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SUMMARY

This report presents the results of a two year technical effort to evaluate
the effects of using ki 9 antimisting adaitive on the performance of the
companents from vie fuel system and the combustor of a current in-service JT8D
aircraft engine which was seiected as the reference engine for this program.
The major objectives of this program were to evaluate the effects of using
thic additive on the performance of engine fuel syctem components. determine
the extent of fuel processing required to achieve satisfactory opere:ion of
the engine coumponents, and identify promising concepts for accomplishing this
fuel degradation.

This report briefly describes the physical and chemical characteristics of Jet
A and antimisting fuels inciuding: 1) effect of degradation on uel system
flow characteristics, 2) effezt of water contamination of AMK, 3) effect of
the additive on thermal stability, corrosion, heat transfer and materials
compatibility. [t also describes various fuel processing techniques and
requirements on the performance of the combustor of the JT8D engine. Finally a
discussion of the feasibility of using anitmisting fuels in existing
in-service engines is presented.

The test program was organized into three phases. In the first phase,
antimisting kerosene fuel was evaluated in labcoratory and shurt duration
"bench" type comnonent (ests. These inzluded the analysis of the physical and
chemical properties of the fuel antimist additive mixture, the evaluation of
fuel injector atomization characteristics, and the performance of fuel
filters. In the second phase, more comprehensive component and system tests
were conducted to assess the performance of the combustor in both a high
pressure combustion facility and an altitude relight/ cold ignition facility.
The third phase was devoted to ambient and Tow temperature filterability
tests, de-icing tests, a fual degrader design study and fuel injector per-

formance tests.
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Summary of Results

Significant technical results were obtained from this program which are
pertinent to safe engine impleme . cation:

The very high molecular weight of the aoditive which produces the
antimisting results in a tendency to clog filters in fuel systems.
This tendency increases as the fuel temperature is reduced.

The combination of transition velocity (a filter characterization
test) measurements, and Gel Permeation Chromatography, quantified
the degradation levels of antimisting kerosene,

The Tevel of AMK degradation to satisfy ambient and low temperature
short duration filterability requirements was identified.

Water/antimisting kerosene compatibility tests at concentration @
Tevels of water found typically in aircraft fuel tanks { ~200 ppm)

resulted in the formation of white precipitates at ambient

temperaturcs., Excessive woter contamination resulted iin

precipitaticn ¢f the acdcitive forming a gqurm like residuc.

Degraded mixtures of antimisting kerosene with small concentrations
of water (~200 ppm) failed the de-icing experiment.

Poor fuel atomization and filterability preclude the use of AMK in
commercial aircratt engines or fuel systems until an acceptable
means of restoring the necessary fuel properties is developed.
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A promising and unique techrnique of degradation, using the
principle of cavitation, was identified which may reduce the
horsepower requiremenis relative to those of the multipass JT8D
fuel pump. Further experimental testing and development are
necessary to achieve a viable flight worthy design.

Combustor/fuel injectors have the potential of operating satis-
factorily on antimisting kerosene if sufficient degradation or

shearing (degradation) of the high molecular weight additive has
peen achieved.
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1.0 INTRODUCTION

Approximately 30% of the fatalities in impact-survivable aircraft crashes are
fire related. In a typical aircraft crash, fuel spilled from ruptured fuel

tanks typically forms a fine mist which can be ignited by a nuuber of sources
present at the crash site. Supression of the tendency of the turbine fuel to

form this fine mist by addition to or modification of the fuels can reduce the
fire hazard and save Tives.

Tests conducted by the U.S. Federal Aviation Administration (FAA) have
demonstrated the post-crash fire resistance of antimisting kerosene (AMK), a
Jet A fuel containing high molecular weight, Tong chain polymers. The
antimisting additive, FM-9, when blended in Jet A fuel in concantrations of
abcu  .3% by weight, alters the flow characteristics of th2 fuel causing
non-newtonion behavior, thus suppressing atomization and mist formation. At
the same time the additive produces undesirable flow characteristics, such as
poor fuel atomization and filterability in an aircraft fuel system. The
antimisting additive, FM-9, selected for testing in this program was developed

by the Imperial Chemical Industries {ICI) anu the Royal Aircraft Establishment
of the United Ilingdom.

2.0 TECHNICAL PROGRAH OVERVIEW

The objectives of this program were to assess the effect of using FH-9
antimisting additive on the performance of the components of a JT8D engine and
establish the feasibility of designing a modified or new engine component that
would be capable of degrading the fuel additive, To accomplish these

objectives, the activities depicted in the flow chart of Figure 1 were
accomplished in the program.

Tre JT8D was selected as the reference angine for this program. A detailed
description of the engine and its fuel system and combustor that were
influenced by the use of antinisting fuel is provided in the following section.

\
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3.0 JT8D-17 ENGINE DESCRIPTION

The JT8D-17 engine model, selected as the baseline for this program, is the
current productior, version of the JT8D engine which is in widespread use
throughout the commercial transport fleet., [t alrd reprecents current
production gas turbines in that its clearances, filter sizes, pumps and fuel
flow paths are typical. A cross section of the JT8D-17 is shown in Figure 2
and key specifications for :his engine are 1isted in Table I.

LJd
T~
-k
” I.
Figure ¢ Cross-Section of JT8D Turbofan Engine ;
TABLE I '
KEY SPECIFICATIONS OF THE JT8D-17 ENGINE
Weight {kg) 1510.%
Length (m) 3.045
Maximum Diameter, cold (m) 1.080
Pressure Ratio 16.9
Airflow Rate (kg/s) 148.3
Maximum Sea Level Static Thrust (kN) 7.2
Cruise Performance
Mach Number c.8
Altitude (m) 9140
Thrust (ki) 16,4
Specific Fuel Consumption {kg/Ns) 2.273 X 10-5




ORIGINAL PACE 19

LITY
3.1 Engine Fuel System OF PGOR QUA

The function of the fuel system is to supply clean Yiquid fuel, free from
vapor, at the required pressure and flow rate to the engine at all operating
conditions. Figure 3 shows a schematic of the basic JT8D engine fuel system.

INtEANIGIATE
CANTRIF LT AL
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Figure 3  JT8D Turbofan Engine Fuel System Diagram

Fuel is supplied from the aircraft tanks to the engine driven fuel pump inlet.
The fuel is pressurized to an intermediate pressure level by the fuel pump
centrifugal stage and is passed through the air-fuel, de-icing heat exchanger
to the main fuel inlet filter. The filtered fuel is supplied to the high
pressure gear stage and after pressurization is passed to the fuel control
through a coarse mesh inlet filter. Excess fuel passes through the throttle
differential pressure regulating valve and is returned to the fuel pump
upstream of the high pressure gear stage. The metered fuel passes through the



throttle valve which is controlled by the fuel control that senses, computes
and positions the valve as a function of power iever position, engine speed,
engine compressor discharge pressure, and engine low compressor inle’
temperature. The metered fuel passes out of the fuel control via the control
minimum pressure and shut off valve, through the airframe supplied fuel flow
meter and the fuel 011 cooler to the pressurizing and dump vilve. The
pressurizing valve schedules flow to the fuel nozzle secondary manifold as a
function of primary fuel nozzle pressure drop. The two positicn dump valve is
hydraulically actuated by primary fuel pressure during engine operation. The
dump valve has a checking feature that actuates at engine shutdown when the
primary fuel pressure is reduced. The check valve closes and prevents draining
of upstream fuel lines into the engine,

3.1.1 Fuel Pump

The main fuel pump consists of a single element gear stage with a high speed
centrifugal boost stage (see Figure 4). A cartridge type relief valve limits
the pressure rise across the gear stage. The upit provides & rigid mounting
pad arrangement and a rotational splined drive for the fuel control. An .
integral fuel filter containing a replaceable paper barrier fiiter element is
lucated between the discharge of the centrifugal stage and the inlet of the
gear stage. In the event of a malfunction of the boost stage, a bypass valve
opens into the inlet passage of the pump to direct flow in the gear stage.
This is normally held closed by a 1ight spring force and remains closed due to
boost stage pressure. Outlet and return ports are provided between the boost
stage discharge and the filter iplet for instaliation of an external fuel
deicing heater. A drive shaft seal drain is located in the lower extremity of
the mounting flange.

3.1.2 Fuei Control

The fuel control consists of a metering and a biasing System. The metering
system selects the rate of fuel flow upon demand but is subject to the engine
operating limitations imposed by the biasing system which monitors the engine
parameters i.e., power lever angle, burner pressure, engine high compressor
speed and engine inlet temperature to control the output of the metering
section of the control during all regimes of engine operation.
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Figure 4 JT8D Engine Fuel Pump

3.1.3 Fuel Filter System

The JT8D engine fuei system incorporates several fuel filters differing in
constructinn, filtration quality and filtration characteristic depending on
the subsystem component protection requirements. The main inlet 40 um

paper cartridge filter, incorporated within the fuel pump, provides the pri-
mary protection for all subsystem components. This inlet filter provides pro-
tection against solid particulate matter and, in addition, collects fuel borne
ice crystals a* fuel temperatures below freezing. Periodically, the fuel
deicing heater system is activated by a pressure transducer to increase fuel
filter inlet temperature above the water freeze point and thereby clear the
filter of collected ice.

The remaininc filters are coarser and with the exception of the control inlet
filter have significantly smaller flow rate capecity. These filters vary from
50-325 mesh, are either harrier or wash flow type and are constructed of
stainless steel,
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3.2 Combustor Description

The JT8D-17 combustor section consists of nine tubular combustion chambers in
a can annular arrangement. Each chamber contains one centrally located duplex
fuel nozzle. Two of the chambers are equipped with spark igniters. The nine
combustion chambers are intercconected by tubes for flame propagation during
starting. A cross-sectioral schematic of the JT8D-17 combustor is shown in
Figure 5.

Turbine inlet guide vane

Transition duct
Mount lug Igniter

Fuel nozzle

Compressor
exit

—)

<

Figure 5 Cross-Sectional Schematic of the Production JT8D-17 Combustor

The combustor employs a dual passage fuel injection system to obtain the
required turn down ratio (ratio of maximum to minimum fuel flow) for a
reasonable range of fuel pressure. The relationship between fuel flow and
nozzle pressure drop for a typical engine is shown in Figure 6. The break in
the curve indicates the st:.ging point where transition is made from the
primary metering system to the primary plus secondary metering system. Staging
is controlled by a spring loaded pintie valve near the fuel control, which is
sensitive to the difference between fuel pressure and air chamber pressure.
The staging point is independent of the combustor fuel-air ratio for a
particular engine operating condition.

10

T e



ORIGINAL PACY 1
i OF POOR QUALITY

PHAARNY Ir SECURIARY
NULIA NLOv

—_—

FUEL FLOW IKg tr

LA RINCS

1 1 1

v on o A ma

£

W2 E PRESSUIRE RANP 16 Pat

Figure & JT8BD Dual Orifice Fuel Flow Schedule

3.3 Combustor Performance Requirements

Table II 1ists the critical operating parameters for the JT8D-17 combustor at
the four operating conditions of the Environmental Protection Agency landing
and takeoff cycle and at the cruise operating condition. Other key operatin,
parameters of the JT8D combustor at sea-Tevel takeoff conditions are:

Compressor Exit Axial Mach Number 0.42
Comhustor Section Total Pressure Loss 8.2%
Combustor Exit Temperature Pattern Factor* 0.39

Figure 7 shows the design flight envelope of the JT8D-17 engine. The engine
must be capable of self starting with the combustor driven only by a windmill-
ing fan and compressor over a substantial fraction of the flight envelope as

*Pattern factor is the ratio of the difference between the maximum gas
temperature and the average combustor exit temperature to the difference
between the average combustor exit temperature and the combustor inlet
temperature,
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TABLE I1
JT8D-17 ENGINE COMBUSTOR OPERATING PARAMETERS
Inlet Inlet
Total Total Combustor (ombustor Combustor
Operating Pressure Temperature Airflow Fuel Flow Fuel/Air
Condition (ATM) (°C) (kg/sec) (kg/sec) Ratio
Idle {with bleeds) 2.4 1¢0 1¢ U.74 0.0123
Takeof f 16.9 438 66 1.24 0.0k
Climb 13.¢ 40b k3 0.40 0.016%
Approach 9.7 321 4¢ G, 56 0.0133
Cruise 6.4 340 29 0.43 0.G148
AIRFLOW 1 . 5
14,000 4
T
FLIGHT ENVELOPE
12'000F—
MHSTAHTENVELOPE 8
10,000 f—
7
o
w
b soool—
]
w
S
': 60007 /
-
-
P
4000 -
2000 }—
ol I 1 J
0 0.2 0.8 1.0

MAC.H NUMBER

Figure 7 JT8D-17 Airstart Envelope



shown in the figure. Table III lists the combustor operating conditions at the

lettered points on the upper boundary of the relight enveiope as defined from

the windmilling performance characteristics of the J78D0-17 compressor.

TABLE 111

COMBUSTOR INLET CONDITIONS AT ALTITUDE RELIGHT

Point on Figure 7

Altituce (Meters)

Flight Mach Number

Combustor Inlet Total Pressure {ATM)
Combustor Inlet Total Temperature (°C)
Engine Airflow (kg/sec}

Fual Flow* (kg/sec)

*Minimum fuel flow of JT8D engine control schedule

A

10,668
0.475
0.30
32
0.20
.07

10,668
0.67
0.66
21
6.1
C.u7¢

13
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4.0 PHYSICAL AND CHEMICAL CHARACTERISTICS OF FUELS

4.1 Fuel Analysis

Fuel analysis and quality control experiments were conducted to monitor the
physical and chemical properties of the antimisting kerosene and its parent
fuel.

Table IV 1ists the different fuel analyses that were conducted on fuel
samples. The specific analyses conducted on a particular sample depended on
the intended use of the fuel lot, and in general, consisted of not more than
five or six of the analyses listed in Table IV, For example, a sampie from a
fuel batch that was used in a combustor or smoke test was analyzed primarily
for hydrocarbon characterization (ASTM Methods D1319 and D1840) and smoke
point (ASTM Method D1322), while a sample that was used in combustor ignition
tests was analyzed primarily for the distillation temperature distribution and

L:
viscosity.
TABLE IV
FUEL PROPERTIES MEASURED AND TEST METHODS
Froperty Test Method
Hydrogen and Carbon, wt. % Perkin Elmer Model 240 Analyzer
Aromatics, vol. % ASTM D1319
Sulfur, wt. % Dohrmann Combustion/Titration
Specific Gravity, 288/288°K ASTM D1z48
Flash Point, °C ASTM D56
Freezing Point, ©C ASTM D2380
Carbon Residue, 10 Vol. % Bottoms, wt. % ASTM D524
Net Heat of Combustion, cal./gm ASTM Dz 382
Smoke Point, mm ASTM D1322
Yiscosity, 25°C, cs ASTh D445 :
Water Content, ppm Karl Fisher Titration 1
Surface Tension, Dynes/ cm? ASTM DY 71 :
Thermal Stability ASTM 1324 :
Distillation Curve ASTM D86 3
Naphthalenes, Yol. % ASTM D1840 i
Nitrogen, ppm Kjeldahl tethod 1
Mercaptan Sulfur, ppm ASTM D1323 b
Metallic Trace Elements Atomic Absorptior é
X
2
14 #
4



Four batcnes of antimisting kerosene and the parent fuel from which the anti-
misting kernsene was blended were measured to determine certain physical
properties. In addition, an abbreviated characterization was made of a fifth
batch of antir. 'sting kerosene and parent fuel. The resuits of these
measurements are given in Table V. Properties of the parent furls in all cases
anpeared typical of Jet A fuel used for most commercial jet aviation.

Sample Tots of the antimisting fuel contained sodium levels that were
unexpectedly high (Table V¥1). Antimisting kerosene received early in the
program contained a minimum 1avel of 0.3 ppm or less sodium. Because a
sustained high level of Na may accelerate hot corrosion, six additional blend
lots of antimisting kerosene and two additiona: parent fuel. were analyzed.
The six additional blend lots include RMH Nos. 1-141, 142, 153, 154, 157, 158
and the two parent fuels were RMH 10720 and 10608. Table VI! shows the sodium
levels for these additional lots of fuel ranged from 3.4 to 3.7 ppm. Long time
exposure to these high levels c¢f sodium in the fuel would appreciably
accelerate corrosion of the engine hot section.

TABLE VI
CHARACTERIZATION RESULTS FOR ANTIMISTING KEROSENE
Lot RMH - 135 and Parent Lot RMH-01105

RMH 1-139 RMH-01105
ANK Jet A
Filter Ratio Drum 1 = 60.4 1 by Definition
Drum 2 = 50.7

Auditive Content (% wt) 0.33
Hydrogen Content (% wt) 13.7 13.73
Hydrogen/Carbon Ratio 1.89:1 1.89:1
Specific Gravity, €0/60F 0.61¢8 0.68123
Viscosity, 27°C 3.09 1.87
Water Content, ppm 3 4

, Arcmatics Content, Vol. % 20.8 21.1

’ Napthalenes, VYoi. % 1.78 1.78
Cnpper Content, ppm 0.12 0.03
Sodium Content, ppm 3.2 L0
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TABLE VII
SODIUM CONTENTS OF ANTIMISTING KEROSENE FUEL

Sample ppm Sodium

RMH 141
RMH 142
RMH 153
RMH 154
RMH 157
RMH 158
Parent 10720
Parent 10608

OOt W L L LW

[ [ - » » -
OOoOmbDor~yUn
2% I -

+

Naphthalene, aromatics, water and hydrogen content levels measured on
shipments of AMK and the parent fuels showed them to be typical of that for
Jet A fuel. The additive content, specific gravity and viscosity show the
expected deviations on addition of FM-9 polymer to the Jet A fuel,

4.1.1 Filter Ratio of Undegraded Antimisting Kerosene

The antimisting kerosene was blended in lots of four hundred gallons by ICI
vefore shipment to Pratt & Whitney Aircraft, Filter ratio measurements made

on as-received, undegraded antimisting kerosene samples are shown in Table
VIII. Filter ratio (defined in section 5.2.1.1) was measured by both Pratt &
Whitney Aircraft and ICI before shipment and overall, the agreement was fairly
good considering the nature of the measurement and differences in samples.

However, three blend lots of AMK fuel produced guite high and nonreproducible
filter ratios as shown in Table IX. Limited testing revealed the solids
content for these blended lots was approximately 0.3% by weight as expected.
The viscosity of the narent fuel from which the AMK fuels were blended was
somewhat higher than previous parent fuels, (ther parameters measured for both
parent and AMK fuel appeared normal. Initially, there was no apparent
explanation for these high and nonreproducible filter ratios on the three
blend lots of AMK., Additional analysis reported later in section 9.4 offers a

plausible explanation for this phenomenon.

17
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TABLE VIII

FILTER RATIO MEASUREMENTS ON UNDEGRADED ANTIMISTI!'G KEROSENE SAMPLES

Shipment Date

10-25-79
01-09-80
01-17-80
03-04-80
04-16-80

%

07-02-80

FILTER RATIOC MEASUREMENTS ON NEW SHIPMENT OF AMK

Filter Ratio

Pratt & Whitney Aircraft

Blend Lot {As Received)
1-45 54
1-64 53
1-65 49
1-83 34
1-90 b
1-91 42
1-9z Drum 1 45
2 37
1-%3 33
1-94 b§
1-95 59
1-112 16
1-113 16
1-114 el
1-115 bBrum 1 25
1-115 2 21
1-115 3 21
1-115 4 23
1-115 5 21
1-1156 6 21
1-115 7 15
1-115 8 22

Blend Lot

177
178
17¢

18

TABLE IX

Filter Ratio

P&WA

146
166, 130, 116
210, 115

It

5%
63
65

ICI
(As Shipped)

Zb
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5.0 FUEL DEGRADATION MEASUREMENTS
5.1 Fuel Degradation

Degradation of antimisting kerosene requires that Targe polymer bonds be
broken tc ieduce the effective viscosity of the blended fuel toward that of
the reference Jet A fuel. Early in the program, the fuel was degraded by
passing AMK through the JT8D fuel pump at the P&WA engine control systems
laboratory. The test stand was modified to allow operation in either open or
closed luop mode (Figure 8). In the open loop mode all the fuel flowed through
the fuel pump systems to the collection tank. In the closed Toop mode the flow
from the discharge valve returned to the supply tank via a cooler for con-
tinued operation. Figure 9 shows the specific test setup, instrumentation
locations and fuel sampling locations for the JT8D fuel pump.

