAB (IHCHES) TENP °F RANGE (HRS RA FOR 63.1 HRS

1 5.75 411.7 20.2-63.1 .0015 -139 .097

2 17.25 429.2 20.2-63.1 -.0021 -.184 =129

3 28.758 447.1 1.5-53.1 0023 . 301 142

4 40.25 455.4 4.8-63.1 .0028 .323 175

5 SN71s 484.2 1.5-63.1 . L0072 .G86 .VIISO

& 63.25 503.3 53.7-63.1 L1012 .87 1.125

7 74.75 523.0 33.7-63.1 L1515 .954 2.306

3 86.25 542.9 53.7-63.1 4428 .987 7.189

9 97.75 563.3 53.7-63.1 .7584 .997 16.514

10 109.25 584.1 44.7-63.1 .9644 .999 27.945

S6-EL-UL=TdVdY
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Figure 40, Effect of Oxygen in the Simulator
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4. JFTOT RESULTS

The JFTOT results, plotted in Figure 41, show the temperature at
which a Code 3 rating was obtained for each oxygen concentration. As
was shown by the steady-state tests, the JFTOT tests indicate that
cxygen removal is effective for fuel AFFB-14-70 when the concentration
is reduced below 30 PPM. The agreement between the Simulator and the
JFTOT indicates that the JFTQT can be used to evaluate the effect of
dissolved oxygen on the thermal stability of other fuels if & means of
controlling the oxygen concentration of the fuel in the JFTOT is
developed. .
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Figure 41. Effect of Oxygen on JFTOT Breakpoint
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SECTION VI
EFFECTS QF SURFACE FINISH ON DEPGSIT FORMATION

The Simylator component used to evaluate the effect of dissolved
oxygen removal was the manifold. During the testing it was observed that
the elapsed time from the beginning of a test until significant deposits
were formed varied from test to test aven when the dissolved oxygen level
was held constant. However, once deposits were farmed the rate of deposit
formation was not affected.

It was hypothesized that the variation in test time was due to the
tube surfeace condition. Microphotographs were made of two of the tubes
where a wide variation in time was observed. These microphotographs,
shown in Figure 42 at a magnification of 553 times, revezl an extreme
difference in surface roughness. The celculated DTRMIL versus test time
for thermocouple 10 of each of the manifolds is shown in Figure 43. 1t
is readily evident that even though thz two curves eventually become
paraliel there is a five hour offsel between the two curves.

Further analysis and investigation indicated that the deposits on
smooth tubes were multicolored whereas those on a rough tube were tan
or brown. The colors were very pronounced with the brighter colors
occurring at the Tower levels of dissolved oxygen.
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SMOOTH SURFACE

Figure 42. Microphatograph Comparison of Manifold Tube Inner Surfaces,
553X Magnification
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SECTION VII
SMALL-SCALE TESTS

Fuel AFFB-14-70 has been evaluated in the American Society for
Testing and Materials-Coordinating Research Council (ASTM-CRC) Fuel
Coker and ALCOR Jet Fuel Thermal Oxidation Tester (JFTOT). The Coker and
JFTOT tests were conducted by the Air Force Aero Propulsion Laboratory
except as noted.

1. ASTM-CRC FUEL COKER

The fuel was evaluated in the Coker by Ashland 011 Company prior to
delivery. The fuel passed at 375/475°F (Code 2, and no increase in filter
drop). A total of 28 Coker tests were conducted on the fuei by the Aero
Propulsion Laboratory during the time period from 14 Janusry 1972 to
8 September 1972. The results of these tests are tabulated in Table XVI
of Appendix III. These data are plotted in Figures 44 and 45. Ratings
greater than a given code number are 1ncreased by 0.5 (e.g., a 2+ is
plotted as a 2.5). Based on these data, it is considered that the
breakpoint of the fuel was 375/47%°F based on preheater ratings and
368/468°F based on filter pressure drop.

2. JET FUEL THERMAL OXIDATION TESTER

The fuel was evaluated in the JFTOT using both the visual and
ALCOR Inc. Tube Deposit Rater (TDR) methods of rating the deposits formad
on the JFTOT tubes. A total of 59 tests were conducted during three
time periods.

The first time period was from 14 September 1970 to 21 January 1971.
A1l of these tests were run at a pressure of 350 PSIG. The 2.5 and 5.0
hour results are tabulated in Tables XVII and XVIII of Appendix III,
respectively. Note that most of the tubes were rated twice on each of
the rating devices.
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The second period of testing extended from 17 September 1971 to 14
February 1972 and included 2.5 and 5.0 hour tests run at pressures of
35G, 375, and 400 PSIG. These data are tabuiated in Tables XIX and XX
of Appendix TI1 for the 2.5 and 5.0 hour tests, respectively.