The JTBD engine fuel pump was a reasonable laboratory method for processing
urdegraded antimisting Kerosene. Fuel degradation was accomplished by passing
the antimisting kerosene through the JT8D fuel pump system N times; three-pass
antimisting kerosene is antimisting kerosene passed through the fuel pump
system three times

To ensure that all antimisting kerosene within a batch was subjected to the
degradation process for each pass, the first three passes were operated open
1oop. Subsequent passes were accomplished at closed loop and agitated to
enhance homogeneous tank mixing. One pass for a 1514 1iter {400 gallon) anti-
misting kercsene batch at the 24.6 Titers/minute (6.5 gpm} processing rate
took approximately one hour. Antimisting kerosene samples were obtained at
various system locations and operatirg conditions and tested for filter ratio
(defined in section 5.2.1.1).

19
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Later in the program, there was a need to acquire highly degraded fuel in
large quantities. It was found that plausible methods for degrading the fuel

fell into three categories:

1. Cavitation produced by high velocity flow
2 Shear produced mechanically by passing the fuel between stages of
multi-bladed rotors and stators.

3 Cavitation produced by ultrasonic vibration

Samples of AMK processed by suppliers of equipment using the methods of
Category 1 and 2 showed cavitation to be more effective. The results are

summarized in Table X.

TABLE X
SUMHMARY OF RESULTS WITH COMMERCIAL UNITS

Transition Velocity* FiTter Ratio

cm/sec

AMK Undegraded 0.19 23
Jet-A Without Additive 9-10 1.00
Gaulin Disperser (Cavitation)

20.7 MPa 1.0 1.30

34.5 WPa 2.5 1.12

55/2 HPa 5.2 1.15
Sonic Sonolator {Cavitation)

13.8 Pa 1 pass 1.1 1.41

10.3 MPa 3 pass 2.4 2.60

13.8 HPa 3 pass 2.9 1.30
Speco {Mechanical) 0.37 8.0
Tekmar {Mechanical) 1.1 2.6

1t was found that when the pressure consumed by the Sonic Sonolator was
multiplied by the number of passes, the Gaulin and Sonic results could be
comhined as shown in Fiqure 10*. Also shown for comparison are results
obtained with the JT8D fuel pump operating in a 16-pass mode. It can be
concluded from Tahle X and Fiqure 10 that cavitation is a promising method for

o ot T o W " . AR R P R A PR A8 el e g S SN R e S v TE SR M e e Em

*
See Section 5.2,2 for definition of transition velocity
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degrading AMK fuel. Based on these results and the avajlable equipment, the
Gaulin Disperser was selected as the prime workhorse device for the program.
In this device the degree of degradation increases as the pressure across the
valve becomes greater o~ as the number of passes through the device increases.
Although this device performed well in degrading AMK, its size and power

requirements preclude its use in ajircraft applications.

&\ GAULIN DISPERSER
O SONIC SONOLATOR FaX
—
~~ JTBD PUMP 18 PASS
R -
8
3 FAN
£
g ‘r
F4
<}
E
o
z
g L
o
o 1 | 1. 1 J
2 4 6 8 0 20
PRESSURE LOSS, PSI X 103
L 1 | 1 | |

14 28 41 56 6.9 138
PRESSURE LOSS, K Pa x 1074

Figure 10 Degrader Performance

5.2 Measurement Techniques

U. S. Navy tests (Ref. 1) indicated that the excess viscosity of an
antimisting mixture relative to the reference JP-5 fuel was reduced by about
50 percent in one pass through the engine fuel pump and control. Continuous
recirculation of the fuel mixture through the pump and control Tor a period of
4 to 12 hours led to reductions in the viscosity excess of about 70 percent.
This asymptotic behavior suggested that, if the magnitude of the viscosity
excess relative to the reference fuel was used as a measure of degradation, it
would not be possible to achieve a completely degraded state in which the
viscosity was reduced to the level of the parent fuel. Consequently, the 100
percent degraded state was defined as that achieved when additional processing
of a batch of fuel would not produce an additional five percent reduction in
the viscosity in an hour of closed loop operation of the degrading system.

22



Early in the program it was learned that antimi:ting kerosene mearured as 100
percent degraded by the above definition or characterized by the filter ratio
method {see Section 5.2.1.1)required considerably more processing in order to
achieve levels acceptable to system components, Therefore it became necessary
to utilize and develop additional measurement techniques to distinguish
relative levels of processed antimisting kerosene. The various techniques are
described, discussed, and compared below.

b.2.1 Viscosity Measurements

The addition of the antimist additive is known to increase the effective
viscosity of the blenced fuel. Therefore, techniques which measure viscosity
or effective viscosity can be used to measure the extent to which the fuel has
been degraded from it: initial state. The different apparatus and methods used
to measure the effective viscosity of antimist fuels are described in the
following paragraphs and the results are listed in Table XI.

TABLE XI
ANTIMISTING KEROSENE VISCOSITY MEASUREMENT TECHNIQUES

Method Measurement Result
Screen Mesh Filter Filter Ratio Adequate Up to 120 min, in Blender
British Orifice Cup Flow Rate Ratio Beyond 2 min. in Blender,

too insensitive
ASTM Viscometer Viscosity Ratio Too insensitive
Glass Bead -- Unsuccessful

5.2.1.1 Screen Mesh (Filter Ratio)

The filter screen device shown in Figure 11 (Standardized by U.S./United
Kingdom AMK Technical Committee) was utilized to measure effective viscosity.
This filter ratio procedure measured the time required for a predetermined
volume of fuel to flow through a 17 um size screen at 20°C,

23
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Figure 11 Filter Screen Pevice

Effective viscosity was measured by filling the tube of the filter device with
the reference fuel to the uppermost reference mark then allowing the fuel to
drain out of the tube. The time required for the meniscus of the fuel to pass
between the two reference marks on the tube was recorded. This procedure was
repeated with the antimisting kerosene test fuel. The ratio of the time
required for the antimising kerosene and the reference fuel to flow between
marks is defined as the filter ratio (FR).

5.2.1.2 Orifice Flow Cup (Flow Rate Ratio)

This procedure is similar to the Screen Mesh {FR) method in that it measures
the time a predetermined volume of fuel flows through an orifice in the
container. Viscosity is defined from a correlation derived from calibration of
the apparatus. The apparatus consists of a flow cup constructed of brass with
an orifice diameter of 6.6mm j;0.0]Z?mn, and a 10 ml graduated cylinder with a
glass funnel to collect fuel from the cup.
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In this procedure, the cup was filled with the refarence fuel until it
overflowed. The fuel was released and allowed to drain into a beaker for 30
seconds, after which time the graduated cylinder replaced the beaker and the
fuel wrs allowed to flow for an additional 30 seconds. The amount of fuel
collected in the cylinder was recorded. If it failed to reach a range of 7.7
to 8.3 m1, clogqing is indicated and the test is invalid. This procedure was
repeated with antimisting kerosene fuel. Replicate tests with antimisting
kerosene were carried out until volumes collected agreed within 0.1 ml. The
results were expressed as the ratio of flow rates of antimisting kerosene fuel
to the reference fuel.

5.2.1.3 Standard ASTM Capillary Viscometer (Viscosity Ratio)

Viscosity of the antimisting kerosene fuel and parent fuel was alsc measured
by standard capillary viscometers according to ASTM D445 procedure. A Cannon
F~nske reverse flow viscometer was used for the antimisting kerosene fuel! and
a Cannon Fenske routine viscometer for the parent fuel. The test is based on
the time required for a given volume of fuel to flow through a capillary tube.
A viscosity ratio was obtained by dividing the viscosity measured for the
antimisting kerosene fuel by that of the parent jet fuel,

5.7.1.4 Glass Bead Bed

This apparatus consisted of a bed of 210 um glass beads packed in a 35 mm
section of a 0.64 c¢m inside diameter tube. The fuel sampie was forced through
the bed at differentia! pressures up to 1 atm and the flow rate meazsured. In
laminar flow, the flow rate is inversely proportional to the viscosity of the ﬁ
fluid. Thus after calibration of the device with a sample of known viscosity, :
the viscosity of AMK samples can be determined by measuring the flow rate.

ey

5.2.1.5 Comparison of Laboratory Methods for Viscosity Measurements

An initial comparison of the techniques for measuring viscosity was made by
degrading small quantities of antimisting kerosene fuel with a laboratory
blender for varying times from 1 minute to 120 minutes. Viscosity measurements
with the glass bead bed proved impractical due to plugging of the bed under
the suggested test conditions. The responsiveness of the remaining three tech-
niques to changes in fuel properties is illustrated in Figure 12 where filter

b A B B,
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ratio, viscosity ratfo and flow rate ratio are plotted for the flow-through
screen mesh, the ASTM viscometer, and the orifice cup, respectively, versus
time of agitation in the blender. Data from two different lots of antimisting
kerosene are shown and indicate good repeatability. The flow-through screen
test and the orifice cup measurements are seen to be more definitive than the
standard ASTM viscometer in establishing the degree of degradation of the
antimisting kerosene. The responsiveness of the oritice cup falls off rapidly
after approximately two minutes, whereas the flow-thrcugh screen test shows
changes in filter ratio for times up to 120 minutes. The results are summa-
rized in Table XI.

TIME TO FLOW AMK
TIME TO FLOW JET A
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Figure 12 Comparison of Three Viscosity Measuring Devices
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Early in the program, the fuel was degraded by passing the antimisting
kerosene through a JT8D engine fuel pump system. The sensitivity of filter
ratio to number of passes can be seen in Figure 13, The measurement is

adequate to about two or three passes. From 3 to 16-passes, using filter ratio

measurement as a means of discriminating degradation levels was unacceptable
due to lack of resolution. Most of the tests early in the program were run
with a degradation level of 3-pass or less and are, hence, reported in terms
of both number of passes and filter ratio,
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Figure 13 JT8D Fuel Pump System Filter Ratio

5.2.1.5 £Effect of Temperature Variations on the Filter Ratioc Te.t

The effects nf temperature variations on the filter ratio test were evaluated
by meastiring the time for the fuel to flow hetween two reference marks at
varying temperatures. Undegraded, 1-pass, and 3-pass antimisting kerosene and
Jet A were tested, The results are shown in Figure 14, Temperature affected
the antimisting kerosene flow times to a greater degree than for the parent
fuel. The slnpe of the time vs. temperature curve for the undegraded fuel

showed @ large shift at a temperature of approximately 25°C. Table YII shows
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the filter ratio as calculated from Fiqure 14, As temperature increased, the
filter ratio showed a corresponding decrease. Also shown in Table XII 1s
viscosity ratio using a Cannon Fenske viscometer. QOver the temperature range
of -35°C to 99°C the viscosity ratio of antimisting kerosene to parent jet
fuel increased by a factor of 1.5,

UNDERGRADED AMK

| PASS AMK

\.\Ems} 1\

JET A

1000

T T3 I7I1r

8

T T T

TIME QF FILTER TEST (SECONDS)
H

T T T T

T

- { L L L L 1 |
¢ 10 ] E] & &0 7 E

TEMPERATURE, (°Cl

Figure 14 Screen Viscosity Temperature Chart

TABLE XII
EFFECT OF TEMPERATURE ON MEASURED FILTER AND VISCUSITY RATIO

Filter Filter Filter
Ratico Ratio Ratic
Temperature (°C) Undegraded 1-Pass 3-Pass
18 126 7,0 4.8
25 4y 6.4 4.6
53 8 3.2 3.9
¥iscosity Viscosity
Parent Fuel Antimisting Kerosene Fuel Viscosity
Temperature (°L) {epi {cp) Ratio
-35 8.78 10.71 1.4
0 2.75 4.1¢ 1.8
25 1.58 Z.th 1.68
38 1.27 2.7 1.7
99 0.59 1.1¢ 1.80
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£.2.1.7 Effect of Filter Type ana Pore Size on Filter Ratio

-1 attempt was made to determine whether changing the pore size or filter type
would increase the sensitivity of the filter ratio measurement to degradation
Tevel. A 10 um metal screen and a 40 um paper filter were used in the standard
filter ratio test instead of the usual 17 um metal screen. The results are
shown in Table XIII, Filter ratins were tabulated for undegraded fuel, 1-pass,
3-pass, 7-pass and 16-pass antimisting kerosene, Filter ratio resolution
between 7 and 16-pass was At best 20 percent. Filter ratio resolution from
16-pass to the highest possible level of degradation (antimisting kerosene
properties identical to Jet A} was 30 percent at best.

TABLE XIII
EFFECY OF DIFFERENT FILTERS ON FILTER RATIO (FR)

Filter Ratio and Filter Flow

17 um 10 um 40 ur
Metal Screen Hetal Screen Paper Filter
Degradation Avg. Flow Avg. Flow Avg. Flow
Level FR (cm3/sec) FR (cm3/sec) FR (cm3/sec)
AHK
Undegraded 43 0.53 28.6 0.22 133 0.19
I-Pass 8.0 3.0 6.8 . 0.74 86 0.28
3-Pass 3.0 7.6 7.0 0.85 79 0.31
7-Pass 1.17 18 - -- .44 18
16-Pass M.17 20 1.28 4.7 1.20 21
Jet A
23.8 1.28 25

Filter ratios recorded for the nominal 40um paper filter were much higher
than either of the metal filters at Tevels of dearadation less than 16-pass.
The permeability of the paper filter to Jet A was approximately the same as
that oF the the 17um metal screen as illustrated by the flow through the two
filtere, The measured filter ratio of undegraded antimisting kerosene for the
10 um screen (?9) was significantlv iess than that measured with the 17pym

screen (43). The flow rate of Jet A through the 10 um metal screen was
29
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approximately one-fourth the rate throuah either of the other two filters.
Perhaps the lower flow rate allowed additional time for deformation of the
antimisting kerosene additive aiding ! ssage through the filter pores, The
degree of tortuosity of the paper f.i.er is considerably greater than e, cher
of the metal filters resulting in the greatest reouirement for deformation.
This factor may account faor the resulting high filter ratios measured for the
40pum paner filter,

5.2.2 Transition Flow Rate (Transition Velocity)

An evaluation of transition flow rate or transition velocity, VT as a method
for measurirg antir  [ing kerosene degradation, was conducted because 2f the

need for a more sensitive technique than those discussed above.

It s found that when antimisting kerosene flow through a filter is plotted
as a function of incroasing AP across the filter, there is an increase in the
flow resistance occurring at a defined flow rate or velocity as shown in
Figure 15. This flow rate is termed the critical flow rate or transition flow
rate and is a function of the fuel's level of degradation. The velocity
associated with this flow rate is termed the transition velocity (or
superficial transition velocity), VT’ and is based on the total filter
cross-sectional area.

The theory of the flow of fluids through & porous media was applied to Jet A
data from the transition flowrate experiments in an attempt to lend some
physical meaning to the results (AMK data were not analyzed in this manner due
to the complication of its non-newtonian nature}. A Reynold's number was
calculated for the flow corresponding to “he transition velocity (the
intersection of the two lines through the Jet A data in Figure 15). The
characteristic dimension selected for the calculation was based on the ratio
of the wetted surface area of the flow channels within the Nuclepore filter to
the total filter solid volume, following the analysis described in Reference
2. As shown in Figure 16, this Reynold's huutor correlates well with the point
at which the experimental data begin to deviate from laminar behavior in
making the transitio *o turbulent flow. It can be concluded from this that

30



DIFFERENTIAL PRESSURE (K Pat

ORIGINAL PAGE IS
OF POOR QUALITY

16 - PASS

JET A FUEL

[IIII[

TTT]III

\ L4tk 1l L0 op gl L0 it
p.0t 0.10 1.0 12 100

SUPERFICIAL VELOCITY {CM/SEC)

Figure 15 Transition Velocity Comparison

JET-A DATA CORRESPONDING
TO THE TRANSITION VELOCITY fc

1 LT

%\ * Burke and Plummer
100

1+ e Ergun

s Marcom

& o Oman and Watson

i ! B

N ‘ ' ,

[}
LAMINAR URBULENT

10

FRACTION FACTOR

A Uy

6‘004

7
ﬁ W
mac

]

s

=3

RAD

b A
*-qt‘_! MK x
i "_J_"_gnﬁ‘;”f{'é"£ o

l
:
BURTE-PLUMMER EQUATION, 2 x

: | | |

1 10 100 1000
REYNOLD’'S NUMBER

N

:
é
g 1
|
5

Figure 16 Friction Factor vs Reynold's Number for Porous Media Flow
(reproduced from Ref. 2}

31




L

R

the transition velocity is related to some aspect of the transiticn from
Taminar to turbulent flow within the filter element. Additional credence to
this hypothesis can be shown by considering the pressure drop/superficial
velocity relationships of the Jet A data.

For low values of superficial velocity ( 9.5 ¢m,. :c), the data show that

AP o superficial velocity'8

while porous media flow theory shows that the exponent should be unity. At
higher flows (>9.5 cm/sec), the data show that

APwsuperficial veloci‘y 1.75

while the theoretical result for turbulent flow indicates a second power
relationship. However, laminar to turbulent transition occurs over a
transition range, where pressure drop is a somewhat weaker function of
superficial velocity. As it is likely that the Jet A data come from this
transition range, the 1.75 power observed relationship is probably a good
approximation of the data in Figure 16. A second point is that the transition
flow rate experiment was envisioned as an expedient means of producing
repeatable inaications of the degradation level of AMK fuel. As such, it was
not intended to incorporate a high degree of precision. Based on these
arguments, it seems that the porous media flow theory can be employed to
decribe the transition flow rate experiment, and that the transition velocity
as defined as used in this report is a real phenomena and can be supported
through a consideration of basic fluid mecharical principles.

Although porous media flow theory is not directly appiicable to non-newtenian
fluids such as AMK, the theory may be employed to explain the general trend of
lower transition velocity with reduced degradation level. It is noted in
Figure 15 that the transition velocity always seems to occur near & constant
pressure drop Tevel. In Reference 2, it is shown that

AP = constant (#){superficial velocity)
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in the laminar and initial transition regions, where the transition flow rate
experiments were performed. Since the apparent viscosity of AMK increases with
reduced levels of degradation (corresponding to fewer passes through the JT8D
fuel pump), the above equation makes clear that the superficial velocity must
decrease for a given pressure drop. This trend is evident in Figure 15.

Tests were conducted using a standard Millipore filtrztion apparatus and
filters made of polycarbonate, metal screen and paper. The polycarbonate
filters were manufactured by Nuclepore Corp. and had a pore diameter of 8 um,
pore density of 1 x 10 pores/cm2 and a nominal filter thickness of 10 um.

The filters were unique in that the pores were regular circular openings. The
percent open area which was calculated from the nominal pore diameter and
density was 5.0%. The characteristics of the wire screen filters are tabulated
in Table XIV. The percent open areas of screens 31GL and T304L were calculated
from the difference in apparent density and the nominal density of stainless
steel (7.8 g/cm3) (calculated from measurements of screen diameter

thickness). Fiber paper filters wit. 40 um nominal pore size were cut directly
from a JT8D fuel filter.

TABLE XIV
DUTCH TWILL WEAVE SCREEN CHARACTERISTICS
Diamgter Screen Percent
Screen . of Wires Pore Size {(um) Thickness Open
Designation (cm) Mesh Absolute m Nominal (cm) Area
316L 0.0071x0,.0041 165x1400 17 9-12 0.0142 36.4
T304 0.0038x0.+.030  3¢5x19060 10 2-3 {.0084 2-.9

The test for each type of filter was conducted by pouring a measured quantity

of antimisting kerosene into the reservoir over the filter and measuring the
time for the fuel to flow through the filter. The test was repeated at dif-
ferent vacuum settings from 8 x 10t to 87.5 x 104 Dynes/cmz. A detailed
laboratory procedure for measuring transition velocity is included in Appendix A.

5.2.2.1 8 um Nuclepore Paper Filter

Flow through Nuclepore filter papers in a standard millipore filtration

apparatus was chosen for study because of the ready availability of equipment
and the well defined characteristics of the Nuclepore filters with respect to
pore size, geometry and pore density. Figure 15 shows the flow characteristice
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through a 8 um Nuclepore paper filter for Jet A. The superficial velocity
(hased on total cross sectional filter area) linearly increased with AP. At 9
- 10 cm/sec there was an abrupt ¢t r~ge in the slope in which the flow rose at
a sTower rate with increasing pressure., Figure 15 also shows the flow
characteristics for 1-pass, 3-pass, 7-pass, 16-pass and undegraded antimisting
kerosene. These curves are qualitatively similar to the curve for Jet A;
however, the superficial transition zone occurred at lower velocities and were
related to the AMK test fuel's degree of degradation. In addition, a
transitional flow velocity was calculated based on the actual filter flow area
(true transition velocity). Table XV compares the superficial transition
velocity, true transition velocity and filter ratio. The superficial
transition velocity and the true transition velocity change quite
significantly from 7-pass antimisting kerosene to 16-pass antimisting
kerosene, while the filter ratio results show very little difference.

TABLE XV

FLOW PROPERTIES OF JET FUEL AND ANTIMISTING XEROSENE THROUGH
8 um NUCLEPORE PAPER FILTER

Filter
Superficial Truel Ratio
Transition Vel. Transition Vel. {Standard 17 um
Fuel Sample (cm/sec) (cm/sec) Screen)
Undegraded AMK 0.09 1.8 40U
1-Pass AMK C.4 8 b
3-Pass AMK 0.5 10 3
7-Pass AMK 1.5 30 1.2
16-Pass AMK 3-4 56 1.17
Jet A g-10 200-240 1.00

TBased on actual flow area.

5.2.2.2 40um Engine Fuel Pump Paper Filter

Tests were conducted with filters cut from a 40um paper engine fuel pump
filter. The flow rate of the undegraded antimisting kerosene through the
fi]ter'was low due to severe clogging necessitating a reduction in fuel volume
used in the flow measurement from 300 (uced in all other tests) to 25 cc.
Results with the 40um paper filter are shown in Figure 17. Transition
velocities based on the superficial filter area (total filter cross sectional
area)* were 0.7 and 20 cm/sec for 3-pass and 16-pass respectively.
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*Actual flow area is unknown.
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An indication of filter clogging was obtained by running the test at a fixed
AP and recording the flow rate at two different times. This is shown in
Figure 17 as "first test" and "second test”. The rate of clogging appeared to
decrease as the level of degradation increased. The clogging tendency of
16-pass antimisting kerosene was much lower than for the 3-pass. This small
scale filter test predicted that during the full scale tests, 3-pass
antimisting kercsene would clog faster than 16-pass.
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Figure 17 AMK Flow Through 40 um Paper Filter

5.2.2.3 10 um Woven Metal Filter

Velocity curves for antimisting kerosene through 10 m woven metal filter are
plotted in Figure 18 at levels of degradation corresponding to 1-pass, 3-pass,
7-pass and 16-pass. Superficial transition velocities are identifiable for the
3, 7 and 16-pass but not for the 1-pass. The lack of an apparent transition
for 1-pass antimisting kerosene and the steep slope of the flow cirve indicate
that the transition may occur at flow rates below the Towest measured for this
filter.

35




ORIGINAL PAGE 1%
OF POOR QUALITY

100E
s 1.PASS 3.PASS 7.PASS 16-PASS AMK
-
-
-
&
Fv4 10L——-
a. —
S F
i
|- O FIRST TEST
[ 3 secono TEST
1 Lo gl Lt co el
0.1 1 10 100

SUPERFICIAL VELOCITY (CM/SEC)

Figure 18 AMK Flow Through 10 um Metal Screen

The effect of lowered temperature on flow properties of 3-pass AMK through

10 um woven metal filter is shown in Figure 19, The antimisting kerosene
demonstrated a tendency for clogging at lower temperatures. This may introduce
nonreproducibility and procedure dependence into the measurements. The very
viscous gel formed on the downstream side of the filter in the -26°¢C
experiment is shown in Figure 20.

5.2.2.4 17 um Woven Metal Screen

Flow data for 1-pass and 1é-pass antimisting kerosene, and Jet A through a
17 pm woven metal screen is shown in Figure 21. Very high velocities through
the screen required the use of an aperture to reduce the filter area to 0.5
cmz. The screen showed a well defined transition for To-pass antimisting
kerosene at a superficial velocity of 20 cm/sec. The transition for Jet A

occurred at 55 cm/sec.
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Figure 19 Effect of Reduced Temperature on Flow Properties of 3-Pass, (Fp =1.28)
AMK Through 10 um Metal Screen

Figure 20 Gel Formed on Downstream Side of 10 um Metal Filter After Flow
at -26°C
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Figure 21 AMK Flow Through 17 um Metal Screen

5.2.2.5 Summary of Transition Flow Rates

The true {normalized) transition flow velocities, based on the actual filter
flow area, are summarized in Table XVI. Transition velocities through the
40um paper filter are not tabulated because the actual flow area is not

known. Given the wide range of actual flow rates among the three filters, the

agreement in flow velocities is good. The 8um Nuclepore paper filter was
selected for continued use because of its well defined characteristics of pore
size, geometry and pore density. The transition velocity measurement has been

found to be capable of detecting changes at high levels of degradation.

TABLE XVI

TRUE TRANSITIOM FLOW VELOCITY OF ANTIMISTING KEROSENE THROUGH FILTERS

True Transition Velocity (cm/sec)

Sample 8 pm Nuclepore 10 um Screen
Undegraded AMK 1.8 -
1-Pass AMK 8 -
3-Pass AMK 10 10
7-Pass AMK 30 38
16-Pass AMK 56 47

Jet A 200 - 240 -
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5.2.3 Gel Permeation Chromatography

Gel Permeation Chromatography (GPC) was studied as an indicator of AMK fuel
degradation and as having an additional benefit of showing the distribution of
molecular weights after the fuel has undergone degradation. The GPC technique
appears to be particularly applicable at higher levels of degradation where
the filter ratio method loses resolution (see Figure 22).
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Figure 22 JT8D Fuel Pump System Filter Ratio

Degradation of AMK results in a reduction in the molecular weight of the
pnlvmer additive. By using the GPC technique to measure the molecular weight
and molecular weight distribution of the polymer, this technique hecomes a
viable tool for monitoring the dearadation process. The principle of qel
permeation chromatography is separation by size of the molecules in solution.
This separation is accomplished by means of the pore size distribution in the
chromatograph column packing material. Molecules too large to penetrate any of
the pores are totallv excluded by the column packina and elute first, Smaller
molecules penetrate some of the pores and are retained somewhat longer on the
column before elution. Molecules small enough to penetrate all of the pores in
the column packing are retained longest and elute last. The result is a
chromatogram which is a recording of relative molerular size (or weight) of

the molecular species versus elution time.
39
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The instruments used in the Pratt & Whitney Aircraft measurements include the
Water Associates Model 6000 solvent delivery system, the Model R401 Differ-
ential Rafractometer, and a Chromatronix Dual Wavelength Detector. Gel
permeation chromatography columns were 1033, 1052 and IOGR microstyra-

gel, each with a retained volume of approximately 12 ml1, The combination of
103, 105 and 106 R columns appears to be effective in analyzing the FM-9
polymer and Jet A fuel and in giving insight into the degradation process. The
measurements were made at amblent temperature and at a solvent flow rate of 1
ml/min, maintained at a pressure of 1.4 MPa (200 psi).

Initial testing, using the GPC technique, showed that the apparent average
molecular weight of undegraded AMK was approximately three million. This value
is subject to a low bias error because preanalysis sample handling (prefiltra-
tion) sheared the polymer to some degree, A single pass through multiple stage
screens with openings ranging from 400 um to 10 um at 8.3 MPa {1200 psi)
reduced the molecular weight to twe miliion, AMK fuel reverted during the
first phase of the program by pumping through the JT8D pump 16 passes gave a
molecular weight of 700,000. Finally, 100 m1 of AMK fuel subjected to a 300
watt ultrasonic probe for ten minutes gave a molecular weight of 300,000.

Figure 23 shows GPC chromatograms for antimisting kerosene fuel degraded by
sequential passes through the Gaulin disperser operated at 55.2 MPa (8300 psi)
The X-axis is linear in time, and since the flow is constant, represents the
volume of solvent eluted. The X-axis may also be directly interpreted as the
molecular weight of the FM-9 polymer relative to polystyrene standards which
has been generally accepted as a standard for GPC measurements. It is
important to note that molecular weights measured by GPC are not absolute, but
are relative to polystyrene weigits. The absolute molecular weight of the FM-9
additive in AMK fuel is not as important as the relative changes in weight and
distribution of moltecular weights.

The molecular weight scale is logarithmic with the highest molecular weights
being held up in the shortest time and eluting first. The Y-axis is the output
of an ultravieolet absorption detector and is directly proportional to the
concentration of the particular molecular weight species giving rise to the
absorption. Thus, the GPC chromatograms may be interpreted directly as a
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Figure 23 Effect of Successive Passes Through the Gaulin Dispenser on
Molecular Weight Distribution of AMK

togarithm of FM-9 molecular weight, relative to polystyrene standards,
decreasing left to right, versus concentration, or relative abundance of
molecular veight species.

A1l three of the samples in Figure 23 were highly degraded as measured by
normal techniques such as the filter ratio (FR). Using this method, one pass
antimisting kerosene had a filter ratio of 1.15 while subsequerit passes

through the Gaulin device produced no measurable difference in this parameter.

Further degradation occurred, however, as evidenced from the changing peak
molecular weights of the four samplas and from transition velocity
measurements which were recommended to determine degree of degradation
whenever the filter ratio was less than 2.0. Transition velocities for one,
two and three pass antimisting kerosene were 7.0, 7.4 and 8.0 cm/sec,
respectively.

It is interesting to note that there is a regular shift in the peak of the
curve of the GPC chromatograms. A tabulation of molecular weights for the
threce samples is shown in Table XVII. Peak molecular weiyhts veried from
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255,000 for one pass antimisting kerosene to 20t,00" for three passes through
the Gaulin disperser. There was still a more dramatic effect on the molecular
weight of components which had a relative abundance of 1% and 5% of the peak
molecular weight. After one pass through the Gaulin device when the peak
molecular weight was 255,000, molecular weight components of 4.4 x 108 were
still present. Even after three passes through the Gaulin disperser when the
peak moleculir weight was reduced to 195,000, components were present with

molecular weights of 1.7 x 106.

TSBLE XVII
MOLECULAR WEIGHT DATA FOR DEGRADED ANTIMISTING KEROSENE

_ Peak 0.05 Peak 0.07 Peak

Degradation Transition Molecular Molecular Molecular
Method Velocity Weight Weight Weight

Gaulin Disperser 7.0 255,000 2.5 x 106 4.4 x 106
1 pass, 55.2 MPa
Gaulin Disperser 7.4 225,000 1.3 x 106 2.3 x 106
2 passes, 55.2 MPa
Gaulin Disperser 8.0 205,000 0.95 x 106 1.7 x 106
3 passes, 55.2 MPa
16 pass through 4 500,000 2.9 x 106 3.7 x 106

JT8D pump plus
12 test hours

The filter ratio after even one pass was 1.15. A comparison of the three
curves showed that the peak rose and the width narrowed as the number of
passes increased from one to three. This indicatec that the distribution of
molecular weight became closer with a larger percentage of the FM-9 polymer in
the peak molecular weight area. Examination of the three curves showed also
that where the curves r~duced most rapidly was the high molecular weight,
Towest elution volume portion of the chromatogram. The presence of small
amounts of high molecular weight components, even in highly degraded
antimiStfng kerosene samples, indicated that filtration problems which may not
be immediately evident may occur over extended times.

To better understand the mechanism of flow velocity as related to gel
formation on filters, an experiment was carried out in which AMK fuel was
ultrasonically degraded to successively higher levels, Fuels were degraded to
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transition veloncities of 0.8, 7.1 and 6.7 cm/sec., These fuels were passed
through the filters at a fast flow rate to induce gel formation. The filters
were then treated in a chemical solvent, tetrahydrofuran, to remove the gel.
Chromatograms were measured at an exclusion range from 70,000 to 50 million at
a flow rate of 1 ml/min,

Figure 24(A) shows chromatoqrams for the undeqraded AMK (I), transition
velocity 2.1 AMK (II), and transition velocity 6.7 AMK (III). In addition,
Fiqure 24(3) shows chromatograms of gel formed from transition velocity 0.8
AIK (IV), as well as the V; = 2.1 cm/sec (V) and 5.7 cm/sec "MK (VI)

sarinles, The chromatograms for the parent AMK samples show single peaks with
inc. casing elution volumes (decreasing molecular weight) as levels of
degradation increased. The undegraded AMK sample shows a broad peak from
approximately 1 to 4 million, the intermediate VT = 2.1 cm/sec peaks at
approximately 600,000 and the highly degraded V; = 6.7 cm/sec sample peaks

at approximately 300,000. Several peaks appeared unexpectedly in the
chromatograms of the gel (Figure 24B). The highest molecular weight peak
occurs at about 5 million and appeared only as a shoulder on the Vi = 2.1
cm/sec AMK gel chromatogram. On the V. = 5.7 cm/sec AMK gel chromatogram,

the peak was fully developed. In both chromatograms, a second pesk appeared at
approximately 3 million, one-half the molecular weight of the first peak. The
third and Towest molecular weight peak was at the same molecular weight as the
degraded parent AMK, This peak may be due to the parent fuel being absorbed in
the gel and may not be a part of the gel. The chromatogram of the gel from

VT = 0.8 cm/sec AMK did not show the presence of multiple peaks which may be
due to the following explanation.

Gel that forms on filters may result from only the highest molecular weight
constituents from the undegraded AMK which escaped degradation. The bimodal
distribution of molecular weights may be present in the undegraded AMK parent
sample but is masked due to the abundanre of constituents with molecular

weights centering around the peak molecular weight. Therefore, the compesition
of the gel would be reiatively independent of the overall degree of
degradation of the parent AMK, and only the concentration of the high
molecular weight constituents would change as the degree of degradation

increased. Thus, the rate of clogying would decrease with increasing levels of
degradation.
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Figure 25 summarizes and compares the three degradation level measurement

techniques; filter ratio (FR), Tra sition Velocity (VT). and Gel Permeation

¢

% ORIGINAL PAGE 3
i

- Chromatography (GPC).
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6.0 PERIPHERAL FUEL SYSTEM REQUIREMENTS

The use of antimisting additives may significantly impact the operation of the
engine fuel system because of the changes in the physical and chemical
characteristics of the fuel., Studies documented in this section include
thermal stability, i.e., the propensity to form solids in the presence of
elevated temperatures, heat transfer characteristics as related to the
performance of o0il coolers, corrosion in copper piping, and compatibility with
fuel system component materials, in particular, nonmetallic seals. The
following paragraphs discusses the results in these areas.

6.1 Thermal Stability

Thermal stability of jet fuel is important in preventing coking problems in
the fuel delivery systems of the engine. To determine the effect of anti-
misting kerosene additive on fuel thermal stability, the Jet Fuel Thermal
Oxidation Tester (JFTOT) was used, as summarized in ASTM D3241. A schematic
diagram of the fuel flow scheme is shown in Figure 26. The fuel was pumped at
a fixed flow rate of 3 m1/min. through an annular passage where the fuel was
heated as it flowed around an electrically heated aluminum tube. After exiting
the heating chamber, the fuel entered a stainless steel filter (17 um nominal
porosity) where fuel deposits were trapped. The test was run for 150 minutes
and the pressure drop ( AP) across the stainless steel filter was recorded
every 30 minutes. During the 150-minute test, when the AP reached 25mm Hg,
the filter was bypassed to complete the test. At the end of the test, deposits
formed on the aluminum heater tube were compared with the ASTM Color Standard.
The test failure criteria was a AP equal or greater than 25mm Hg or a deposit
code of 3 or greater. To determine the thermal stability breakpoint (the
temperature at which a failure occurs), tests were run at successively higher
temperatures until failure occurred. Breakpoint tests were run with parent jet
fuel, 3-pass (filter ratio = 1.6) and 16-pass {filter ratio = 1.2).

fn

Data from these studies are shown in Table XVIII. A substantial increase in
breakpoint is seen from the parent fuel to antimisting kerosene at all levels
of degradation. The failure mode for antimisting kerosene is deposit code,
failure due to deposits forming on the heated tube, while the failure mode for

Jet A is pressure buildup on the metal filter.
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{ TABLE XVIII
{ THERMAL STABILITY MEASUREMENTS ON ANTIMISTING KEROSENE .
§ Test {
¢ Temperature AP Deposit
¢ Cample (oc) {mm Hg) Code
"1
| Parent Fuel 260 184 1
245 55 1
" 230 4 1
% Undegraded Antimisting Kerosene 290 1 4
; ars 1 4
4 250 2 1
% J-Pass Antimisting Kerosene 275 1 4
g 260 0.5 1 i
£ 16-Pass Antimisting Kercsene 290 0.5 4 :
£ 275 0.5 1
] Breakpoint
Sample Range (OC) Failure Mode
Parent Fuel 230-245 AP
Undegraded Antimisting Kerosene 760-275 Deposit Code
J-Pass Antimisting Kerosene 260-275 Deposit Code
16-Pass Antimisting Kerosene 275-290 Deposit Code
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TABLE XVTII
THERMAL STABILITY MEASUREMENTS ON ANTIMISTING XEROSENE
Test
Temperature AP Deposit
cample (oC) (mm Hg) Code
Parent Fuel 260 184 1
245 55 1
230 4 1
Undegraded Antinisting Kerosene 290 1 4
279 1 4
; 250 2 1
3-Pass Antimisting Ferosene 275 1 4
260 0.5 1
{ 16-Pass Antimisting Kerccene 290 0.6 4
¢ 275 0.5 1
: Breakpoint
Sample Range (°C) Fzilure Mode
Parent Fuel 230-245 AP
Undegraded Antimisting Kerosene 760-275 Deposit Code
3-Pass Antirnisting Kerosene 260-275 Deposit Code
16-Pass Antimisting Kerosene 275-290 Deposit Code
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6.2 Copper Corrosion

It is suspected that copper corrosion may be a potential problem since some
fuel system components are composed of alloys containing copper. Traces of
copper in fuel at levels of less than .02 ppm have been responsible for
degraded thermal stability. Also, some increases in wear rates at long time
exposure might he expected on hardware components containing brass or copper.
To determine if antimisting kerosen2 produced accelerated corrosion rates with
copper, approximately 400 m1 of antimisting kerosene fuel and parent fuel were
equilibrated with 1ight copper turnings for 48 hours. Samples of fuel were
withdrawn from both parent and antimisting kernsene samples after ?, 24 and 48
hours and analyzed for dissolved copper directly by atomic absorption spectro-
photometry using Conostan standards.

Measurements on the corrosion rate of copper in antimisting kerosene are tabu-
lated in Table XIX. Copper dissclution was enhanced in antimisting kerosene,
Some copper dissolved in the parent fuel; however, the rate appeared to
slowdown after 24-hour exposure. Copper concentrations increased in the
antimisting kerosene fuel throughout the period of the study.

TABLE XIX
COPPER CORROSION STUDY
PPM Cu
Hours Antimisting Kerosene Parent Fuel
2 0.05 0.02
24 0.64 0.05
48 1.5 0.05

6.3 011 Cooler Heat Transfer

It is necessary to determine the effect antimisting kerosene has on the fuel
heat transfer coefficient (h) in order to evaluate the fuel-oil cooler
efficiency. Typical fuel-oit coolers used in aircraft gas turbine engines are
shell and tube heat exchangers in which the fuel flows inside the tubes and
the o0il flows across the tubes. Because the fuel side is usually single pass,
and the velocity is somewhat Tow, the fuel is usually turbulated to produce
enhanced heat transfer coefficients., Pratt & Whitney Aircraft oil coolers are

48



T A A

D
[

ORIGINAL PAGE ¥

OF POOR QUALITY
typically constructed from tubes which are dimpled at frequent intervals to
increase heat transfer coefficients. The heat transfer tests were conducted by
flowing ambient temperature fuel through an aluminum tube surrounded by a 5 cm
diameter shell (See Figure 27). The inner tube is 33 cm long with an outer
diameter of 0.23 cm and an inner diameter or 0,17 cm. The fuel pressure was
maintained above its thermodynamic critical pressure, 22 atm, throughout the
tests. Saturated steam, at 5 atm, flowed through the shell. Due to the
saturated nature of the steam and the large shell to tube volume ratio, the
inner tube could be considered to be surrounded by a constant temperature
reservoir.

A heat transfer test consisted of setting a fuel flow, adjusting the fuel
pressure, turning on the steam, and allowing sufficient time for thermal
equilibrium, Heat transfer coefficients were derived from an energy balance
(conduction terms were neglected).

DRY STEAM Tg P

.