Two tests were run during the third period which extended from
12 June 1972 to 14 June 1972. Both tests were run at 400 PSIG for 2.5
hours. These data are tabulated in Table XXI of Appendix III,

The TOR ratings of the JFTOT tubes from the 2.5 hour tests are
plotted in Figure 46. In analyzing the JFTOT data, it is assumed that
a TDR rating of 18 or greater, or an increase in filter pressure drop
of 1 in. Hg, indicates a failure of the fuel.

The JFTOT tests were run at different prassures since JP-4 tests
run during the same time period indicated thst vaporization was occurring
in the test section at the lower pressures. The pressure was first
increased from 350 to 375 PSIG and then later to 400 PSIG to prevent
prablems with JP-4. The standard operating pressure for all fuels is
now 500 PSIG.

The data scatter resulting from the tests at 350 PSIG during the
first test period, based on TDR ratings, makes it difficult to determine
a breakpoint. However, 2 straight line hes been drawn through these
data that is considered to best represent the data. Straight linss
have also been drawn through the data obtained at 375 and 400 PSIG.

The resulting breakpoints are 519, 543, and 555 for the tests conducted
at 350, 375, and 400 PSIG, respectively. Analysis of these data indicates
the following:

2. The 375 PSIG tests run at the same time as three of the 400 PSIG
tests resulted in a lTower breakpoint.

b. The 350 PSIG test run at the same time as the 375 PSIG test
produced a much higher TDR rating.
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Figure 46. 2.5 Hour JFTOT Results Based on TOR Ratings
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c. There was no significant difference in results between the tests
run at the same pressure during different time periods.

d. The 400 PSIG tests result in a higher breakpoint than that
obtained from the 350 PSIG tests.

e. The 375 PSIG tests result in a higher breakpoint than that
obtained from the 350 PSIG tests.

Therefere, it is concluded that time in storage did not affect the
results but pressure had a significant effect on the breakpoint.
Consideration of filter pressure drop does not significantly change
the analysis.

The TDR ratings obtained from the 5 hour JFTOT tests are plotted in
Figure 47. As can be seen in the Figure, the data obtained at 350 PSIG
during September 70 are generally grouped together approximately 26°F
below the data taken at 350 PSIG during November 70 and January 71. The
latter data produced a breakpoint of 515°F.

The 350 PSIG data taken during the second period {17 September 71 to
3 January 72) is in agreement with the November 70 and January 71 data
indicating that the 26°F apparent change between September 70 and
November 70 was not due to a change in thermal stability during storage.
However, the reason for the 26°F difference is not known.

The data recorded during the second time period indicate an increase
in the breakpoint from 515°F at 350 PSIG to 524°F at 375 PSIG, again
showing the effect of pressure on the results. Consideration of filter
pressure drop does not affect the analysis.

Tne JFTOT results, based on visual rating of the tubes, are plotted

in Figures 48 and 49 for the 2.5 and 5 hour tests, respectively.
The ratings greater than a given code number were increased by 0.5.
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These data also indicate that the breakpoint temperature is z function
of pressure. The results are summarized as follows:

Test Duration System Pressure [PSIG)
(Hours) 356G 375 400
2.5 528 543 554
5 495/518 524 —

Two breakpoint temperatures (i.e.. 495° and 518°F) are shown for the
5 hour tests at 350 PSIG. The reason for showing these two breakpoint
temperatures is the grouping of the 350 PSIG data during the first time
period into two distinct groups as previously discussed. The breakpoint
temperature of 554°F cbtained for the 2.5 hour tests is in good agreement
with the 560°F breakpoint temperature obtained under air saturated
conditions on the on-1ine JFTOT at 400 PSIG during the dissolved oxygen
testing discussed in Section V.

~ .
In summary, the JFTOT results for fuel AFFB-14-70 appear to be
significantly affected by the system pressure. The effect is more
pronounced for the 2.5 hour tests. It is considered that these data do
not indicate a change in thermal stability while the fuel was in storage

awaiting testing.
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SECTION VIII
CONCLUSIONS

1. DCeposits form in the heated wing tank at a temperature between
225°F end 300°F using fuel AFFB-14-70 as the test fual. No other problems
are produced in the airframe system.

2. The use of fuel AFFR-14-70 in an engine system at the same
conditions used to evaluate the fuel in the Simulator would result in
problems only in the engine nozzle.

3. ResuTts of the test manifold show that fuel AFFB-14-70 is more
thermally stable than fuel AFFB-9-67 and less thermally stable than
fuel AFFB-10-67.