E
UEL &

SINGLE FUEL—-QIL COOLER TUBE

WET STEAM

Figure 27 Heat Transfer Test Section

The results for Jet A, 3 and 1-pass degraded antimisting kerosene and
unsheared antimisting kerosene are shown in Figure 28. The h of the Jet A
increased with fuel flow rate as expected. This is consistent with results
previously obtained at Pratt & Whitney Aircraft. Above 3.4 Kg/hr, the h of the
undegraded antimisting kerasene was considerably different from that of the
Jet A, Approximately between 4.5 and 10 Kg/hr, the h of the undegraded
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antimisting kerosene leveled out and increased again beyond 10 Kg/hr. Similar
qualitative behavior between AVTUR and FM-4 additive was reported by Medani
and Hayes (3). The h of the l-pass antimisting kerosene increased with fuel
flow rate less rapidly than either the 3-pass antimisting kerosene or the Jet
A and at about 19 kg/hr crossed over and remained below the undegraded h. The
3-pass degraded antimisting kerosene ( ~3 FR) was very similar to the
reference Jet A. At low flow rates they were nearly identical, and at higher
flow rates the 3-pass was about 10 percent lower than the Jet A.
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Figure 28 Effect of Antimisting Additive on Heat Transfer
in 7uel-0i1 Cooling Tubes
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The performance of the 3-pass or FR 3 AMK was deemed acceptable, although
marginally so, at the higher fuel flow rates. The 1-pass and undegraded
antimisting kerosene were not acceptable for use in the existing engine

component.,
6.4 Materials Compatibility - Elastomers

During engine operation, fuel system components are continuously soaked by

fuel. To evaluate the compatibility of the materials with antimisting kerosene

i three typical fuel system elastomers were tested in accordance with ASTM
D1414-72. The materials were soaked in antimisting kerosene for 6 months and
periodically inspected for changes in mechanical properties. Table XX lists

the test variables.

TABLE XX
TEST VARIABLES FOR MATERIAL COMPATIBILITY TESTS
AMS Military -
Common Name Specification Specification Part '@
Butadiene Rubber 727 MS 9021 0-ring i
Fluoresilicone Rubber 7273 MS 9967 0-ring 3
Fluorosilicone Rubber/ - - Diaphragm B
Fiberglass (P&WA P/N 442375) )
%
Fuels: :
Undegraded antimisting
kerosene

3-pass degraded anti-
misting kerosene

Inspection Times:
1 week; i
1,2,3,4,5,6 months y

Fuel Temperatures:
22°C
67°C

Measurements:
Tensile strength
Elongation
Volume Change
Hardness
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Butadiene rubber and fluorosilicone rubber are used in gas turbines at severe
operating temperatures; up to 122°C and 177°C respectively. Results are
presented as plots of elastomer immersion time in AMK versus volume change,
tensile strength, elongation, and hardness in Figures 29 through 32
respectively. In all the tests minor differences were observed between the
1~pass and 3-pass antimisting kerosene. Therefore, the test data is reported
as an average of the results obtained for each of the two fuels. Three samples
were run for each test point resulting in an average of 6 tests for each
point. Within experimental accuracy, 1ittle change occurred beyond 1 week for
any of the measured properties.

The fluorosilicone exhibited a volume change (Figure 29} of less than 15
percent and was insensitive to temperature. The other two elastomers have
volume changes in excess of 50 percent with the fluorosilicone/fiberglass
elastomer displaying appreciable temperature dependence,.

Reduction in tensile strength for both the fluorosilicone and Butadiene
(Figure 30) was significant. Tensile strength of the fluorosilicone and
butadiene was re duced by one-third. Elongation of the fluorosilicone (Figure
31) was negligible while the Butadiene decreased by ahout 1/3.

Hardness (Figure 32) of the butadiene and fluoresilicone was unchanged at
practically both 22°C and 67°C. Inspection of the elastomers at the conclusion
of the 5 month testing showed no cracks or material crazing in any of the test
specimens, Also, as mentioned earlier, the measured mechanical properties
stabilized after one week of soak- ing. Based on these results and from test
results obtained with Jet A, it was concluded that the materials tested are
compatible with antimisting kerosene.

Inspection of the elastomers at the conclusion of the 6 month testing showed
no cracks or material crazing in any of the test specimens. Also, as mentioned
earlier, the measured mechanical properties stabilized after one week of soak-
ing, Based on these results and from test results obtained with Jet A, it was
concluded that the materials tested are compatible with antimisting kerosene.
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7.0 FILTERABILITY EXPERIMENTS

Since filter construction and size is determmined concurvent with the upstream
system pressiure capability, filter bypacs valves and requirements of
downstream components, the normal flow pressure drop characteristics of the
filter must be maint2ined, Therefore, it was essential to determine the effect
of the FM-9 additive on filters as related to fluid viscosity, accumulation or
buildup of deposits on the filter elements, and interaction with wate: or fuel
borne ice crystals which would affect the fuel de-icing operation.

It was found earlier that gelling, a clogging phenomenon, is velocity
sensitive regardless of the fuel degradation level. Therefore, the test
filters were selected where the combination of mass flow and flow area yielded
the highest velocities in the fuel system. Typical flow requirements for
critical filters in Pratt & Whitney current engines are tabulated below.
Although the JT3D engine was the roference engine of the program, the worst
case condition was found to exis: for the JTID engine ph filter (pressure/
hydraulic fuel loop), and it was therefore included in the testing. During the
program, filtration data was also tabulated for 8 um Nuclepore membrane and {7

and 25 um Dutch weave screen,
Superficial Jet A

Velocity Normalized (True) Yel.(cm/sec)
-34°¢C £93°K
(cm/sec) 239°K  Ambient 322°K
. 8D Wash Flow 325 Mesh (45 um) 11 300 140 110
8D 40 um Paper 0.4 210 100 70
9D PH 325 Mesh Screen (45 um) 25 450 250 190

Fuel flow velocity was defined as: 1} superficial velocity which is based on
the pipe cross-sectional area in which the filter is placed and 2) true or
normal velocity which is based on a flow coefficient corrected flow area
(ACD).
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7.1 Short Term Filterability Testing

Tests were conducted to measure the pressure drop across the filters as a *
function o7 ‘uel flow rate using Jet A and AMK.

A schematic diagram of the short term filterability test is chown in Figure
33. This rig allows filterability measurements to be made as a function of
degree of AMK degradation, pressure, temperature and filter type., Fuel is
driven from a piston-type accumulator (capacity 9.52) by high pressure
nitrogen through a heat exchanger to control temperature., Sub-ambient fiel was
achieved by the use of the Heslab ULT-80 cooler while above ambient
terperatures are controlled with a heated oil bath., The fuel then passes
through the filter holder which is instrumented for temperature and pressure
drop across the filter. The fuel then flows to a catch vessel suspended from a
Toad cell which roduces a signal proportional to the weight of fuel it
contains. The weight of fuel and pressure are continuously recorded
throughout the test. System pressure and temperature are recorded at regular
intervals.

fd

@ NITAOGEN

PISTON TYPE
ACCUMULATOR

HEAT EXCHANGER

TEMPERATURE
AP

FILTER {OLDER

| CATCH BASIN

I LGAD CELL

Figure 33 Short Term Filterability Appardatus
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Two filter-holding chambers were constructed for use with the device. The
first assembly, shown in Figure 34, was machined from aluminum and was
designed primarily for wire screen filters, The flow area of the first
assemhlv (.32 cm?) was designed smaller than the second assembly to
accommodate the higher flow velocities normally encountered through wire mesh
screens and to give & test of reasonable duration. The second assembly, shown
in Figure 35, is a modification of a standard Millipore filter holder with a
flow area of 3.90 cmz. Care must he exercised vhen using small filter areas

to prevent bias resuits due to clogging with debris that may he present in the
test fuel. A large surface area, 10um paper filter was placed upstream of the
test filter in all the filter experiments.

The 325 mesh screen shown in Figures 36 and 37 was used in the J78D wash flow
filter. The filter consisted of two metal screens in a sandwich construction
with the finer 325 mesh (45 .m openings) on the downstream side of tr~ larger
mesh screet, [t was assumed the 40um peper filter would be the Vlimiting
fitter because of the finer distribution of pores. AMK fuel was degraded
ultrasonically to a tr. - ;ition velocity of 5.2 cm/sec and fitterability tests
were run first with the 325 mesh wash filter, and, subsequently, with a 40um
paper filter., The tests were run at -35°C because filterability problems are
more apt to occur at lower temperatuies. Results of the study are shown in
Tahle XXI, The paper filter allowed a flow rate of up to five times the
wmaximum flow rate of the JT9D engine at takeoff with no indication of
¢logging. The 325 mesh wire screen filter showzd no clogging until a flow rate
of 19 cc/sec~cm2 where clogging was noted at a rate of approximately .83
KPa/min (.12 psid/min), A flow rate of 19 cc/sec-cm2 is well in excess of

the rate the wash flow filter would be expected to operate in a JT8D engine;
however, the same screen is used in a JT9D filter component where the flow

2. This test showed that the most severe

rate must reach 25 cc/sec-cm
filterability application is through wire screen filters for P&WA JT8D and
JTol engines hecause of the very high flow rate per unit area during norma)

operation.
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Figure 36 325 Mesh Screen Used in the JT8D Wash Flow Filter

wWash Flow Filter Crosc-Section

Figure 37
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TABLE XXI
CLOGGING BEHAVIOR OF DEGPADED AMK (Vy = 5,2 cm/sec)°
THROUGH 325 MESH SCREEM AND 40 wm PAPER FILTERS AT -35°C

i Flow Rate Ap Clogging Rate
F}lgzr {ce/sec-cm?) (KPa) (KPa/Min )
325 Mesh 3 6.9 o
sereern % ﬁg ND
19 13.8-20.7 .83 (.12 psi/Min)
5.9 ND
40 pm Paper :g? 4 ng
13.8 _
33 13.8 .28 (.04 psi/Min)

Note: ND = Not detected

The effect of changing filter media and pore size on superficial flow-pressure
characteristics of antimisting kerosene degraded by one pass through the
Gaulin disperser at 41.4 MPa (6000 psi) is shown in Figure 38 (VT=4.4

cm/sec). Clogging is indicated by two points at the same superficial velocity
connected by a vertical line. The data indicated clogging behavior and
pressure versus superficial velocity depended on the type of filter and pore
size. The clogging appeared highly dependent on pore size with the smallest
pore size filters clogging at the lowest velocities.

The data were again analyzed by plotting true velocity versus pressure for the
different filter types. True velocity is defined utilizing a flow coefficient
corrected area. Flow coefficients were determined for each filter as a
function of flow rate during Jet A calibrations. In Figure 39, the flow
behavior of the antimisting kerosene formed a single curve with some scatter
for all types of filter materials and pore sizes. This indicated relative

independence of velocity-pressure characteristics for different filters with
antimisting kerosene and that the behavior of antimisting kerosene degraded to
some particular Tevel might be predicted in any filter.
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Figure 38 Effect of Changing Pore Size on Flow Characteristics of AMK Through
Filters at Room Temperature, V7=4.4
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7.2 Additional Short Duration Testing (325 Mesh Wash Flow Filter)

There was concern that filter clogging, not detected in short term tests
(approximately 1 to 2 minutes), might occur after the filter operated at
longer times which were more typical of normal flight operation. In short term
Taboratory testing, antimisting kerosene degraded by one pass through the
Gaulin disperser at 55.2 MPa (8000 psi) did not clog the 325 mesh wash flow
filter at JT8D normal flow ratec (12 cc/sec-cmz) at -35°C. To investigate

the effect of extended operation, a five hour laboratory test was devised
using these same conditions of flow and temperature. Because of the Jonger
time for the test and the small filter area, .32 cmz, & baseline test was
first run with neat Jet A followed by the test with antimisting kerosene to
ensure that small amounts of debris from handling and the test apparatus would
not produce some filter clogging. The results of the extgnded duration test
are shown in Figure 40,

175 = JET A BASELINE
*

*INDICATES TEMPORARY CYCLING
OF TEST SCREEN TEMPERATURE
150 = TO AMBIENT FOR DE-ICING

AMK - 1 PASS GAULIN
V-I- = 52 CMISEC

125 fom

K Pa *

TIME, MINUTES

Figure 40 Duration Comparison of Jet A and AMK Through a 325 Mesh Wash Flow
Filter Screen at 12 cc/sec-cm? and a Temperature of -35°C(-30°F)
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After running the baseline Jet A test for approximately 15 minutes, some
clogging was indicated by a pressure increase across the filter. The pressure
increased to about 34.5 KPa (5 psi) after approximately 30 minutes. This
pressure increase might be due to ice formation on the filter. To confirm the
presence of ice, the filter housing was removed from the -35°C bath and
allowed to reach a temperature greater than 0°C. At this point the starting
pressure was recovered, confirming the presence of ice,

Over the five hour period, a total of seven de-icing cycles were run. At the
end of the five hours there was no detectable pressure increase across the 325
mesh wash flow filter. The test was repeated with antimisting kerosene at the
same conditions of temperature and flow. The AMK was tested on a single pass
basis; it was not recirculated. Again, clogging was seen but at a much reduced
rate relative to the neat Jet A. After 150 minutes the pressure differential
across the filter increased to only 27.6 KPa (4 psi). To determine if the
pressure buildup was due to ice or gel formation, the filter housing was
removed from the bath and allowed to reach 0°C. The pressure at that point had
returned to its original value. The filter housing was returned to the bath

and the test continued for a total time of approximately 240 minutes. At this
point the filter housing was again removed from the bath and allowed to come
to room temperature. No pressure differential from that at tha beginning of
the test was observed. The remaining fuel was used to record the ambient
pressure-velocity relationship for the test fuel. The results are shown in
Figure 41, Clogging due *o antimisting kerosene gel was observed at a true
velocity of approximately 450 cm/sec.

The reduced rate of pressure buildup on the antimisting kerosene test relative
to the neat Jet A test may be due to several factors, If one assumed that the
pressure increase in both cases was entirely due to ice formation, the water
content of the net Jet A may have been higher than that for the antimisting
kerosene fuel. Secondly, it was reported that a small amount of glycol is part
of a chemical carrier that aids in FM-9 dispersion in jet fuel. This glycol
mav influence the icing behavior of the antimisting kerosene. Finally, tnhe
FM-9/carrier combination may affect the wetting or sticking behavior of ice to
the filter, The tests indicated that for periods as long as four hours there
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was no indication of gel-induced filter clogging with antimisting kerosene
deqraded by one pass through the Gaulin disperser under flow conditions
typical of the JT8D wash flow filter at -35°C,

Ill-

CLOGGING
b

JTBD WASH FLOW

FILTER VELOCTITY /

DIFFERENTIAL PREZSURE. K PA
T—

5 1 | Li | | | -l L R S|
9 50 100 50 700 70 300 0 “©u [ 500

TRUE YELOCITY, CI/SEC

Figure 41 Velocity-Pressure Curve for Duration Test Fuel Through 325 Mesh
Wash Flow Filter, T§=20°C(70°F), ¥7=5.2 cm/sec

7.3 Effect of Changing Temperature On Filter Flow Characteristics

The effect of changing temperature on flow characteristics of antimisting
kerosene degraded by one pass through the Gaulin disperser at 55.2 KPa (8000
psi) through the 325 mesh wash flow filter is shown in Figure 42. The

transition velocity of the test fuel was 5.2 c¢m/sec. Flow-pressure curves were

measured for the test fuel at temperatures of 22°C, 0°C and -35°C. No filter

clogging was observed at either 22°C or 0°C throughout the range of fluw rates

normally encountered in JT8D or JT9D engines. At -35°C clogging was observed

at a superficial velocity of approximately 15 cm/sec. Experience gained in the

extended duration test showed that the clogging noted at -35°C may be due to
icing rather than gelling.

Results of filterability experiments for various levels of degradation at
temperatures of -35°C, ambient and 50°C and with various filters are
summarized in Tables XXII through XXIV. Because of the point by point nature
of data measurement, the last point at which no filter clogging was noted is
given as well as the first point where filter clogging was seen.
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Figure 42
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TABLE XXI1
FLOW BEMAVIOR OF AMK THROUGH FILTERS AT -3R°oC
Superficial velocity (en/sec) Jet A Hormalized (True} Vel. (cr/sec)

Fitter o Indicaticen First Indication Ho Indication First Indfcation
Type of Filter "logging of Filter Clogging of Filter Clogging of Filter Clogging
17 - 2.3 - 270
screen

5.6 7.8 440 160 - 17 4

9.7 13,1 510 600
325 mesh 2.8 3.1 160 160
screen
LEF

12 13.4 240 170 - 45 un

¢ 15 340 580

20 - 530 -
0 un .46 0.04 n30 260 - 20 um
paper

0.9 2.3 300 480

TABLE XXIII
FLOW BEHAYIOR OF AMK THROUGH FILTERS AT Ai'BIENT TEMPERATURES

Superficial Velocity {em/sec} Jet A Normalized (True) Vel, {em/sec)
Filter Ho Indication First Indication to Indication First Indication
_Type Filter Clogging of Filter Clogging Fiiter Clogging of Filter Clogging
17um 7.8 14 270 390
screen
' 9.4 12 300 350
17 19 420 450
9.4 13 300 360
26um 0 44 70 460
screen
25 32 330 390
# 56 - 560 -
14 - 240 -
325 mesh kY| - 280 -
screen
45 un
' 28 - 250 -
26 - 260 -
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TAbLe XXIV
FLOW DEHAYIOR OF AMK THROUGH FILTERS AT 50°C

Superficial Velocity (cm/sec, Jet A Normalized {True) Vel. {cm/sec)
Degradation
Level Filter Ho Indication First Indication Mo Indication First Indication
Vylem/sec) Type of Filter Clogging of Filter Clogring of Filter Ctogging of FlVter Clogging
1.0 17 um 4.4 6.2 170 210
screen
1.9 10 13 260 no
3.5 9.1 13 250 30
1.7 12 14 300 330
1.0 3?5 mesh 22 a0 180 230
screen
45 um

The highest velocity requirement for Pratt & Whitney Aircraft engine filters
is that for a hydraulic fuel filter (325 mesh screen}, the PH filter, which is
required to flow at a superficial velocity of 25 cm/sec at takeoff or 450
cm/sec normalized velocity at ~35°C. To meet this requirement, AMK must be
degraded to very high Tevels (VT=7 cm/sec) as shown in Table XXII. Maximum
flow requirements for the 40 um paper filter are met at much Tower levels of
degradation. While the superficial velocity required to cause clogging varies
greatly with the type of filter and pore size, the normalized velocity or true
velocity does not vary over nearly as great a range. At the Towest levels of
degradation (VT = 0.8 and 1.0 cm/sec), there is much scatter in the
experimental data, and this trend is not clearly seen. These observations may
result in the ability to predict the clogging behavior of untested filters if
the pressure-flow characterstics of the filter are known with Jet A fuel,

Range of Superficial Velocity Range of Jet A True
Fuel Where Clogging Was First (Normalized) Velocities Where

Temperature Noted (cm/sec) Clogging Was First Noted (cm/sec)
-30°F 0.64 to 15 260 to 600
Ambient 12 to 44 350 to 460

Additional short duration filter tests were run. Fuel for the tests was

prepared by degrading AMK with the Gaulin Disperser at 13.8, 41.4 and 55.2 MPa
for one pass. Transition velocities of 1, 5.3 and 6.4 cm/sec were recorded for
the three test fuels, respectively. Test filters included the 17 um and 26 um
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Dutch weave metal screens, and the 325 mesh wire screen used in fuel control
applications (Tables XXV ~ XXVII). {logging tests with transition velocity 2.7
cm/sec AW were run at 21°C and -33°C with the 40um paper filter used as the
fuel pump filter ir Pratt & Whitney engines (Table XXVIII). The data again
confirm that the AMK flow rate, where clogging is initiated, varies with
filter pore size. Larger pores allow higher flow rates before clogging occurs.
When flow rates are normalized to true velocities, the variation in clogging
velocity is much less dependent on filter pore size or filter material. Figure
43 summarizes the short term filter data measured in the current test program,
including types of filters and test temperatures varying from -35°C to +9°C.

A filtration experiment was conducted to determine if complete clogging could
occur at flow velocity conditions known to produce a significant clogging rate
such as those listed in Table XXV and illustrated in Figure 43. AMK fuel was
degraded by one pass through the Gaulin Disperser at 2000 psi to produce a
transition velocity of 1 cm/sec which corresponds to a filter ratio of less
than 2. The degraded fu=1 was passed through a 17 m Dutch weave screer at a
flow rate of 8 cc/sec-cm2 at -35°C (-30°F) which results in a Jet A

normalized velocity greater than 500 cm/sec. At these conditions, filter
clogging occurred within several minutes and the flow rate decreased as the
initial differential pressure of approximately 10 psi across the filter was
maintained, The pressure across the filter .:as gradually increased in order to
maintain 8r:c/sec/cm2 flow up to a total pressure drop of approximately 96

psi. Within minutes, the flow rate dropped significantly and saon stopped
completely. Thereupon the temperature of the filter and housing was increased
to approximately 45°C(114°F) and in approximately 20 minutes, the original
flow was reset at a corresponding differential pressure of 25 psi. This test
sequence was repeated twice more with nearly identical results.
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TABLE XXV
CLOGGING CHARACTERISTICS OF TRANSITION VELOCITY 1 cm/sec AMK
Jet A
Hormalized Clogging
Temperature Flow Rate Veloci® Rate
{°C) Filter (cc/sec-cm?) {cm/ s (KPa/sec)
; 21 17un 3.8 190 --
i 6.2 248 24.8
n.4 51.7
/ 12.88 a1.4
15.9 93.%
18.8 120.7
21.9 107.6
. 21 26 um 10.0 224 -
- 14.1 243 49,0
e 20.6 39.3
; 25.6 74.5
) 22 325 mesh 20.0 . 370 331.0
; 25.0 1110.3
4 35.6 2700.3
-33 17 um 1.2 -- g
h 2.2 -- K
3 4.4 400 -- .
‘ 7.5 507 167.4
10.0 703.4
- 12.5 1262.1
“ -23 325 mesh 4.0 - i
: 8.3 .-
‘ 10.6 392 -
12.8 400 34.5
14.7 75.9
; 15.6 133.8
’ 18.4 254.5
22.2 377.9
28.8 617.9
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TABLE XXVI

CLOGGING CHARACTERISTICS OF TRANSITION VELOCITY 5.3 cm/sec AMK

Temperature
(°C)

|
1

—~—————— e Y ———— T
[#%)

70

Jet A
Normalized Clogging
Flow Rate Yelocity Rate
Filter (cc/sec-cm?) (cm/sec) (KPa/sec)
17 um 7.8 - --
! 4.1 195 -
: 6.6 754 22.8
2.4 - 91.7
10.9 - 248.3
15.0 - 405.5
20.0 - 737.9
26 pm 11.2 - -
21.2 424 .-
30.6 443 5.3
40.0 - $69.0
50.0 46,7
60.0 - 57.2
325 mesh 19.1 367 -- e
35.0 A07 26.2
42 .5 - 22.8
50.0 - 34.5
55.2 - 34.5
68.8 - 46.2
17 um 5.6 - --
7.8 - --
10.9 505 -=
14.1 671 17.2
13.8 - £3.4
22.5 -- 184.1
27.5 -~ 264.°
125 nesh 23.1 469 --
KM 532 11.7
41.9 - 60.7
52.5 -- 126.2
56.2 -- 155.2
75.0 -- ”15.9
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TABLE XXVII
CLIGGING CHARACTERISTICS OF TRAMSITION VELOCITY 6.4 AMK

Flow Rate
(cc/sec-cm?)

12.5
16.9
25.0
28.8
32.8
47.5

i8.1
21.2
25.6
32.5
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TABLE XXVIII
CLOGGING CHARACTERISTICS OF TRANSITION VELOCITY
2.7 cm/sec AMK IN THE 40 um PAPER FILTER

Jet A Normalized (True) Clogging

Temperature Flow Rat Velocity Rate
{°C) {cc/sec~cme) (cm/sec) (KPa/sec)
21 0.51 -- --
.87 131 9.0
1.1 149 46.2
1.3 -- 51.7
1.7 -- 251-1379.3
-33 0.46 - -
.67 -- -~
.82 293 -
1.0 222 17.2
1.2 - 149.7
1.5 -~ 1034-1496 .6

0 D -®cosa

Q = 21°CoATA

0O - «wcoata

8 Hurn NUGLEPORE MEMBRANE

:\\\\\\\\
16 17,m DUTCH WEAVE SCREEN \
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Figure 43 Short Term Clogging
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7.4 Llong Term Filter Life Evaluation Rig

A laboratory-scale apparatus shown in Figure 44 was constructed to evaluate
the effects of AMK on gas turbine filters during longer duration flow tests.
Fuel is pumped by a gear pump through a 10 micron filter element to remove any
debris from the fuel. After leaving the filter, the fuel passes through four
parallel independently adjustable loops. The flow rate in one loop can be
adjusted to simulate the flow through the main paper filter element typically
seen in the JT8D and JTID engines. The second and third flow loops contain 325
wire mesh filter screens. One of those loops can he adjusted to give a flow
rate of approximately 11 cc/sec-cmz, which is seen in wash flow application

in the JT8D and JT9D. The other l1oop can be adjusted to give a flow rate of

approximately 25 cc/sec-cm2

, typical of that used in the hydraulic flow loop

of the JT9D engine under takeoff conditions. The fourth flow loop is a bypass

flow 1oop which carries the excess flow from the pump. The fuel from all four

flow loops passes into a reservoir, having a capacity of approximately 6

liters, which acts as a supply vessel for the pump. A 0-69 KPa differential Q
pressure gauge is mounted across each of the filters in the three flow loops

containing filters. Through a valving arrangement, these flow loops can be

isolated to measure flow rate, At the start of the test, flow rates are

adjusted to the proper levels and the pressure is then recorded as a function

of time.

Several initial tests were conducted with anti-misting fuel circulating in the
apparatus for periods up to 1b hours. The fuels used in these tests were AMK
degraded by one pass through the Gaulin disperser at 41.4 MPa {6000 psi), one
pass at 55.2 MPa (8000 psi), and two passes at 55.2 MPa (8000 psi). No filter
clogging was noted in previous short term filter tests with fuel degraded to
these Tevels in ambient filter tests. During the extended fiiter test, small
changes in filter pressure were noted (less than 6.9 KPa total).
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Figure 44 Schematic of Extended Duration Filter Test Apparatus

7.5 Extended Duration Filterability Tests

Results have shown that AMK degraded to a transition velocity of 5.4 cm/sec
did not plug filters while another batch of less degraded AMK (transition
velocity of 1.6 cm/sec) did show filter clogging. The present test being
discussed was run to determine the clogging tendencies of AMK degraded to an
intermediate level. A transition velocity of 4 cm/sec was achieved by passing
the fuel through the Gaulin disperser twice at 13.8 MPa {2000 psi). The
extended duration test was run with a 40 um paper filter section and two 325
mesh wire screens arranged in parallel flow paths. The pressure was monitored
as a function of flow time. One-half of the total fuel volume was replaced
eight times without interrupting tt_ tests. The degradation Tevel of the fuel
was measured at various times throughout the test to determine if recircula-
tion substantially increased the degradation level of the fuel. Gel permeation
chromatograms were also made as a further check on degradation Tevel through-
out the test and are shown in Figure 45. Both the transition velocity measure-
ments and the chromatograms indicate th¢ fuel remained at a relatively con-
stant state of degradation throughou: the test.
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A AS DEGRADED V1 = 3.4 CM/SEC
8 = — — 240 MIN, BEFORE ADDITION, Vy = 4.1 CM/SEC
€ «—+—— 260 MIN AFTER ADDITION, Vy « 4.4 CM/SEC

904

804 &} 960 MIN, BEFORE ADDITION, Vp = 3.4 CM/SEC
E ~——— 975 MIN, AFTER ADDITION, ¥ = 3.3 CM/SEC
3 1216 MIN IN TEST, Vp = 4.6 CM/SEC

704 Wl G=— == 1980 MIN IN TEST, ¥y = 3.4 CMISEC

1980 MIN ~ END OF RUN

a0

50

404

304

204

RELATIVE ABUNDANCE OF MOLECULAR SPECIES

o ’ ’ . . . ' ELUTION
2 3 4 5 & ? 8 Y VOLUME (M1)
MOLECULAR | | S |
WEIGHT 100 5.0 20 10058 1
imw =10 6)

Figure 45 Molecular Weight Distributions for AMK Degraded by Two Passes :
Through the Gaulin Disperser £13.6 MPa During Extended Fiiter Test .

Pressure--time data shown in Table XXIX indicate no significant pressure
buildup throughout the first 24 hours of test. When the fuel temperature was
reduced to -15°C, a pressure buildup was noted in both the 11 cc/sec-cm2 and
25 cc/sec—cm2 filters. No pressure increase was noted across the paper
filter throughout the entire test. As the fuel temperature decreased, the
rate of pressure buildup increased in both wire screen flow loops. After a
total test time of 32 hours, flow was stopped and the temperature allowed to
come to 20°C. After approximately 15 hnurs with no flow, the fiow was
restarted at 20°C. The pressure differential across the filters had returned

to their initial values.
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EXTENDED DURATION FILTER TEST
(TRANSITION VELOCITY = 4 cm/sec) WITH AMK
DEGRADED BY 2 PASSES THROUGH THE GAULIN DISPER/R AT 13.8 MPa

Transition
Time Temperature 4P (KPa) Velocity
(min.) {°¢) 11.0 cc/sec-cmé 25 cc/sec-cm” (cm/sec)
31 Ambient .69 2.75 3.4
67 2.06 --
190 2.75 -=
240 4.1
*
360 .
477 .
% &
482 4 +2 ?.06 3.9
515 - 3.4 4.0
590 3.4 -
720 4.1 3.9
*
787 1.3 --
853 -
960 -
* K
953 Ambient .69 2.06 -
a75 2.75 3.9
171 -
-i"::_} 4.3
G 4.2
1444 -18°C 3.4 -~
1455 1.3 4.1 3.8
1481 1.3 5.89 --
1560 2.75 10.3 --
1680 4.1 15.2 3.7
*
1760 5.89 22.1 --
1780 -19 6.89 25.5 --
1800 -26 2.0 31.7 -
1826 ~29 12.4 41.4 -
1850 -30 15.2 53.8 --
1877 =30 19.3 61.4 -
1920 20.7 69.7 3.4
* ok
1935 Ambient .60 2.06 --
1980 2.06 4.4

* Replaced one-half of test fuel with new fue]

** Flow discontinued, apparatus aliowed to equilibrate to ambient temperature
for approximately 15 hours, one-half of test fuel replaced and test resumed.
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7.5.1 Gel Permeation Chromatography Results of Fuels From Extended Duration

Tests

Fuel used in the extended filter test described above and the metal screens
from the extended flow apparatus were evaltuated by gel permeation chromato-
graphy using techniques described earlier.

The gel permeation chromatograms from these studies are shown in Figures 46
through 49. Tn all the chromatography results, the largest peak in the
chromatogram was normalized to 100 intensity units. The intensity of the
chromatogram at any given elution volume point is directly proportional to the
concentration of the pavticular molecular species eluting at that point.
Figure 46 shows gel permeation chromatograms during extended duration testing
for AMK degraded by one pass at 41.4 MPa (6004 psi) through the Gaulin
disperser at the beginning of the test, after 15 hours into the test, and at
the end of the test at 15 hours. Also, gels extracted from the metal screen
filters after 15 hours of test at flow rates of approximately 11 cc/sec-cm2

and 25 cc/ sec—-cm2 are shown.

%
-
e
m
-

A AMK_ 0 TEST TIME
AMK. 416 MIN TEST TIME
AMK, 910 MIN TEST TIME
110 CCISEC-CM? GEL

26 CC/SEC CMZ GEL

moOoom

w / !

RELAYIVE ABUNDANCE OF MOLECULAR SPECIES, INTENSITY
g

ELUTION VOL M1} 3 4 5 6 7 ) l; ]

MOLECULAR WT, 105 [ ] | 1 | I
100 50 20 10 06 01

Figure 46 GPC Results for AMK and Gel From Filtars Formed From 1 Pass, 41.4
MPa Gaulin Disperser Degraded AMK (V7=3.5 cm/sec)
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RELATIVE ABUNDANCE OF MOLECULAR SPECIES, INTENSITY

100 1

ORIGINAL PAGE By
OF POOR QUALITY

A ~ 1 PASS 6000 PSI AMK, 54 MIN TEST
8 - 11.0 CCISEC - ¢mZ GEL

C - 26 CC/SECCMZ GEL

D - ) PASS 414 MPa AMK. 0 MIN TEST

ELUTION VOL M1

6

MOLECULAR WT, 10

1 L | | - J
100 08 20 10 a6 a1

Figure 47 Repeat of Extended Duration Filter Test With 1 Pass, 41.4 Mpa
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Figure 49 GPC Results for Extended Duration Test with 2 Pass, 55.2 MPa Gaulin
Disperser Fuel {V7=9.2 cm/sec)

In the chromatogram of the parent AMK fuel, a species of a high molecular
weight formed with increasing test time. This particular component eluted at a
volume of approximately 4.5 ml and had a molecular weight of approximately ten
million, The gel formed on the metal filters and while an appreciable pressure
increase did not result during the test period, the gel was apparent in the
chromatograms. The major part of the gel consisted of material with molecular
weight much greater than the characteristic molecular weight of the parent AMK
fuel. In Figure 46, the gel appeared to have a peak molecular weight of
approximately ten million. Because of the high molecular weight component in
the chromatogram of the parent AMK fuel, another test was run to reproduce
this component. Fiqure 47 shows that once again, a higher concentration of
high molecular weight components appeared in AMK fuel after 14 hours of test
than at the start of the test. The chromatograms of the gel extracted from the
metal screens are similar to those of Figure 46; however, the bimodal
distribution of molecular weights in the gel with peaks at elution volumes of
approxis.’~ly 4.2 m)1 and 5.1 ml is much more pronounced. Figure 48 shows the
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chromatogram of AMK fue) degraded by one pass at 55.2 MPa {8000 psi) through
the Gaulin disperser. In addition, the figure shows the chromatograms

for gel formed by flowing the AMK fuel at flow rates of approximately 11
cc/sec-cm2 and 2% cc/sec-cm2 through the 325 mesh metal screens for
approximately 5 hours. The chromatograms of gel once again show a major
constituent at a molecular weight of approximately ten million. Figure 49
shows the chromatogram of fue) degraded by two passes through the Gaulin
disperser at 55.2 MPa (8000 psi) at the beginning of the test period and after
approximately 13 hours of test. Chromatograms of the gel formed on the m-tal
screens at flow rates of 11 and 25 cc/sec-cn'.2 are also shown., Once again,

the chromatograms show the familiar bimodal distribution of molecular weights,

AT1 of the test fuels were degraded by the Gaulin Disperser. The transition

velocity of the least degraded test tuel, 41.4 MPa (6000 psi) degraded fuel,

was approximately 3.5 cm/sec, and that of the most degraded sample, two-pass

Gaulin at 55.2 MPa (8000 psi), was 9.2 cm/sec. Once more, this indicates the

inability of a filter ratio measurement to define differences with moderately

and/or highly degraded fuel. Several features appeared to be common to all the .
chromatograms of gels examined in these studies. Two major peaks were present (
on the chromatograms in addition to the peak of the parent fuel. The highest
molecular weight of these two peaks appeared at an 2lution volume
corresponding to a molecular weight of approximately ten million. The position
of the second peak appeared at lower molecular weights and was not as constant
as the position of the first peak. The ratio of the areas under the curves for
tne gel having high molecular weight components and ~f the parent fuel was
generally greater for tne filter exposed to the higher flow rate. This is
probably indicative of a greater amount of gel formed on the filter exposed to
the higher flow rate. In addition, preliminary results seemed to indicate that
the lower molecular weight constituent of the gel that formed on the filter
flowing at the higher flow rate made up a larger fraction of the overall gel
than in the case of the filter exposed to the lower flow rate. These
formations may result from the polymer being subjected to extensional forces
which were proportional to the flow rate through the filter as the AMK fuel
flowed through the metal screen filters.
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A Tong term filter test was carried out with AMK fuel degraded by one pass at
55.2 MPa (8,000 psi) through the Gaulin disperser. The results of this test
are reported in Table XXX. The degree of degradation of the fuel was monitored
throughout the test by gel permeation chromatography and by approximate
measurement of the transition velocity. The transition velocity was obtained
by measuring a single flow rate point versus pressure utilizing the transition
velocity apparatus at a pressure differential of 12.7 cm of mercury. Previous
experience has shown that the transition velocity occurred at approximately
15,7 cm of mercury pressure within variation limits of + 2.5 cm of mercury.
For purposes of monitoring changes in level of degradation, this proced: e was
considered to be adequate. The test was conducted at ambient temperatures for
a period of approximately six hours. No pressure buildup was noted on any of
the three filters in the recirculation Toop. Thne fuel temperature was then
lowered to approximately 4°C and the test continued for another six hours.
Once again, no pressure buildup was noted on any of the three filters. Testing
was conducted at ambient temperatures for another six hours, and again, no
pressure buildup was noted on any of the filters. The transition velocity was
monitored throughout the test and showed no substantial changes.

GeV permeation chromatograms of fuel samples shown in Figure 50 and the gel
collected from the filter screens indicate no substantial change in the level
ot degradation. Because of the lack of additional degradation, the fuel was
not changed during the test, The results of the long term filter test with the
fuel degrs & | by one pass at 55.2 MPa (8000 p-i) through the Gaulin disperser
were similar to the results of the short term filter clogging test performea
earlier in the program where no clogging was found at ambient temperature. No
data was ccllected previously at 4°C. Due to the lack of clogging in the
initial test with fuel degraded at 55.2 MPa {8000 psi), an additional test was
run with fuel degraded by one pass through the Gaulin disperser at 13.8 MPa
{2000 psi). The results of this test are shown in Table XXXI. The level of
degradation of the fuel throughout the test again was monitored by measuring
the transition velocity at a single point, and by measuring the molecular
weight distribution utilizing gel permeation chromatography. Chromatograms for
AMK and gel removed from the filter screens are shown in Figure 51 where some
degradation is seen in the chromatograms of the fuel.
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Approximately seven hours of ambient temperature testing was conducted. No
pressure buiidup was noted on any of the three filters during this test period
after which time the fuel temperature was lowered to 4°C and an additional
eight hours of testing performed. During this portion of the test, a slow, but
significant increase in pressure was noted for both of the 325 mesh screens

operating at flows of approximately 11 cc/sec-cmz 2

. There
was no detectable pressure increase across the paper filter. The apparatus was

then turned off, the flows discontinued, and the temperature allowed to come

and 25 cc/sec-cm

to ambient. Approximately 15 hours later, the fuel was cooled to 4°C and the
test continued. An additional eight hours of testing was conducted to confirm
the result previously recorded at 4°C. Once again, a slow, but significant
rise in pressure across both of the 325 mesh wire screen filters occurred with
no apparent increase in pressure across the paper filter. The rate of pressure
buildup across the metal fiiter screens was slower during the second tescing
of the fuel at 4°C. However, this may be due to a slight increase in the

level of degradation of the fuel which was noted from the transition velocity
measurements and which wes later confirmed in the gel chromatography melecular
weight distribution measurement.

7.6 Additional Extended Duration Filterability Tests

Additional extended duration filterabi®ity tests were run in a manner similar
to that described earlier, ho.over, an automate i g.ta recording system was
added so that the test coilt he ~ur c.~tinuwously for periods longer than one
day without shutdown. Th: system utilized a Hewlett Packard Model 85
calculator and Hewlett Packard Model 3497A digital voltmeter to record
temperature and differential pressures from the transducers. As before, the
three flows were run with flows of 25 cc/sec—cm2 (High Flow-HF) and 11 cc¢/

sec-crn2 {Low Flow-LF) through the two 32% mesh wire screens and 0.4 cc¢/sec-

cm2 through the 40 um paper filter. In addition to the precsure transducers,

gauges monitored the differential pressure across each filter. Figure 52 shows

*he results for differential pressures as a function of time and temperature

for the 25 cc/sec—c'n2 flow Joop in an extended duratior test with fuel '

degraded by the Gaulin disperser (transition velocity = 10 cm/sec}.
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Figure 52 AMK Characterization - Transition Velocity 10 cm/sec ﬁ

After approximately 20 hours of continuous running at temperatures ranging
from +25°C to -30°C, no evidence of 7filter clogging was seen, The differential
pressure across the filter showed smalil changes in response to the changing
temperature; however, at the end of the test, the pressure was within the
measurement error of the starting pressure. The same trend was noted for the

2

11 cc/sec-cm™ flow loop. No mcasurable pressure changes were seen in the

40 i paper filter loop.

After replacing the filters, another extended duration filter test was run for
approximately 60 hours of continuous testing with AMK degraded by the Gaulin
disperser to a transition velecity of 8 um/sec., The results are shown in _
Figure 53 where pressure data as well as the fuel temperature for both the 25 E
cc/sec-cm2 and the 1 cc/sec—cm2 filters are shown . Once again, the
pressure in Joth flow loops varied, as expected, with the fuel temcerature.