4, SuFface finish has a significant effect on the initial deposit
formation in-a tube, but not on the rate of deposit formation once the
surface is covired with deposit.

5. Removal o%\dissolved oxygen to less than 30 PPM significantiy
improves thEvthermé1 stability of AFFB-14-70. A 66% reduction in the
rate of deposit formation cccurs when the oxygen concentration is
reduced from 75 PPM ta 8 PPM.

6. The Simulator and JFTOT data are in agreement as to the level of
dissolved oxygen required to produce a significant improvement in
thermz] stability of AFFB-14-70. This indicates that it may be possible
to use the JFTOT co conduct dissolved oxygen tests on additional fuels
instead of using the Simulator.

.
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SECTION IX
RECOMMENDATIONS

1. The effect on thermal stability of refinery processes such as
desulfurization anc hydrotreating should be studied.

2. The effect of dissolved oxygen on thermal stability of other
fuels should be investigated.

3. The effect of surface finish on initial deposit formation should
be investigated in detail.
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APPENDIX I
MANIFOLD ANALYSIS

This section provides a detailed explanation of the analytical
techniques utilized to perform a complete heat transfer analysis on the
resistance heated manifold tubes in the Advanced Fuel System Simulator.

TUBE MATERIAL AND GEQOMETRY

A1l manifold tubes were purchased according to MIL-T-8808A, "Tubing,
steel, corrosion-resistant (1B-8 stabilized), aircraft hydraulic quality."
The seamless tubing was type 321 stainless steel (titanium stabilized).

The nominal dimensions for the tubes were:

Qutside diameter: 5/16 in. {0.3125 in.}
Wall Thickness: 0.028 in.
Length: 10 Ft.

The permissible variations in dimensiaons, according to Military
Standard 33533 were:
Qutside diameter variation: % 0.004 in.

Wall thickness variation: T 10%

Therefore, according to the above standards, manifold tubes could
have had the following variations:

Qutside diameter: 0.3185 in. Max.
0.3085 in. Min.
Wall thickness: 0.0308 in. Max.
0.0252 in. Min.
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With these permissible variaticas in dimensions the following was
possible:

MAX. MIN. % DIFFERENCE
Cross Sectional Area (ind): 0.0146  0.0117 19.59
Flow Area (in%): 0.0566  0.0606 9.12
Wall Thickness (in) 0.0308  0.0252 18.18
Inside Surface Area (inZ): 7.6642  6.9653 9.12

Geometrical data were used throughout the analysis and because of the
possible percent differences in tubes, each tube was measured with a
micrometer. The outside diameter was checked over its full length, and
the inside diameter at each end. The outside and insidz diameters of
32 tubes have been measured with the outside diameter varying from
0.3132 in. to 0.3152 in. Inside diameters varied from 0.2565 to 0.2604 in.

The outside diameter of each individual tube has not varied more

than + .0002 in., throughout its length and it was therefore assumed that
the inside diameter remained uniform within a tolerance of £ ,0C02 in.

”l__——————-——-DIRECT'CURHENTINPUT \
y ™

115" HEATED LENGTH LECTRICAL
/-E'AB
" _] . l M
54 1 9 EQUAL SPACES AT IL5 1 53
bk 21 N . T 1 | g
LA X3 FLOW
S5 | S2 | Ss | 5S¢ | S5 [ Sg | Sy | Sa i Ss | Sio

[ | 1 i I " /
VOLTAGE TAPS (WIRE LEADS), SPACED AT IL.5

Figure 50. Manifold Instrumentation and Arrangement
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Stainiess steel electrical tabs were welded to the manifold tube
providing a 115 in. heated length {see Figure 50}. Power was supplied
from four direct current welders (each rated at 10 KW), connected in
parallel, Current was continually measured using a 500 amp shunt and a
digital voltmeter,

Ten, type “J", stainless steel sheathed thermocouples (T] to T1qg)
were welded to the tube wall and located as shown in Figure 50. Fuel
inlet (TFI) and fuel outlet (TFO) thermocouples were mounted in the
stream to indicate the respective bulk fuel temperatures. These twelve
thermocouples were connected to a single, 12 point continuous recorder.

A heat transfer analysis was performed or ten separate sections of
the manifold, each 11.5 inches in length. These are indicated in
Figure 50 as S] to 510. Voltage taps were Tocated to measure the voltage
drop across each of the ten sections. The voltage tap leads were
connected to a digital voltmeter through a multiple channel selecter
switch.

TUBE RESISTANCE AND HEAT LOSSES

Prior to each test, the new manifold tube was tested to determine
the electrical resistivity (res). The tubes were electrically heated
to an equilibrium temperature with no flow, and the tube resistance
calculated from current and voltage measurements. With the availability
of multiple voltage taps, resistance per inch of length was obtained
and verified at different locations over various known lengths.