However, clogging was evident in the 25 cc/sec—~cm2 flow loop during periods

3
ki
%

when constant, cold temperatures occurred. Such periods were noted from

Y
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approximately 28 hours to 35 hours and again from approximately 40 hours to 50
hours. For the most part, it appears that unclogging occurs with increased
temperature. The pressure at the end of the test period (when the temperature
reached approximately 22°C) was equivalent to approximately 25 hours of
testing.
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Figure 53 AMK Characterization - Transition Velocity 8 cm/sec

The tendency of the AMK fuel to unclng was recorded in another extended
duration test shown in Figure 54, The test was run with AMK degraded in the
Gaulin disperser to a transition velocity of 7 cm/sec. As the temperature was
reduced, the pressure across the 25 cc/sec-cm? filter increased to 138 KPa
(70 psi); however, when the temperature was brought back to ambient, the
pressure returned approximately to the starting value. After 7.5 hours the
flow was stopped and the rig allowed to sit overnight. At start-up, the
pressure for the 25 cc/sec-cm2 flow 1oop was lower than when the test was
terminated after the initial 7.5 hours.
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To ensure the measured phenomena were due to properties peculiar to AMK, a
control test was run with neat Jet A fuel for approximately 25 hours, Results
shown in Figure 55 indicate that the pressure changes across the filters were
minor and were only a function of temperature. No time-dependent pressure
changes it cons*tant temperature were noted as was in the case with AMK fuel.

Figure 56 summarizes the clogging characteristics for the worst case engine
fuel system filters as a function of fuel temperature and degradation level.
The data shown in this figure were accumulated from the extended duration
{periods of several hours) bench scale tests described in Sections 7.4, 7.5
and 7.6 and one full scale filter test performed early in the grogram -
(reported in NASA CR-1€5258). Figure 56 also represents the total accumulated o
experience gained from this contract on filter clogging for systems that were ;
axposed for several hours, and as such, should be used to establish minimum
degradation vequirements (transition velocity) until further information is
acquired.
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.0 WATER COMPATIBILITY
8.1 Water Solubility

Early in the program, a simple test was made to determine the effect of the
antimisting kerosene additive on water solubility in fuel. 100 ml of parent
fuel and 100 m1 of undegraded antimisting kerosene were equilibrated with 10
ml water by shaking, then centrifuged to separate the water from fuel. Fuel
samples were drawn from the fuel layers and titrated by the Karl Fisher
technique for water content, The procedure is included in Appendix B.

A white precipitate formed on contact of the antimisting fuel with free water
and did not return to solution upon standing. The white precipitate was
concentrated at the water-fuel interface. When the parent fuel was saturated
with water, the water content of the fuel layer increased from 22 ppm to 62
ppm. The water content of the antimisting kerosene fuel Tayer after contact
with free water increased by a smaller amount rising from 32 ppm to 38 ppm.

8.2 First L.aboratory De-icing Test

A laboratory scale deicing test was run prior to the full scale test to
determine the deicing behavior of the AMK fuel. Water was added to undegraded
AMK to produce a mixture containing 210 ppm water and subsequently degraded by
the Gaulin Disperser at 55.2 MPa (8000 psi). A fuel sample drawn for testing
displayed no turbidity and gave a transition velocity of 8 cr/sec. The fuel
was loaded into the accumulator at room temperature with no stirring, and then
passed through a heat exchanger to bring the fuel to test temperatures of
-35°C, -18°C and 9°C. The fuel was passed through a 40 um paper filter and the
pressure differential across the filter was recorded. Icing was noted at all
three test temperatures as evidenced by a pressure buildup at fiow rates where
previously no pressure buildup was noted. At all three test temperatures the
pressure differential across the filter was allowed to reach 69 KPa {10 psi).
The filter was removed from the cold bath and the heat exchanger flow Toop was
bypassed allowing warm fuel to pass through the filter. In all cases the
pressure differential that developed was eliminated when the filter reached

room temperature.
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8.3 Fuel System De-icing Performance

In normal engine operation, ice crystals that form from fuel borne water
accumulates on the surface of the paper cartridge filter. When this
accumulation becomes sufficient to increase the pressure drop across this
filter, a de-icing heater is either manually or automaticaily actuated. This
heater is upstream of the filter and operates from the high pressure
compressor bleed air and momentarily increases the inlet fuel temperature to
melt the ice crystals permitting them to pass through the filter and remainder
of the fuel system. This program attempted to evaluate the de-icing perfor-
mance of the filter and the fuel system in the presence of the antimisting
additive.

The components of the JT8D fuel system that were to be evaluated consisted of
a calibrated pressurizing and dump valve, fuel heater and fuel control.

The AMK fuel was prepared by adding the approximate FAA specification of

210 ppm of water to the as-received AMK fuel and degraded by one pass at 55.2
KPa (8000 psi) in the Gaulin Disperser. Prior to its use, eleven barrels of
the degraded fuel were stored in a vented facility tank which had cooling
coils to reduce th. fuel temperature to approximately -29°C,

During the testing, a white precipitate thought to be ice formed on the paper
filter. The white precipitate restricted the fuel flow and was deposited on
several fuel system filters and tank walls as well as the piping surfaces,
Attempts to dissolve the precipitate by heat were unsuccessful. Based on the
inspection of inlet and system filters it was postulated that some precipitate
formed during storage and increased when humid air came in contact with the
cooling coils and the fuel through the vented tank. Analysis of the fuel
samples taken prior to the test during continuous tank stirring showed the
presence of an average of 1000 ppm water, Although the de-icing
characterization was not completed, it was learned that the formation of a
precipitate occurred.
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Testing was suspended to remove the white precipitate from the JT8D fuel
system and additional laboratory scale water compatibility experiments were
subsequently conducted.

8.4 Second Laboratory De-icing Test

In the first lahoratory test, the fuel was blendad to approximately 210 ppm
water concentration. This concentration was later found to have increased to
approximately 1000 ppm prior to the full-scale deicing rig test. Therefore,
the laboratory-scale de-icing test was repeated to determine with certainty
the effect of the water content in the fuel on the deicing characteristics of
AMK .

For the repeat laboratory test, approximately 10 liters of undegraded AMK and
water were hlended to ohtain fuel containing 245 ppm water. After measurements
of the fiel showed water concentrations of 254 ppm and 168 ppm (Avg. = 211
ppm), the blended fuel was then immediately degraded by passing it through the
Gaulin Disperser once at 55.2 KPa (8000 psi). The fuel was then measured
again. Water concentrations after degradation of 130 ppm, 110 ppm and 113 ppm
{Avg., = 118 ppm} were recorded. The transition velocity of the fuel blend was
found to be 5.4 cm/sec, a value typical of degrading AMK one pass at 55.2 KPa
(8000 psi} through the Gaulin device. The reduction in water content, due
perhaps to an elevation in fuel temperature during the degradation process
made the test fuel unsuitahle for the deicing test. A second batch of fuel was
hlended using the following procedure: First, a batch of the AMK fuel
containing approximateily 750 ppm water was degraded by one pass through the
Gaulin Disperser once at 55.2 KPa {8000 psi). This degradation step reduced
the turbidity considerahly, leaving only a slight milky appearance in the
fuel. Secondly the degraded, water concentrated fuel was hlended with
previously degraded fuel. Replicate water measurements on the final test fuel
showed water contents of 230 ppm, 138 ppm, 180 ppm, 240 ppm and 297 ppm {Avg.
= 197 ppm) making it acceptable as a final test fuel for the deicing
experiment.
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One reason for the lack of reproducibility in water content readings is the
nonhomogeneous nature of the AMK fuel sample containing the water, Only a
small amount of the fuel is removed for the test and the reading obtained
depends to some degree on the amount of precipitate removed in the aliquot for
analysis,

Deicing tests were run at fuel temperatures of -30°C, -18°C and -9°C. The fuel
filow rate through the 40 um paper test filter section was maintained at 0.2
cc/sec-cmz, a typical flow condition during normal icing flow was maintained
by adjusting a needle valve downstream of the test filter. Changes in flow
conditions during this period would have produced changes in pressure, thus
complicating the interpretation of the icing results. When the differential
pressure across the filter reached approximately 82.8 KPa (12 psi), the filter
was deiced by immersing the entire filter assembly in hot water to
approximately 43°C; the typical deicing temperature in the engine. When the
fuel temperature reached 43°C, the assembly was placed in the controlled

temperature cold bath for next icing cycle

In the first three deicing cycles, pressure increase due to icing was
completely eliminated when the filter assembly was heated to 43°C as shown in
Figure 57. On subsequent cycles, the pressure did not return to the initial
value before icing. On the eighth deicing cycle, when the filter was removed
from the cold bath and heated to 43°C, the pressure initially fell to approxi-
mately 13.8 KPa (2 psi) but showed rapid clogging even though the temperature
was maintained at 43°C. On the final deicing cycle there was a rapid increase
in pressure at an elevated temperature which was probably due to flow-induced
gel formation resulting from the increase in fluid veincity required to
maintain the 0.2cc/sec-cm2 fuel flow rate through the partially clogged
filter.

8.5 Effect of Free Water Addition to AMK Fue)

Laboratory tests were conducted to understand the formation of gross amounts
of white precipitate in the antimisting fuel during the preparation for
full-scale de-icing test. Water was added to approximately 500 ml of
undegraded AMK to give the equivalent of 0.75, 1.5, 3.0, 6.0, and 10 cc/gal of
free water. Samples were prepared for each level of water; one-half being
undegraded, and the other one-half degraded ultrasonically for 20 minutes at
room temperature.
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% Additional sampies were prepared containing 0.75 cc/gal and 10 cc/qal water,

§ respectively, and were stored at -10°C. A1l of the samples were then observed
j for a period of approximately two weeks. Degraded samples immediately formed a

white precipiate at the interface between the water and fuel. The undegraded
samples showed a similar precipitate which was lTimited to the interface
between the water and fuel after standing for approximately 24 hours. Because
the samples were placed in the same size coniuainers and had nearly the same
total volumes, it was concluded that the volume of precipitate was
proportional to the amount of water that was in the fuel. The samples that

;

were placed in a freezer showed a similar appearance; however, the water
precipitate layer was semi-solid with a soft consistency. There was no
apparent additional change in the appearance of ary of the samples after two v
weeks of observation. While this investigation further clarified the behavior
of free water in AMK, it did not provide sufficient explanation for the
existence of gross amounts of precipitate encountered during the full-scale
de-icing test.
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8.6 Rate of Water Adsorption into AMK and Jet A Fuel from Surface Contact with
Humid Air

It was theorized that part of the precipitate which was identified during the
full-scale de-icing test may have formed when humid air, entering the tank
through vents, came in contact . ith cold AMK. The Karl Fischer titration
method was used to determine the rate of water absorption into AMK fuel at
ambient temperature and -35°C. This method measured the water content after
exposing the surface of the fuel to water saturated air at ambient
temperature. The fuel was ultrasonically degraded to qive a transition
velocity of 2.4 cm/sec before exposure to the water saturated air. As shown in
Figure 53, the rate of water absorption in the cold AMK fuel was considerably
more rapid than that of the ambient temperature AMK fuel., After approximately
eight hours exposure of -35°C AMK to saturated air, the water content of the
AMK increased to approximately 2600 ppm, A similar exposure of ambient
temperature AMK to saturated air increased the water content of the AHK fuel
to only approximately 550 ppm. The rate of water adsorption in ambient AMK was
also qreater than that for Jet A fuel.
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Figure 58 Rate of Water Adsorption of AMK and Jet A Fuel From Surtace Contact
With Humid Air
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8.7 Rate of Water Uptake in Undegraded AMK OF POOR QUALITY

The rate of water uptake in undegraded AMK was studied by bubbling air,
saturated with water at room temperature, through AMK. Care was tancit to avoid
water droplets from getting intc the AMK by inserting a glass wool filter plug
in the line. Tests were run at AMK temperatures of 24°C and 2°C. The air
temperature was constant at 24°C. The 2°C fuel temperat. ‘e condition is
representative of an aircraft that had been at altitude for some time and had
landed in an a warm, humid environment. The results of these two tests are
shown in Figure 59. In the ambient AMK, there was a small increase in the
water content of the fuel after water was bubbled through for six days and no
precipitate formed in the fuel throughout the test period. In contrast, the
water content in the 2°C AMK fuel rapidly increased from 59 ppm to a high as
670 ppm after approximately 70 hours. A white precipitate was evident after
about 25 hours exposure and a water corcentration of 150 ppm. The water
concentration levels in the 2°C AMK fuel were quite variable after 40 hours
test due to the lack of homogeneity of the sample caused by the precipitate.
Samptes containing larger amounts of precipitate had higher water content
Tevels than samples with less precipitate. When the results of tnis study are
evaluated collectively with those of Section 8.6, it appears that water
absorption in‘AMK is not a strong function of degradation level,
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Figure 59 Water Uptake Rate From Water Saturated Air Into Undegraded AMK
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9.0 ADDITONAL AMK STUDIES
9.1 Compatioilit of AMK with Approved Jet Fuel Additives

An investigation was conducted to determine the effect of several additives
used in Jet A fuel on AMK properties. In particular, visual as well as filter
ratio changes were recorded. A listing of the additives tested for compati-
bility with AMK is given in Table XXXII. To accentuate potential subtle
effects, all additives, except the anti-icing additive, were blended into
undegraded AMK fuel (FR = 45) at ten times the amount normally used and were
observed for five days. Duriny this period only the metal deactivator showed
no observable reaction. The Hitec E515, added in some cases to increase
lubricity and in other cases to act as an anticorrosion agent when fuel is
sent through pipelines, produced a stight turbidity after standing for one
day. Turbidity was not observed in the control sample of Jet A fuel containing
no FM-9. The JFA-5 thermal stability additive produced a small amount of
particulate precipitate in the AMK fuel after four days. The control sample
showed similar results after five days. The anti-icing additive gave an
jmmediate lacy deposit in the AMK fuel at the nomally recommended ﬁ
concentration, while no reaction was observed in the control sample. The Tacy
deposit remained for the entire five-days test period. The Biobar additive,
utilized to prevent microbial growth in fuel in warm, moist atmospheres,
showed no apparent reaction for four days, after which time a filmy deposit on
the walls of the test vessel appeared.

TABLE XXXII
ADDITIVES TESTED FOR COMPATIBILITY WITH AMK

Recommended
Concentration
or Maxinun Test
Additive Allowable Concentration  Additive Purpose
Cooper 7.27 kg/1000 hb1 72.7 kg/1000 bb1 Corrosion Preventative,
Hitec E5T5 Lubricity
duPont 12.64 kg/1G00 bb1  136.4 kg/1000 bb7 Thermal stability
JFA-5 improver

M,N'-disalicylidene .91 kg/1000 bb1 9.1kg/7000 bb1 Metal deactivator
1,2-propane-diamine

Ethylene GGlycol 0.15% 0.15% Anti~icing additive
Honomethyl ether

U.S. Rorax 270 ppm 2700 ppm Biocide

Biobor JF
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The rheological effect of the additives on the AMK fuels was determined by
measurement of the filter ratio. Substantial changes were noted for some of
the fuel additives {(Table XXXIII). The metal deactivator increased the filter
ratio by a factor of approximately two (45 92}, whereas the Hitec E515
anti-corrosion additive decreased the filter ratio by almost a factor of two
(45 28). These tests indicated that rheclogical effects existed with the
FM-9/AMK fuel and various additives approved for use in Jet A fuel and
suggests that more work is justified.

TABLE XXXIII
FILTER RATIO OF AMK FUELS WITH APPROVED ADDITIVES

Filter Ratio

Additive After Blending After Five Days
No Additive, Neat AMK 45 51
Anti-icing Additive 39 40
Metal Deactivator 92 110
Hitec E515 28 )
Biobor JF 39 29
In 2 - 'nd test, all the additives were blended at the recommended or maximum

a1l uairie concentration for that additive. The results of this test are shown
in iable XXXIV and they supported the rheological effects noted in the earlier

test. The anti-icing additive was the only additive in the second test that
produced a precipitate.

9.2 Comparison of Filterability Properties of AMK Degraded by the Ultrasonic
Technique and by the Gaulin Disperser

An experiment was devised to determine if AMK fuels degraded by different
techniques tn the same level of degradation resuited in similar filterability
properties through metal screens. One sample of AMK fuel was degraded by a
single pass through the Gaulin Disperser at 41.4 kPa (LUQ0 psi) and the other
sample degraded ultrasonically. The transition velocity of the sample degraded
with the Gaulin Disperser was determined to be 3.5 cm/sec and the sample
degraded ultrasonically was adjusted to a transition velocity of 3.6 <m/sc.c.
This adjustment is accomplished by sequential steps of ultransonic degradation
followed by measurements of the transition velocity. As the transition
velocity of 3.5 cm/sec was approached, smaller and smaller time intervals of
uttrasonic agitation were applied to the fuel in order to closely match the
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degradation level of the sample degraded by the Gaulin Disperser. Gel
permea*ion chromatograms shown in Figure 60 for both of t.e samples show a
substantial difference in peak molecular weights, lhe sample degraded with the
Gaulin device has a peak molecular weight of approximately 370,000 while the
sample degraded ullrusonically tas a peak molecular weight of approximately
840,000. The distribution of molecular weights in both cases was similar. The
results of the filterability test with the two fuels through 17 um steel
screen filters are also shown in Figure 6u. The point at which clogging is
first observed is approximately the same for both fuels. The substantial
difference in peak molecular weights for two samples showing sim far
filterability properties was unexpected; however, chromatograms of gel formed
from AMK fuel discussed earlier showed that the concentration of molecular
spe. es having weights much higher than that of the peak moiecular weight may
be most important in determmining the flow rate at which clogging first

occurred.
TABLE XXXIV
EFFECT OF APPROVED FULL AUDITIVES
ON AMK FUEL AT RECOMMENDED CONCENTRATIONS
(.
Test
Additive Concentration Filter Ratin
Immediately
After After After

Blending 48 Hours 96 Hours
None, Neat AMK - 10§ 88 80
Lot 1-158
Anti-Iring] 0.15% 5] 61 50
Metal Deactivator? .91 kg/1000 bbl 104 124 94
Hitec E515 7.27 ka/1000 bb 77 76 1
Biobar JFd 270 ppm b4 74 61
JFA -5 Thermal 13.64 kg/1000 bE] 115 112 4g

Stability Improver

Tlacy deposit formed on addition of anti-icing additive which remained
throughout the test.

?A few particles formed in the control sample of Jet A fuel containing no
FM-9 after 3 days; however, no ceposits formed in the AMK sample.

3A Few particles formed in the AMK sample after 4 days; however, no deposit
was visible in the Jet A control sample,
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Figire 60 Filter Test With 17 um Wire Screen and Molecular Weight
Distributions of AMK Degraded Different Methods

9.3 Capiliary Flow Tests

A test using stainless steel capillary tubing, 10 c¢m long with a diameter of

0.0254 cm, to simulate fuel control passages was conducted to determine the X
flow characterstics of AMK fuel. The AMK fuel was prepared by ultrasonically

degrading the fuel to a transition velocity of 2.6 cm/sec. The flow

characteris'ics of the capillary tube were determined by passing Jet A fuel

through the capillary tube at pressures ranging from 0 - 690 KPa (0-100 psi).

Similar to the calibrations performed with the filter media, the capillaries

were calibrated with Jet A to obtain their apparent area so that the true

- velocity of the AMK through the tube could be caiculated. ..sting was

performed at room temperature,

)

R e

The flow characteristics of Jet A and AMK fuels were determined by the same
method. The capillary was allowed to flow for approximately one minute after
each pressure incremcnt. The flow rate was measured immediately before and
after adiusting the pressure for the one minute cycle. The results of the test
are shown in Figure 61. No clogging was apparent over the entire range of
pressures and flows investigated,
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Figure 61 Capillary Flow Test With AMK

In a second experiment, the effect of reduced temperature on the flow
properties of AMK with transition velocity of 2.6 cm/sec and AMK with
degradation levels having a transition velocity less than 2.6 cm/sec through
the capillary tube was studied. The results of the reduced temperature
capillary tube flow test with AMK fuel degraded to transition velocity 2.6
cm/sec is shown in Table XXXV. As in the earlier study, the difference in flow
rates, measured through the capillary tube before and after approximately one
minute of flow time would be compared in order to indicate possible clogging .
Because of the very low flow rates involved in capillary testing, % was
difficult to maintain a constant cold fuel temperature through the length of
the tube. As the pressure on the capillary tube incrzased, the flow rate
through the capillary increased ailowing lower temperatures to be achieved. As
can be seen rom the table, no clogging was observed at differential pressures
up to 690 KPa (100 psi).