Handbooks* provide the following resistivity data for 321 stainless
steel:

i

28.7401 x 10°% ohm-inches
45.6692 x 10°% ohm-inches

@ 68°F res
@ 1200°F res

*A1legheny-Ludlum Steel Corp., Pittsburgh, Pa.
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Test results on five manifold tubes show resistivity to be:

30.4292 x 107 ohm-inches
46.10155 x 10" ohm-inches

@ 68°F res
® 1200°F res

By linear regression,

res = 0.01384484 T_ + 29.487738 x 1076 ohm-inches (1)

where Taw = average tube wall temperatura, °F

The entire manifold tube was contained within the center of an 8 in.
wide by 8 in. deep steel trough that is completely filled with granular
vermiculite insulation. Heat losses from the tube, as a function of
outside tube wall temperature, were determined from the same power data
recorded during tests to define resistivity. During steady-state tests,
heat losses from the electrical tabs remain nearly constant at approxi-
mately 250 BTU per hour each. This steady, and constant, loss is
accounted for in the heat balance performed on manifold section 1 and
section 10. {See Figure 50).

Heat Toss data (excluding tab losses) for four 2-tab manifolds
are plotted in Figura 57. A nen-Tinear regressiocn gave:

q = -0.28187 + 0.0044728 T_ + L=L1358 2 (2)
s} 106 0
where q = insulation loss, BTU/hr-in of length
T = outside tube wall temperature, °F

o
THERMAL CONDUCTIVITY QF 321 STAINLESS STEEL

Several handbooks and texts provide the following thermal conductivity
data for 321 stainiess steel:

@ 212°F qu = 5.3 BTU/hr-ft-°F

P 932°F Kss

12.8 BTU/hr~ft-°F
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The thermal conductivity is assumed to be 1inear over the above
temperature range. therefore.

Kss = 8.3 + 0.0048 Taw (3)
where Kss = thermal conductivity, BTU/hr-ft-°F
Taw = average tube wall temperature, °F

AVERAGE TUBE WALL TEMPERATURE, Taw

The energy equation for an annular element formed between an imner
cylinder of radius (R) and an outer cylinder of radius {R + dR) is

dT - daT
R IR + ql27TR dR = {4)

- FAp KAp+dr dr IR +dR
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where.
AR = 27R1
AR+dR = 2r {R+dR} 1
q = heat generated internally per unit volume
k = thermal conductivity
T = temperature

Here it is assumed that, (ai the ¢ylinder is sufficiently long that
the temperature may be cornsidered a function of radius only, (b) the heat
sources {resistant heating by direct current) are uniformly distributed
and (¢) the thermz. conductivity is conctant.

Using the mean value theorem to relzte the temperature gradient at
(R + dR} to the temperature gradient at (R},

2
da°T [ dT q
+ = - (5)
4R R dR k

Multiplying Equation 5 by R dR yields

_éT dT\ _ _ . RdR
Rd(‘ﬁ)+dR (dR) S
a1y .. 4
a(RG5) == R o (6)
Integration Yields
2
dT qR
= - +cC
R R 2k '
aT_ _ _ qR + ¢, (7
dR 2k R
_ qR dR dR
dT = - ——p— + C, —— (8)
2
gR
T =—T+C| EnR+02 (9)

Which shows a parabolic temperature distribution,
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The boundary conditions are

dT

@® - 0atR-= R2 The cylinder is insulated and
the heat Tosses are small
(approx. 1.3%) compared to the
total heat generated.

o= TD at R = R2

Using Equation 7 and the boundary condition

2
qR,
= —_— 10
c, =t (10)
Using Equation 9 and the boundary condition
2
qR
C2=T+—4T-C'EHR
2 2
qRa aR;
Cz =To + —35— "~ —3¢ én R, (11}
Let
= 9
LT
and

T= ﬂ ot R = R,
Then Equation 9 hbecomes
T, = - WR + 2WRS £n R, + T, + WRZ - 2WR; Un R,

AT =To"T

waoll i

L ST ‘”[293 4n —2?' - (R% - Ruz)]
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The average tube wall temperature, T_ . can be defined as

aw
Rz
!
Tow = fZiTTRdR
aw 2 2
7 (RS- RIJR,

Using Equations 9, 10, and 11 and integrating gives

; T oew [ 2RERZ 2 (RZ) RZ + RZ
. = ———— e n — — o —————
aw @ RS - RE Ry 2

Since

R
ATy = W [2R§ gn -?f- - (ng - R,z)]

Then Taw - T0 can be expressed as ATwa]T multiplied by a constant m.

In the manifold analysis it has been assumed that m = 0.333. By
calculation on tubss used for steady-state, m has equaled 0.311 and
0.3710. Using m = 0.333 for calculating Taw gives an error of anly 0.04%.
Therefore as an initial approximation

Tow = To — 0.333 AT, (13)
INSIDE TUBE WALL TEMPERATURE CALCULATIONS
The equation for the temperature drop across a cylindrical wall with

neat being generated uniformly in the wall by direct current and heat
losses considered is:

ATyan = To = T;

R, \2 R
1-(==L) + 2 £n 2
qR R R
AT = - ! 2 2 +
wa - 2
2k h - (_R_e_) (14)
R,
9@ R R
Ak ' R,
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or
Q Q
- - - 9 L
To-% = D
[
ho o= - _2K R2
G Ry (R, z R,
1- (=—} + 2 &n
Rz) Rz
K
h =
L R
-
R, £n Ry
Whare h. = heat transfer coefficient for heat generated in the

tube wall, BTU/hr-ft2-°F

hL = heat transfer coefficient for heat transferred to
surroundings, BTU/hr-ftZ-°F

Q_ = heat generated by resistance heating expressed as an
9  inside wall heat flux to the fluid

QL = heat lost to the surroundings expressed as an inside
wall heat flux from the fluid

A. = inside tube surface area, ft2/inch of Tength
k = thermal conductivity of tube material, BTU/hr-ft-°F
q = hest generated in the wall, BTU/hr

9 = heat Tost to insulation, BTU/hr-inch of Tength

r = tube resistance, ohm/inch of length
R = tube radius, 7t
I = current, ampheres
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For a 0.3150 in. 0.D. by 0.257%5 in. I.D. tube

A; = 0.005618 ft2/in. of Tength
1 . _ 0.0011537
g k%
1 . _ 0.0021625
A %

Equation 14 reduces to

q W
ATy a1 (0.0011537) -~ —=— (0.0021625)
Ak Ak
q 0 .
ATyoy = —— l0.20538) — —=— (0.385)
Where
q = 12 r (3.413 BTU/hr - watt)
then
12r qL '
ATyq = —— (0.700883) - —= (0.385) (15)

From Equation 1

res = (0.0138 T, + 29.49) x 107° ohm=-inches

and the cross sectional area of the tube is 0.02585 1n2

therefore

- -8
r -[0.5355 Tow * I|40.534]x 10 (18)

Using Equation 2 for qp Equation 3 for k and Equation 16 for r and
substituting into Equation 15 gives

1% (0.5355 T, + 1140.53)(0.7009)

AT, = _
wall (8.3 + 0.0048 T,,) x 107° (17)

a (0.385)
8.3 + 0.0048 T,
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T. 1is estimated by Equation 13

aw

Taw = To - 0.333 AT'M“

A first approximation of ATwa]1 is obtained by substituting

Equation 13 into the first term of Equation 17 giving

2
0.co16 AT,y - (8.3 +0.0048 T, + m%) ATyay +
10

(0.3753 T, 12 + 799.38) _
108

This 1s a quadratic equation of the form aATzwa]-I + bATwa]1 + ¢ =0 and
can be solved by the quadratic equation to give ATwa]1(approx). ATwan
{approx) is then used in Equation 13 to obtain a ¢lose zpproximation
of Taw' This value of Taw is substitutad into the second term of
Equation 17 which is a heat loss correction to ATwa]l' This correction
was less than 1°F which resutted in a smailer change in the original
approximation of Taw. It was not necessary to repeat the calculation
with modified Taw values. The inside tube wall temperature can now be
calcutated by

T = To - ATy (18)
BULK FUEL TEMPERATURE CALCULATIQNS

An average bulk fuel temperature, TFi’ is calculated for each 11.5
inch long section of the manifald. (See Figure 50). A linear fuel
temperature increase in each section is assumed.

The total heat (BTU/hr) transferved to the fuel in each section, Oi’
is determined by

12
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where QG = heat generated in each section

or Q; = (Voltage drop across the section) x (current) x 3.413 BTU/hr-watt

and Q = insulation heat Toss (see Figure 51)
2
7.715 T0

or QL = 0.2819 + 0.004473 To + x 11.5

108

T0 = measured outside wall temperature in the center of the 11.5 in.
section.