TABLE XXXV

REDUCED TEMPERATURE CAPILLARY FLOW TEST WITH AMK,
TRANSITION VELOLIDY = 2.6 cr/sec

AP Temperature Volume Flow Rate {cc/sec)
{KPa) (°C) Initial Final

138 -19 0.10 0.09
207 -z4 0.1 0.1
276 -28 u, 1" 0.13
414 -28 .16 0.16
552 -30 0.19 0.14
690 -3 0.22 0.21
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An additional capillary flow test was conducted with fuel dearaded by one pass
at 13.4 MPa (2000 psi) through the Gaulia Disperser. The measured transition
velocity of this fuel was 1.0 cm/sec. The resuits of this study are shown in
Figure 62A along with the results for a capillary flow test with undegraded
AMK fuel in Figure 62B. It can be seen that no clogging was observed for the
transition velocity of 1.0 cm/sec AMK fuel at differential pressures up to 3.4
MPa (500 psi) at ambient temperature., However, when the capillary fiow test
was run with undegraded AM# fuel, clogging was observed at a differential
pressure of 310 KPa (45 psi) as cvidenced by the reduced flow rate with time.
When the pressure increased to 414 KPa (50 psi), the flow rate increased from
the previous value measured at 310 KPa (45 psi)., At 414 KPa (60 psi), within
one minute after the initial measurement, the flow rate dropped to zero,
indicating complete c¢logging of the capillary. In conclurion, no clogging was
observed in flow tests with a a 0.0254 cm diameter capillary except with
undegraded AMK,

9.4 Effect of Storage Temperathre on Filter Ratio of Undegraded AMK

Preliminary laboratory data suggested that the storage temperature of
undegraded AMK after biending may markedly affect the rheology of the
undegraded fuel as determined by filter ratio measurements. This way be why
one shipment of AMK fuel received at Pratt & Whitney Aircraft produced filter
ratios ranging from 146 to 210 while measurements at ICI on the same fuels
recorded filter ratios varying from 59 to 69,

Undegraded AMK stored in a freezer at -8°C for 87 days recorded a filter ratio
increase from 57 to 424. Therefore a study was conducted to evaluate the
effecy of storage temperature on the fuel., After three days of storage at room
temperature, it was found that the filter ratio of the fuel d.creased to 161,
Wnen warmed to 71°C for 4.5 hours, the filter ratio decreased to 45. In
another study, undegraded AMK was warmed and maintained at 71°C for periods up
to 6 hours. Before warming, the filter ratio was 125 and after 3 hours at room
temperature, the filter ratio decreased to 39. After an additional 3 hours at
71°C, the filter ratio showed only a minor change to 31.
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Figure 62A Capillary Flow Test With Transition Velocity 1.0 cm/sec AMK at
Ambient Temperature
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Figure 62B Lapiliary Flow Test with Undegraded AMK at Ambient Temperature
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A second study focused on a single batch of AMK whirh had been stored in druns
at outside temperatures ranging from -23°C to 38°C between July 1981 and
February 1982. One-half of the fuel was stored at ambient and the other
one-half heated at 71°F for three hours. One-half of each of the divided
samples was then cooled and stored at -8°C while the rest of the samples were
stored at ambient. Filter ratio measurements were taken at intervals after

bringing the fuel to room temperature. Results of these tests are shown in
Table XXXVI.

These studies revzaled that at storage temperature. significant changes in the
filter ratio of AMK can occur. The studies indicate that initial lower filter
levels may be regained if the firel is heated. The studies also showed that the
filter ratio levels were low and relatively steady even after storing the
heated fuel at cold temperatures. It is possible, therefore, that nine days of
storage at -8°C is not severe enough to have a measurable impact. It also
appears that continued storage at ambient will Tower filter ratios to their

original values.

TABLE XXXVI
FILTER RATIQ RESULTS OF AMK STORAGE TEMPERATURE TESTS

Ambient AMK AMK Heated for 3 Hours
at 71°C

# Days Stored Stored Stored Stored
Ambient at -8°C Arbient at -8°C

0 261 261 64 64

1 158 1G5 17 bb

2 116 65 74 75

3 51 212 78 53

9 69 42 77 58
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10.0 FUEL SHEARING APPARATUS DESIGN STUDY

The objective of this investigation was to evaluate candidate shearing methods
and devices and to develop degrader design criteria. The study focused on
three areas: 1} current techniques of degrading AMK, 2) evaluation of selected

AMK degrader candidates and 3) conceptual application of a degrader to engine
requirements.

Degradat ion of antimisting kerosene requires that the large polymer bonds
which produce the fire safe properties be broken in order to satisfy fuel
system and engine performance requirements, Devices that can apply molecular
stresses to achieve this were investiqated and their principles of operation
fell into two general categories: mechanically or cavitation based energy
input,

Shear produced mechanically by passing AMK between stages of multibladed
rotors and stators of through axial flow gear of centrifigal flow
impeller-diffuser systems can impart significant degradation. Examples of
these are the Royal Aircraft Establishment's (RAE) degrader, P&WA's JT8D fuel
pump, and General Electric's F101 afterburner fuel pump, respectively.

Cavitation produced by high velocity flow or by ultrasonic vibration (Ref. 4)
has been shown to be an effective technique for degrading AMK. Cavitation in a
flowing stream can be produced by accelerating the flow until the static
pressure is reduced to the vapor pressure of the Tiquid. It can also be
obtained in a vibrating device that Tocally produces large variations in
1iquid pressure. The collapse of cavitating bubbles results in extremely liigh
Tocal pressure and velocity gradients that produce very high levels of shear
on the microscopic Tevel. Some dissolved gas is necessary to obtain bubble
nucleation sites but extreme amounts of gas lecaving thc Tiquid during bubble
growth can cushion the ultimate collapse of the bubble. The fundamental
physical and mathematical basis for cavitation can be found in References 5
and 6.
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Samples of AMK were processed by commercial suppliers of homogenizers,
emilsifiers, and dispersers and the results are summarized in Table XXXVII, It
was found that when the pressure consumed by the Sonic Sonolator was multi-
2ied by the numher of passes, the Gaulin and Sonic results could be combined
as shown in Figure 63. Also shown are results obtained with the J178D fuel pump
nnerating in a 16-pass mode.

TABLE XXXVII
SUMHARY OF RESULTS UITH COMHMERCIAL UM'TS

Transition Yelocity Filter Ratio

cn/sec
MK Undegraded 0.11 23
Jet-A 1ithout Additive n-10 1.00
Gaulin Disperser (Cavitation)
20,7 !MPa 1.0 1.30
34.5 Npa n.5 1.12
55.2 MPa 5.2 1.15
Sonic Sonolator (Cavitation)
13.8 tPa 1 pass 1.1 .4
10.3 HPa 3 pass 2.4 2.60
13.8 MPa 3 pass 2.9 1.30
Speco (lechanical) 0,37 8.0
Teknar (Hechanical) 1.1 2.6
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The use of ultrasonic energy to degrade polymers was investigated and this
mechanism has been described in some detail (Refs., 7,8). In ultrasonic
vibration, collapsing bubbles produce eddies with a size distribution. The
larger eddies transmit energy to smaller eddies until finally the energy is
dissipated through viscosity as heat. When the eddies are large compared to
molecule size, the molecule is merely moved from place to place. Eddies
smaller than the molecule give motion to various parts of the molecule setting
up forces which break up the polymer structure when the force exceeds the bond
strength of the molecule.

10,1 Fixed Area Vortex Venturi

In a cavitating venturi inlet static pressure, at the relatively low velocity
approach section, is converted to dynamic pressure at the throat where low
static pressure causes the formaticn of vapor bubbles. A diffuser follows the
throat section and permits recovery of a considerable portion of the dynamic
pressure as exit static pressure., Pressure recovery was imporiant because it
economized on the power expended in generating the Targe pressures used in
obtaining the levels of transition velocity shown in Figure 63. Pressure
recovery was also desirable because it reduced the fuel temperature rise
experienced in converting high static pressure to dynamic pressure while
flowing through an orifice, valve, or nozzle, as shown in Figure 64,
Cavitation ceased at some point downstream of the throat where the increased
static pressure prevented the existence of vapor bubbles.

Only the wall area contained vapor bubbles in an ordinary cavitation venturi.
The streamlines near the wall were curved relative to the streamlines near the
center resulting in a radial velocity gradient and a low static pressure near
the wall. Since a vortex contains a low pressure area in jts core, an attempt
was made to improve the coverage of bubbles in the throat of a venturi by
inducing rotation in the approach section. To accomplish rotation, a swirler
made of twisted copper ribbon was nlaced upstream of the throat.
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Figure 64 Fuel Temperature Rise

Two plexiglas and one steel venturi were fabricated and tested as fuel
degraders. Ine plexiglas venturis permitted visual observation of the
cavitaticn region; visual observations were recorded in still and motion
pictures, examples of which are shown in Figure 65. It can be seen that the
tength of the cavitating region was reduced as recovery pressure increased,
The length of the cavitating region also reduced when the swirler was removed,

The flow rate of the plexiglas venturi was calibrated over a relatively narrow
range of pressure (tests ultimately run at 13.8 MPa are described later), The
initial results are shown in Figure 66. It can be seen that the renoval of the
swirler had a negligible effect on flow rate. The throat diameter of the
venturi was 0.262 cm.

The performance of the vortex venturi was obtained by operating in a multipass
mode in the test apparatus shown in Figure 67, Care was taken to prevent or
compensate for the degrading action of the rig components. The fuel was
transfered from the supply drum to an accumulator by a paristolic pump that
acts as an extrusion device in which a roller passes over & flexible tube. The
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accumulator contained a piston which wa?Ftr?a?l?Feg’:%Agﬂng expulsion by
pressurizing the dry side with nitrogen. A1l valves were 1.3 cm ball valves
which in the open nosition did not restrict the flow except in the case of the
back pressure valve. The action of the back pressure valve was compensated by
measuring the transition velocity of the fuel in the re~eiving drum as well as

the fuel in the sample container.

INLET PRESSURE 1200 psi

50% PRESSURE RECOVERY 65% PRESSURE RECOVERY

WITH SWIRLER

SWIRLER — END OF CAVITATING END OF CAVITATING
\ REGION / REGION
%
\
./‘ /
PRESSURE L DIFFUSER

TAP

WITHOUT SWIRLER

— END OF CAVITATING — END OF CAVITATING
REG!ON REGION

Figure 65 Vorter Venturi at Cavitating Conditions
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Sampling was done in two steps. First, tho sample container was filled with
the rig in operation and the drain valve closed. During the initial filling, a
pressure drop occurred between the container supply Tine and the partially
filled container. The pressure dissipated when the container was full, and

at that point, the drain valve was reopened. During step two, sample
collection was carried out over a period of time sufficient for disp.acement
of a fuel voTume greater than the sample container. In the sampling during
step two, the container was filled with no pressure drop in the sampling
system. After sampling, the sampie inlet and drain valves were closed and the
fuel remaining in the accumulator was allowed to pass through the venturi,
After cach pass, the vwceiving drum became the supply drum for the Following
pass,

Transition velocity was obtained with an apparatus identical .to the one
previously described. At Teast two filtration runs were made after each run on
the fuel remaining in the sample container and also an additional sample taken
from the receiving drum,

To obtain transition velocity, the fTow velocity through the filter was
plotted against filter pressure drop and a ~urve was drawn through the data;
transition velocity was considered to be equal to flow velocity at a pressure
drop of approximately 12.7cm Hg, It had been established before testing began
that in several cases, the transition velocity obtained by the method of
intersecting Tines previously described corresponded to the velocity measured
at 12.7cm Hg on an 1identical sample. In the revised nethod, smooth curves were
drawn through the data without regard for the exact Tocation of intersecting
Tines. The accumulated difference between the transition velocity measured for
the fuel in the receiving drum was subtracted from the transition velocity for
fuel in the sample container to adjust for the small effect of the back
pressure valva,

To evaluate the performance of the vortex venturi, the inlet pressure was
simply multiplied by the number of passes and the resulting accumulatad
pressures plotted against transition velocity. The results cbtained with the
first plexiglas venturi at an inlet nrassure of 13.8 cm/sec 2000 psia and a
pressure recovery factor of 0.5 (ratio of exit pressure to inlet pressure) are
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shown by the open cireles in Figure 68. It can be scon that the rosults are
similar to the data obtained from the commercial units that were surveyed,
However, pressure expended in commercial units cannot be vecovered, while the
offective pressure expended 1n the vonturi is equal to the accumnlatod inlch

pressure multiplied by the term {1~ recovery factor). The adjusted data shown

by the dashed 1ine shows thot the vortex venturi is suporior to the comercial
devices., The half-fi1led circles show that a reduction in recovercd pressure
increased the transition velocity and removal of the swirler caused @ decreasc,

Following this series of tests, a failure of the First unit occurred. The
cause of failure was not determined with certainty; however, start of failure
appeared to be in the cavitation region where the soft plexiglas surface had
been considerably pitted. A second plexiglas venturi was fabricated and tesis
of the second unit were run at three levels of inlet pressure with a prossure
recovery factor of 0.5, After completion of this series, a crack developed at
the aft end of the pressure recovery diffuser in the second venturi.
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Figure 68 Performance of First Plexiglas Venturi
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Two significant factors were found in the data obtained with the second
plexiglas venturi as indicated in Figure 69, The data for both units closely
followod a single curve. Furthermore, data obtained at inlet pressures of 8.3,
10,3, and 14,8 MPa fell on the same curve when the inlet prassure was
multiplied by the number of passes., It appears that where cavitation effects
predominate, the accumulated value of inlet pressure is a valid factor for

correlating transition veloeity.
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Figure 69 Performance of Second Plexiglas Venturi

A third venturi was fabricated with stainless steel, It was found that the
flow calibration with the swirler, as shown in Figure 70, indicated that the
effective metering throat area was smaller by approximately 40 percent than
the geometric throat area. When the swirler was removed, the effective throat
area increased to its anticipated size.
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Figure 70 Steel Venturi Calibration

The stee] venturi had exceptionally good performance as shown in Figure 71,
The transition velocity with an accumulated pressure of 6% MPa (10,000 psia)
and a recovery pressure factor of 0.34 to 0.58 was 8-9 c¢m/sec as compared with
the previous value of 6 cm/sec attained at 69 MPa (10,000 psia). The
performance was reasonably good at a recovery factor of 0.75, In fact, when
accumulated pressire was corrected for pressure recovery for the JT8D at Sea
Level Takeoff (SLTO), the theoretical power requirements decreased with
pressure recovery over the entire range of test parameters as shown in Figure
72. Theoretical power requirements can only be considered as goals, however,
because they cannot be achieved in practical systems with available
components.
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10,2 Variable~Area Yortex Venturi

A fixed area device cannot be used as a degrader in an aircraft gas turbine if
performance is based on a pressure drop because the large variation in fuel L
flow betweent idle and sea level takeoff results in an even larger variation in
pressure drop. Having shown the applicability of a vortex venturi, the
performance of a variable-area version was determined. Variable area was
accamplished by a pintle in the style shown in Figure 73, It can be seen that
for a given area ratio, the use of a pintle reduced the 1ength of the diffuser
while increasing its outer wall angle. A flow calibration was made of the
’ venturi with the pintle in two positions as shown in Figure 74, In the aft
position with a wide-open throat, the effective metering throat area was close
to the geometric throat area. In the forward position, the metering area was
reduced by a factor close to 3.

The performance of the steel venturi with pintle in two positions is shown in
Figure 75. The square symbols indicate that pressure recovery factor had a
drastic effect on the pintle in the aft position while the triangular symbols
indicate that pressure recovery did not affect performance when the pintie was
moverd to the forward position. The difference in behaviar at the two positions
cannot be explained without additional experimenta’l data. The circular symbols
irdicate that performance with the swirler was up to 40 percent higher than
performance without the swirler.

10.3 Ultrasonic Generator

» A continuous flow piezoelectric ultrasonic generator shown conceptually in
Figure 76 was fabricated during the program, A total of 16 transducers were
mounted on both sides of a shallow channel, The unit was tested but it did not

; operate successfully even when 10 of the transducers were actuated and

| approximately 1 Kw of power was dissipated. It was felt that the power was

dissipated in the frame of the unit without producing ultrasonic vibration at

the walls. Strong audible signals were heard whenever the power was turned on.

A redesign of the unit was recommended, however, since the concept was in a g

developmental stage a reasonable chance of success in the First redesign was

not assured. It was decided that at this stage of the degrader program,
consideration of the ultrasonic generator should be suspended.
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10,4 Analysis and Application St gt T

Using the vortex venturi, it was found that a transition velocity of 8 cm/sec
was theoretically possible with considerably less energy cost than that
requived by the JT8D fuel pump or by the commercial devices that were tested.
It can be seen in Figure 77 that the performance of the JTED pump with 7
passes was approximately equivalent to venturis operating without credit for
pressure recovery at an accumuiated inlet pressure of approximately 24.7 MPa
(3500 psia), Beyond that point, the performance of the pump deviated from the
venturi performance. The commercial units were equivalent to the venturis up
£0 a pressure of approximately 41.4 MPa (6000 psia).
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ResuTts of the filtration tests discussed previously indicate that a
transition velocity of at Teast 8 cm/sec will be required to satisfy the
requirements of existing engines at Tow fuel tempuratures. This Tevel of
performance will be difficult to attain even with the vortex venturi in a
staged configuration. Two examples of pump/venturi staging are shown in Figure
78. Three pump stages and 4~5 venturi stages were used, and using the
performance data of Figure 70, a transition velocity of 6 cm/sec was achieved
at a cost of 48,5 KW at JT8D SLTO conditions. This requirement is higher than
the theoretical value shown in Figure 78 and it represents the compromise that
must be made in order to set a practical Timit on the selected number of pump
venturi stages.If the performance of the venturi can be fmproved at 0.75
pressure recovery, a transition velocity of 8 cm/sec might be attainable with
48.5 KW,

LEGEND
I——
MAX BUMP AP = 10.2 m Pa 8 PUMPSTAGE

===2 VENTURI STAGE

RECOVERY FACTOR 0.5

FROM
o 8103 == 52 § 165 o== 72 § 181 o= 9.0 "= 45 —— TOCONTROL
TRANSITION VELOGITY 6 CM/SEC
ENERGY CONSUMPTION = 48.5 KILO WATTS
RECOVERY FACTOR 0,76
FROM
WS 103 === 77 @ 181 =136 o= 102 § 205 D= 164 == 115 ¥ TO CONTROL

TRANSITION VELOCITY 6 CM/SEC
ENERGY CONSUMPTION = 48,5 KILO WATTS

Figure 78 Multiple Venturi Concept
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The pump venturi power requirement of 48.5 KW at SLTO translates to
approximately 17 KW at JT8D cruise conditions. An estimate was made to
determine the effect of power extraction on engine performance and it was
found that the 17 KW cor esponded to an increase in TSFC of 0.4%. Also a
multistage pump/venturi package may require considerable volume and it may be
difficult to transmit 48.5 KW to the package. It would be very desirable to
reduce the volume and power requirements of the degrader. To miniaturize the
degrader it is necessary to supply as many vapor bubble sources as those
existing in several venturis. One possible concept of miniaturization is the
UTRC rotating cavitating degrader shown in Figure 79. Each of the pin-1ike
projections moves with sufficient velocity to produce cavitation along its
sijues. It is felt that with a sufficient number of cavitation sources,
miniaturization can be accomplished.

APPROXIMATELY 200 CAVITATION SOURCES
APPROXIMATELY 5.0 CM DIAMETER
APPROXIMATELY 5.08 CM LONG

FUEL L /
| b4 ) ..
~ 5000 RPM

~ 2.54 CM DIAME 7 ER . s e A : J L

T /A ANORRANGA
AN ;
ul

Figure 76 Rotating Cavitating Degrader
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There are other practical problems that must be addressed in a degrader
development program. Continuous flow variation must be achieved over a very
wide range of flow; if multiple venturis are used, they must be carefully
matched to achieve the required flow and pressure variation, Special controls
will be needed to maintain proper position control of pintles in venturis;
controls will also be needed to meter the required engine fuel flow through
the venturi/pump system. Cavitation damage is also a problem. Degrader designs
must be sufficiently rugged and proper materials must be chosen in order to
assure suitable Tifetimes, Care must also be taken to avoid excessive
temperature rise in the fuel because high temperature can produce varnish and
coke deposits in the engine fuel injectors. Special attention must be paid to
certain engine operating conditions where there is Timited power extraction
capability in the engine such as altitude relight conditions. Power
requirements for the degrader must be kept to a minimum in order to cope with
these special engine conditions.
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11,0 FUEL INJECTOR PERFORMANCE TESTS

An existing ambient fuel spray test facility was used to estabiish the fuel
spray spatial distribution and the droplet size distribution produced by the
JT8D Bill-of=-Material injector, Tow emission airblast injector, and an
air-boost injector. Spray characterization tests were conducted using six
fuelss Jet A, one and three-pass JT8D fuel pump degraded, one and two-pass
Gaulin degraded, and undegraded antimisting kerosenes.