Starting with section 1, an approximate fuel temperature, TF] is
determined by

TF, (approx) = TFI + 0.5 S (19)
PPH x €,

where TFI = measured value of manifold fuel inlet temperature

PPH

fuel flow rate, pounds per hour

C

o specific heat of fuel evaluated at TFI, BTU/1b-°F

0t
s50———— Jis the temperature increase of the fuel over the section
PPH x Cp

length. Multiplying this expression by 0.5 gives the temperature increase
to the center of the section directly opposite the outside tube wall
thermocouple. p

TF] is recalculated by Equation 19 except that Cp is evaluaced at
TF](approx). This calculation cycle is repeated until

TF, - Tv, (approx)

<
TF, 0.001

The fuel temperature at section 2, TFZ’ is obtained by first approxi-
mating a fuel inlet temperature to the section which is

TFI, = TF, + 0.5 S
PPH x C,
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then\\

or)
TF, (approx) = TF, + 0.5 (m) (20}

Here again, in Equation 26, the specific heat jis first evaluated at
TFI2. Then TF2 is recalculated by Equation 20 except that the specific
heat is evaluated at TFz(approx). This calculation cycle js repeated
until
TF, - TF,(approx]
TF,

< 0.00l1

The fuel temperatures in the remaining sections are obtained by
the same method. In addition, a manifold fuel outlet temperature, TFOC,
is calculated as

TFGC = TF,, + 0.5 S0
to ) PPH x G,
This value is compared to the measured vajue as a check to verify
the accuracy of data and calculations. The calculated and measured

values of the manifold fuel outlet temparature generally compare to
within 4°F.

FUEL FILM CONVECTION COEFFICIENT

Flow tests at various rates (0.68 to 4.8 gallons per minute,
Reynolds number range 12,500 to 140,000) with heating, were performed
on two new manifold tubes. Inside tube wall and bulk fuel temperatures

were calculated as described previously for each section of the manifold.

The following relationship was assumed:

A4
Nu = ¢ RemPrn ( Lo ) (1)
Hw
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where

Nusselt No.

pvoD
Re (= Reynolds No.

3600 Cp
Pr = ___—_E;E——_ Prandil No.

he = fuel film convection coefficient, BTU/hr-ft2-°F

D = inside tube diameter, ft

Kf = thermal conductivity of fuel, BTU/hr-ft-°F

o = fuel density, lbn/ft

¥V = fuel velocity, ft/sec

u = fuel viscosity at bulk fuel temperaturs, 1bm/Tt-sec

u = fuel viscosity at inner tube wall temperature, 1bmn/ft-sec
€ = fuel specific heat at bulk fuel temperature, BTU/1bm-°F

c, M, and n are constants determined from experimental data.

The film coefficient correlation was cbtained by ¥irst r-arranging
Equation 21 in the faollowing form:

Nu

J4a
n
Pr ( f‘w)

Nu

pr(;_w)

These plots revealed a minimum scatter of data at n = 0.5. Therefore,

m
= ¢ Re

Log-log plots of 75 versus Re were made for each section.

correlations were developed for each of the 10 sections by a least
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squares fit (power curve) of 77 versus Re to determine

Pr'ss(li-) '
Py

¢ and m. The empirical equations for each section were of the form

K .14
- f )l .5 [t )
h,f c D Re Pr ( Fou )

with vatues for ¢ and m shown below,

i Section c it 1
; 1 0.003050 0.96 |
I 2 0.004357 0.93
|3 0.004693 0.93 !
L4 0,007100 0.90
L5 0.006000 0.51
6 0.008170 0.88 !
by 0.008157 0.88 !
B 0.007530 0.90 |
9 0.008462 0.88
10 0.010250 0.36 f

]

A Teast squares fit of all data revealed for the tube:

K 14
- ¢ .8l .5 s
hy = 0.0058 —5— Re™ Fr ( Fw)

Figure 52 is a plot of all dzta.
DEPQSIT THERMAL RESISTANCE CALCULATIONS

The overall heat transfer coefficient for each tube section, U,
referred to the inner tube surface, is by definition:

Q
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Reynolds No.

Curve Fit to Determine Film Convection Coefficient

Figure 52.
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or %~ = pverall thermal resistance to flow of heat to the fuel.
d

The tube wall conduction coefficient, hG’ from Equation 14 is

R 2
- ()
_ 2K 2
G R, R, \2 R,
- (Tz) vz ﬂ"(n—z)

or %— = thermal resistance of tube wall
G

The fuel film convection coefficient, hf, is calculated for each
section as described previously by

K 4
_ f m .5 [T
hf = ¢ _'D Re Pr ( w)

or %— = thermal resistance of the film. Therefore, for a clean tuke
f

—_— T ——  ——

U hG he

Once a deposit is formed on the inner tube surface, the thermal
resistance balance becomes

| } § i
—_—— T ——  — e ——
u hG hf hd
Where %— = thermal resistance of deposit (DTR), hr-ft2-°F/BTU
y )

| 1 1 |

_— = —— - — (22)
hd v hG hf

At the beginning of any test series when the tube is clean %— = 0.
When the right hand side of Equation 22 is positive, this value repre-
septs the deposit thermal resistance.

Previous investigations {Reference 3) have indicated that the thermal

conductivity of the deposit, Kd’ is approximately 0.05 to 0.09
BTU/hr-ft-°F. Therefore, as a method to verify the accuracy of the
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heat transfer analysis, %E-va1ues are evaluated to calculate a deposit
thickness assuming Kd = 0.05, 0.07 and 0.09. These calculated values
of deposit thiclkness are compared to values measured with a micrometer
by the method described in Appendix II.

te deposit thickness (x} is calculated from the following equation
where all the variables are known except Rd'

Hhere R

Rearranging

setting

then

or

Rt

h Kd

inside radius of the tube, ft

inside radius of the deposit, ft

1)

thermal conductivity of depesit, BTU/hr-ft-°F

resulting in

gives
R Kd
1 _
£n ( Rd) = hy R (23)
K
d
= E
hy R,
R, _E
Ry ©
R al
d ‘BE
x = Rl - Rd
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APPZENDIX II
MICROMETER MEASUREMENT OF MANIFOLD DEPOSIT THICKNESS

The measurement of deposit thickness was obtained using a Karl Zeiss
micrometer having a dial indicator movement built into the micrometer
anvil so that a constant compressive load 1s applied to all parts
measured. The smallest whole subdivision on the dial indicator is
0.0001 inch. Interpolation is necessary for readings smaller than
0.0001 inch. A 0.185-inch-diameter by 0.375-inch-lcng cylinder was placed
on the deposit of a longitudinally bisected section of the manifold. The
assembly was placed between the micrometer anvil and spindle and the
thimble was rotated until the anvil dial indicator reading was zero. The
micrometer sleeve reading was then the total of the cylinder diameter
(0.185 inch), the deposit thickness, and the manifold tube wall thickness
{0.028 inch nominal). The deposit was removed from the tube wali by a
1ight abrasive acticn (rubbing with a pencil erasure). The measurement
was then repeated, providing the cylinder diameter and manifold tube
wall thickness, The difference in the two measurements is the deposit
thickness.
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APPENDIX 111
TABULATED DATA (ASTM-CRC FUEL COKER AND JFTOT)

Contained herein is the tabulated dati recorded during the ASTM-CRC

Fuel Coker and Jet Fuel Thermal Oxidation Tester evaluations of fuel
AFFB-14-70.
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TABLE XVI
ASTM-CRC FUEL COKER TEST RESULTS

Prehester/Filter Filter Pressure JDrco

Date Temperatures {(°F) Crdu Rating (In. of Hg)
14 Jan T2 350/450 | »10.0
18 Jan 72 3757475 i »10.0
19 Jan 72 400/500 4 =10.0
26 Jul 72 375/475 I 3.1
27 Jul 72 400/500 4 >10.0
28 Jul 72 400/500 4 >{0.0
3 Jul 72 400/500 4 >10.0
31 Jui 72 400/500 4 >10.0
I Aug 72 375/475 K i

| Aug 72 375/475 2+ 2.2

2 Aug 72 375/475 4 +»10.0
2 Aug 72 375/475 a4 >10.0
& Aug 72 350/430 ] .5

4 Aug 72 350/450 4 2.0

7 Aug 72 350/450 | 1.1

7 Aug 72 350/450 t 0.5

8 Auq 72 350/45C 4 2.1

8 Aug 72 375/475 4 2.4
21 Aug 72 325/425 2 0.3
21 Aug 72 325/425 [ 0.1
22 Aug 72 325/425 I 0.0
23 Aug 72 325/425 I 0.3
28 Aug 72 350/450 i 0,2
28 Aug T2 375/475 4 6.6

8 Sep 72 375/475 4 10.0
7 Sep 72 350/450 2 6.0

7 Sep 72 350/450 2 1.3

8 Sep 72 3757475 2 1.05
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TARLE XVII
2.5 HOUR JFTOT RESULTS - 25 SEP 70 70 6 OCT 70

HMAXTMUX TUB= TDR GOIE FILTEK PRESSIR3

DATE TE{FEHATHHE(SF) RATING AATTHG DRO? (In. of He)

25 Sep 70 525 3.2 4 0.15
35.0 4

25 Sep 70 550 36.8 4 0.25
347 4y

25 sep 70 500 17.2 1 0.0
17.2 1

25 Szp 7 515 23.0 2+ a.0
23.0 2+

28 Sep 70 515 25.2 3 g.1
5.4 3

28 Sep 70 520 32,5 £ 0.0
32.2 4

29 Ssp 70 505 11.5 1 0.0
11.7 1

29 Sep 10 510 17.2 1 0.0
16.8 1

30 Sep 70 520 12.0 1+ 0.0
12.0 1+

1 Qet 70 515 13.8 1 0.0
14.1 1

1 Oct 70 520 22.5 2 0.0
22.9

2 Cct 70 435 25.0 2+ 0.0

2 0=t 70 525 18.5 1+ L3

5 QOet 70 535 18.5 2+ 1.2
158.0 2

5 Oct 70 545 26.5 4 0.7
26.2 4

6 Ozt 70 540 3.2 3 0.0
31.0 3

Nota: All tests were run at 350 P3IG.
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TABLE XVI1I
5 HOUR JFTOT RESULTS - T4 SEP 1970 TO 21 JAN 1971

DATZ MAXTMIM TUBE TDR CODE FILTER PRESSURE

TEMPERATIRE( °F) RATING RATING DROP (In. of Hg)
14 Sep 70 525 32.2 4 >10.0
14 Sep 70 500 35.0 4 Q.0
17 Sep 10 550 50.0+ 4+ %10.0
18 S3p 70 490 22.2 2+ 0.0
21 Sap 70 490 13,0 2 0.0
16.5 1+
21 Sep 70 495 27.0 3 0.0
26,0
22 Sep 70 480 14.2 1 0.0
10.7
22 Sep 70 485 20.8 1+ 0.0
19.8 2
23 Sep 70 495 26.5 2+ 0.0
26,1 2+
23 Sep 70 490 19.0 2 0.0
19.0 2
5 Nov 70 520 24.0 3. 0.1
. 24.2 3
6 Nov 70 510 15.0 2 0
15,3 2
10 Nov 70 g15 18,5 2 0.0
18.4 2
12 Hev 70 520 32.9 4 0.0
329 4
13 Nov 70 515 25.2 3 0.0
29,2 3
17 Nov 70 510 17.5 2 0.0
17.0 2
11 Jen 71 520 24.5 2+ 0.0
12 Jan 71 530 25.5 4 0.0
13 Jan 71 525 22.0 3 0.0
14 Jan 71 520 2.0 3 0.0
15 Jan 71 510 20,8 1 0.0
15 Jan 71 515 20.0 2+ 0.0
19 Jan 71 510 15.0 3 0.0
20 Jan 71 515 22.8 3 0.0
2l Jan 71 510 20.0 2+ 0.0

Note: All ilests were run at 350 PS1G.
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TABLE XIX
2.5 HOUR JFTOT RESULTS - 23 NOV 71 to 14 FEB 72

DATE MAXIMUM TOURE D3 GODE FILTER PRESSURE

TEMPERATURE(OF) RATINS RATING _DROP{In. of fed
22 Nov 71(1) 530 23.8 3+ 0.0
40 Nov 71(2) 550 25.2 4 : 0.0
1 Dec 718 530 20.5 2 0.0
2 Dec 71(2) 540 17.0 2 0.0
30 Doc 71(2) 545 18.0 3 0.0
4 Jun 7212 530 14.9 3 0.0
10 Feb 72'2) 570 26.2 4 0.0
10 Feb 72 550 4.0 2 0.0
11 ¥eb 723 560 21.3 L .0
14 Feb 72(3) 550 17.2 3 0.0

Notes: 1. Test ran at 350 P31Q.
2. Testa run at 375 PSIG.
3. Tests run at 40D R51C.
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5.0 HOUR JFTQT RESULTS - 17 SEP 71 TD 3 JAN 71

TABLE XX

DATE MAXTMUM TUBE TDR CODE FILTER PRESSIRE
TEMPERATURE(OF) RATING RATING DROP(In. of Hg)
17 Sep 70 515 2.3 3 0.0
20 Sep T1 510 1.2 2 0.0
22 Nov T1 510 1l.5 1 0.0
26 Nov 71 520 13.5 2 0.0
29 Nov 71 525 20.4 3 0.0
3Jan 71 520 10.2 1 0.0

Note: The first three tests were run at 350 PSIG and the remaining tests
wers Tun at 375 PSIG.
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TABLE XK1

2.5 HOUR JFTOT RESULTS - 12 JUN 72 TO 14 JUN 72

DATE MAXIMUM TUBE TDR CODE FILTER PRESSURE
TEMPERATURE {°F) RATING RATING DROP {In. of Hg)

12 Jun 72 565 23.3 4 0.0

14 Jun 72 550 16.0 3 1.5

Note: Both tests were run at 400 PSIG. A
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