The objective of this task was to determine if any of the injectors were
clearly superior to others in terms of the characteristics of the spray
produced with the different fuels, and to determine the extent of degradation
required to achieve an acceptable spray, A Malvern Model 5T1800 particle size
analyzer was used to determine the droplet size distribution. Patternator
probes and photographs were used to obtain spatial distribution information,

The spray facility used in the test program is depicted in Figure 80. The
facility was equipped with a 20-probe patternator rake used to evaluate the
Tiquid distribution downstream of the injector. In this program, patternator
measurements were obtained at a distance of 7.6 cm from the nozzle discharge
plane. Still pictures recorded the spray pattern and served as a basis for
measuring spray cone angles and to document fuel streaking. The photographs
were obtained using a high power General Radio Strobolume to i1luminate the
spray; the ten microsecond light pulse produced by a strobe substantially
stopped the droplet motion,

The particle size analyzer (Figure 8') operated on the basis of the
measurement and analysis of the distribution of the diffracted portion of a
beam of monochromatic {1aser) Tight which passed through the spray. An
analytical program executed within a dedicated minicomputer provided a
comparison of the measured 1ight energy distribution with a calculated energy
distribution based on a Rosin~Rammler droplet size number distribution. The
program operated by continuously modifying the distribution function
parameters (the characteristic diameter, PE, and the exponent parameter, ¥)
until a best fit between experiment and prediction was obtained. The Rosin-
RammTer distribution function is:
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PE

where: v is the volume fraction of droplets with a diameter less than d. The
SMD 1is defined as the diameter of a droplet having the same volume t¢ surface
area of the entire spray. It can be calculated from the characteristic dia-
meter and the exponent parameter as:
1
o= 1 s 1.
PE rg -1l r@e -
{ W) ( .ﬁ)

where: T (X) = Gamma Function,

In this program, measurements were obtained at a location & cm. downstream of

the nozzle tip. The range of droplet sizes that could be detected by the

instrument as configured for use ip this progrum varied from 562 microns

to 5.7 microns, y

Fuel was delivered to the test apparatus using the delivery system shown

schematically in Figure 82, The Jet A fuel was supplied from an underground

facility storage tank. The antimisting fuels, which had previously been

processed to the desired Tevel of degradation, were stored in a 87 1iter

accumulator which formed a portion of the fuel temperature conditioning

system. Jet A fuel was suppiied either directly to the injector being tested

(when Jet A was the test fuel) or was delivered to the fue” conditioning

system where the Jet A was used to displace the test fuel from the

accumulator. The total rate of fuel flow was obtained for all tests by

measuring the Jet A flow rate using conventional turbine meters. The fuel

conditioning system used a cold acetone bath to c¢hill the test fuel to the .

desired temperature Tevels. An electrical resistance fuel heater was used to é

obtain the elevated fuel temperatures. After temperature conditioning, the .

fuel was split into the primary and secondary fiows. For these tests the F

secondary flow rate was measured by use of a mass flow meter which was ;

insensitive to the viscosity characteristics of the fuel. }
|
|
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11.1 Fuel Injectors

The pressure atomizing injector currently used in the JT8D engine is a duplex
nozzle in which the primary flow is discharged through a central orifice and
the secondary flow issues from a surrounding annular passage (Figure 83), The
nozzle was fitted with an air shroud (nut) to prevent carbon from collecting
on the nozzle tip. In these tests the nozzles were mounted in a cannister
which supplied air to the nozzle nut. In the engine, the nozzle is surrounded
by an air swirler which discharges swirler air into the head end of the com-
bustor. The swirl air which may affect the fuel distribution, but not the
atomization, was not supplied in these tests.
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Figure 83 JT8D B/M Injector

The low emission JT8BD nozzle (Figure 84) is a hybrid nozzle composed of a
pressure atomizing primary nozzle and an airblast (or aerating) secondary
nozzle. Fuel is atomized in the secondary passage by shearing the fuel off an
annular surface to which a film of fuel is supplied. The high velocity air
used to atomize the air is supplied from the engine diffuser; the air veloci-
ty is developed by the pressure drop existing across the combus' .r Tiner. In
the nozzle test program, the injector was mounted in a cannister to which air
was supplied at the appropriate condition. Airblast nozzles generally produced
a wider range of droplet sizes than pressure atomizers and yielded a large
number of small droplets.
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Figure 84 Low Emission JT8D Injector

Because of the poor atomizing characteristics of the antimisting fuel, a
nozzle having a high capability for atomizing heavy or viscous fluids was
used. An air boost nozzle (Figure 85) which employs an external supply of high
pressure air was tested for this purpose. This nozzle, which is not tailored
for aircraft engine use, had a somewhat lower flow capacity than the JT8D
nozzle. Boost air was supplied to the nozzle at 4 atm for all tests.

11.2 Test Conditions

The fuel flow rates and the fuel temperatures at which the spray characteriza-
tion tests were conducted are shown in Table XXXVIII. The fuel flow rates
correspond to the engine ignition, idle, cruise, and sea-level-takeoff
conditions. At each engine condition, tests we'2 conducted at two fuel
temperatures which included room temperature and either a Tow or high
temperature condition. .able XXXVIII also shows the air side pressure drops
used in the tests. For the pressure atomizing and airblast atomizing nozzles,
the air side pressure drop was set to yield the same air velocity that would
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exist in the engine burner at the given flight condition due to burner
pressure drop. In the case of the air boost nozzle, the pressure drop
indicated was the difference between the boost air supply pressure ana the
ambient pressure and corresponded to the maximum pressure drop recommended by
the manufactu.or.

Figure 85 Delavan Air-Boost Injector

TABLE XXXVIII
FUEL HOZZLE SPRAY EVALUATION -~ TEST CONDITIONS
Injector: Bill-of-Material (B/M)

Engine Wpri Wsec Tfuel APair
Condition (Kg/Hr) (Kg/Hr) (ec) (¥Pa)
Igrition Jo .- 15 -29 JA
Idle 58 - i5 46 3.4
Crufse 66 2N 15 46 6.6
SLTO 73 930 15 -29 6.3

Injector: Low Emission (LE)

Engine Wpri HWsec Tfuel aPgir
Condition {Kg/tir ) (Kg/Hr ) (oc) (KPa)
Ignition 30 - 15 -29 3.4
Ignition .- 30 15 -29 14
Idle 58 -- 15 1.4
dle . 58 15 46 34
Cruise 56 108 15 A6 6.6
Cruise - 174 15 46 6.6
SLTO 73 a2 15 -29 6.9
SLTO = 496 15 -29 6.9

Injector: Afir-Boost (DEL)

Engine W Tfuel APair
Condition (Kg/Hr ! (%) (kPa)
lgnition 30 15 -29 414
1dle 45 15 46 44
Cruise 159 15 46 414
SLTO 227 15 =29 414

128

T



L

11.3 Test Results

Injector spray tests were performed during the early phases of the program
with Jdet A, undegraded antimisting fuel and antimisting fuel degraded using a
J78D fuel pump to a Filter ratio of approximately three. Results of these
tests indicated that the use of antimisting fuels caused a noticeable decline
in the quality of the spray produced by all three of the injectors at all
conditiens tested., Photographs of the sprays produced with three different
fuel nozzles are shown in Figures 86, 87, and 88. It is apparent from these
photographs that the use of undegreded antimisting fuel resulted in a grossly
incomplete atomization of the fuel with the spray being characterized by
Tigaments of fluid rather than droplets. Processing of the fuel enhanced the
quality of the spray; however, the photographs clearly indicate that even the
three~-pass degraded fuel produced a spray inferjor to that of Jet A. A Tisting
of the droplet size information at each of the engine conditions for room
temperature fuels is given in Table XXXIX. Shown in the table are the value of
the Rosin-Rammler characteristics droplet size (PE) and the Sauter mean
diameter (SMD). It is believed that the characteristic size, PE, was a better
indicator of the capability for a spray to be consumed when comparing nozzles
of different types (pressure atomizers vs. air atomizers), however, the SMD
has found more widespread use as a figure-of-merit for spray atomization.
RegardTess of the parameter inspected, however, the trend of increasing
dropTet size with decreasing fuel degradation was apparent in the data.

Further indication of the effect of fuel characteristics on spray distribution
can be found by examining the patternator data. Typical fuel pattern profilies
are shown in Figure 893 the curves show the flowrate of fuel in kilogram per
hour entering the tip of the probe Tocated at the indicated radial distance
from the injector centerline. The curves shown in the figure indicate the fuel
patterns obtained using the low emissions injector at the cruise flow
conditions when flowing Jet A, undegraded antimisting fuels, and degraded
antimisting fuels. The results indicated that for this injector use of
antimisting fuel did not change the basic hollow-cone character of the fuel
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TABLE XXXIX

HEAN DROPLET SIZE PRODUCED WITH ROOM TEMPERATURE FUELS

B/M Low Emission Afr=Brnst
PE TS PE - SD TP St
Condition rmicrons microns microns Microns microns microns

Ignition 85 46 97 A0 40 20
Idle 62 33 79 47 a4 20
Cruise 122 87 78 29 45 22
SLT0 149 47.3 110 41 177 a9
Ignition 120 48 127 58 64 8
1dTe 110 50 85 K| 56 8
Cruise 171 72 142 45 133 24
SLTO 151 70 191 67T 159 50
Ignition 180 107 156 a2 73 19
Idie 143 76 1M 59 84 15
Cruise 176 o8 139 52 151 2
SLTO 140 65 152 71 168 7i
Ignittfon 212 158 240 175 80 40
Idle 137 119 279 210 89 37
Crujse 751 134 243 144 167 62
SLTO 160 100 239 164 176 130
O————O ETA
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Figure 89 AMK Patternator Data Low Emissions Injector at Cruise
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spray. Changes in the detailed features of the curves (shifts in the peak
height or a change in the characteristic width of the peaks) were not of the
magnitude to cause concern. Examination of the pabtternator data at the very &
Tow flow (1gnition) condition indicated that the characteristics of the hollow
cone spray produced by the bill~of-material pressure atomizing injector were
preserved except in the case in which undegraded antimisting fuel was used,
The patterns produced by the Tow emission injector undergoes significant
shifts even for the three-pass degraded antimisting fuels. At the somewhat
higher idle flow conditions, the Tow emissions injector showed Tess
sensitivity to the extent of fuel processing although there was some
indication that streaking had occurred with the use of the undegraded fuel.

Only the air boost nozzle was able to produce a distributed spray when

utilizing undegraded fuel. The reasonably well atomized spray and minor

patternator variations obtained for the bill-of-material nozzle when using

three pass degraded fuel suggested'that, if improved degradation methods were

made available, existing fuel nozzles would be adequate for use with

antimisting fuels. 5

Tests conducted with fuels at temperatures other than room temperature con-
firmed that the anticipated trends were experienced--droplet size decreased
with increasing temperature. The atomization of the antimisting fuel at low
temperature (-29°C) revealed no special problems.

At this junction in the program, combustor performance tests were scheduied
and conducted with JT8D bill-of-material and Tow emission combustors, Jet A
and antimisting kerosene degraded by a JT8D fuel pump to filter ratio of 8 (1
pass JT8D) and 3 (3 pass dT9D)} respectively, were used. An analysis of these
combustion test results will be detajled later in section 2.0, However, a
summary of these results indicated that the emission levels produced from the
antimisting kerosene were excessive and Tean blow out, relight and starting
characteristics were somewhat deficient.

The results from these spray quaiity and combustor performance tests coupled
with fuel component laboratory evaluations (Section 7.0) pointed out the need
fdr more extensive antimisting fuel degradation. Based on the levels of
degradation required for successful cold filter tests and the transitional
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velocity measured with Jet A fuel, antimisting Kerosene was processed with the
Gaulin apparatus to transitional velocities of 5§ and 9 cm/sec, respectively. '
Subsequent spray quality evaluations were conducted with these twoe Tevels of
degraded antimisting fuels and Jet A with the JT8D airblast (Tow emissions)
fuel injectors. Photographs obtained using 10- microsecond strobe j7Tumination
and multi-second-shutter of the sprays produced with Jet A and degraded
antimisting fuel are shown in Figures 90 A,B, C, It is evident from these
photographs that the gross characteristics of the Jet A and degraded
antimisting fuels are similar and the cone angles measured 2.54 and 5.1 cm
downstream of the injector are also similar.

The Malvern droplet size data for cold Jet A and degraded AMK are shown in
Table XL. Shown in the table are the value of the Rosin-Rammler characteristic
droplet diameter (PE) and the Sauter mean diameter (SMD). The SMD has found
more widespread use as a figure of merit for spray quality especially when the
data evaluated is produced from one nozzle type. A precise comparison between
all three fuels 1isted is not possible because this cold level of fuel
tefiperature could not be maintained any closer than shown. However, both
Tevels of degraded antimisting fuel produced satisfactory droplet sizes quite
similar to det A. :

A 20 probe paternator rake positioned 10 cm from the injector face was used to
obtain spray distribution data which needs to be examined along with the
droplet size data to give a more meaningful spray quality assessment. The
patternator data for fuels tested during this phase of the program, Jet A, and
degraded AMK (VT of § and 9 cm/sec} along with 3-pass fuel pump processed

AMK from the earljer part of the program are shown in Figures 91 and 92 for
jdle and SLTO conditions. The curves show the flowrate of Tuel entering the
top of the probe located at the indicated radial distance from the injector
centerline. At idle the 3-~pass degraded fuel was very different from the other
two degraded fuels and Jet A. At SLTO the data is nearly indistinguishable but
the trend at both conditions is that the more degradation performed on the :
antimisting kerosene the more the fuel resembles dJdet A, i
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Figure 90 Nozzle Spray Comparison
(A) JT8D Air Blast (Low Emissions) Jet A, T = -25°C, SLTO
(B) JT8D Air Blast (Low Emissions) Vy = 5 cm/sec, T 24°C, SLTO
(C) JT8D Air Blast (Low Emissions) Vr = 9 cm/sec, T = -30°C, SLTO

H 0

136



~a

e e et =y .

TABLE XL ORI oR AL

COMPARISON OF DROPLET DATA

Condition det A Degraded AMK
- (v I = 5 cm/sec) I = @ cm/sec)
T(°C) PE S T(°c) PE s IfC) PE S
Ignition ~23 126 71.1 -22 132 74.5 =29 138 81.5
Idie ~25 126 66,9 ~26 137 57.0 -30 109 50.6
SLTO ~23 144 36.5 -24 159 50.5 -30 119 14,4
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Figure 92 AMK Patternator Data JT8D Low Emissions Injector at SLTO
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12,0 COMBUSTOR PERFORMANCE TESTS
12,1 Emissions and Performance Tests

Emissions and performance evaluation, exclusive of the altitude relight tests,
were conducted in a high pressure test facility located at Pratt & Whitney
Aircraft's Middletown test facility.

A schematic and photograph of the JT80 combustor rig installetion are
presented in Figures 93 and 94, This rig simuiated a 40 degree sector of the
JT8D engine including compressor discharge diffuser struts and aircooied
turbine entrance transition duct. In addition, provisions were made for
extracting inner diameter and outer diameter bleeds in amounts representative
of the turbine cooling air requirements of the JTED~17 engine. This allowed a
more precise simulation of the JT8D-17 engine operating conditions.

Instrumentation on this rig in¢luded combustor inlet tctal pressure and total
temperature rakes, and airflow measurement in both the inlet and turbine
cooling air extraction systems. The combustor inlet femperature and pressure
instrumentation consisted of an array of 4 Chromel-Alumel total temperature
thermocouples, 5 total pressure rakes each having five neasurement ports, and
7 wall static pressure taps. This instrumentation was arranged in a fixed
array at the plane simulating the axial position of the 1ast compressor stage,

Sixteen Chromel-ATumel thermocouples were installed on the Touvers of each
combustion can to observe any differences in 1iner heat Toad produced by
combustion of antimistiny kerosene,

Combustion exit temperatures and pressures were measured by a fixed
instrumentation array mounted in an aircooled vane pack. Figure 95 is a
photograph of the vane pack which consisted of 7 production JT8D turbine
vanes, The five center vanes were each instrumented with five sampling/
pressure ports and two thermocouples, The thermocouples were Tocated near the
center of each vane to concentrate temperature measurements in the expected
hot areas.
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Figure 95 JT8D Combustor Exit Instrumentation Vane Pack

The gas temperature thermocouples in the vane pack employeu a grounded
immersion type of junction with ISA Type B thermocouple wire, The calibration
of this wire is accurate to 1707°C. The gas sampling heads and 1ines were made
from stainless steel tubing. When emissions or smoke were to be measured the
samples from all 25 sensors were mixed in a manifold and fed to the analvsis
equipment. When these sensors were used to measure total pressure the sample
lines were dead ended by closing the selector valves and the pressure recorded
on a transducer in the automatic data recording system. Temperature
measurements on this type of aircooled vane pack have shown that the gas
samples were quenched to 147 to 207°C by the cooling air in the vane and the
sample lines between the vanes and the analysis equipment were electrically or
steam heated to maintain the sample temperature at about 147°C to avoid
condensation of hydrocarbons from the sample.

The emissions and smoke analysis equipment in the Middletown Test Facility
confermed to the specifications in SAE ARP-1256, SAE ARP-1179 and those of the
Federal Register, Vol. 38, No. 1361 July 17, 1973 and in Vol. 43, No. 58,
March 24, 1978. The burner test stand complex in the Middletown Test Facility
is equipped with a computer controlled automatic data acquisition system. All
data from the instrumentation described above with the exception of the smoke

14]



- T

measurements, were processed through an online Sigma 8 computer that provided
essentially real time data analysis. The data reduction program computed
combustor operating parameters such as diffuser inlet Mach number, fuel air
ratio, ideal temperature rise and emission indices. Preselected critical
parameters including those derived from emission analysis were presented on a
scope 1n the control room for screening to establish data validity before
proceeding to the next point in the test program. Hard copy printout of the
entire data reduction program output was made available within minutes after
the data was acquired. Data from the smoke measurements, which were processed
independently, were related to the computer processed data on a point number
basis after the test is completed.

The existing fuel supply systems in this facility employed constant flow gear
type pumps sized for the maximum anticipated fuel flow and recirculated unused
fuel through a bypass to the pump inlet 1ine. This type of system degraded the
antimisting kerosene to unacceptable 1evels. Consequently, the fuel system was
modified to that shown schematically in Figure 66. The existing Jet A fuel
system was unaltered but a valve system was employed to permit switching the
fuel source from Jet A to antimisting kerosene without disturbing the rig
operating conditions. This feature permitted oparating the rig an Jet A fuel
while inlet conditions were being set and stabilized, and permitted switching
to the antimisting kerosene and operating oh this fuel while acquiring data.
The antimisting kerosene was constmed only during stabilization time after
switching and during the data acquisition process itself. The antimisting
kerosene supply system consisted of a 950 1iter supply tank pressurized with
nitrogen, Fuel flow rates were determined with turbine and mass meters in the
supply Tines. The fuel supply system instrumentation also included fuel
temperature thermocouples and measured the fuel pressure in the primary and
secondary systems at the entrance to the fuel injector support,

A1l test conditions were run with both the biil-of-material and Tow emissions
combustor cans described in Section 3.0. Three fuels were used for each of the
configurationss Jdet A, 1-pass and 3-pass JT8D fuel pump degraded antimisting
kerosene. In all cases ambinnt fuel temperatures were maintained and samples
periodically analyzed for filter ratio value. '
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Figure 96 Modifications to Fuel System in X~-904 Test Stand for Evaluation of
Antimist Fuel

12,2 Ignition and Stabiiity Tests

The altitude relight and sea Tevel ignition tests were conducted in X-306
stand Tocated at the Rentschlaer Airport Laboratory in East Hartford.

The rig contains nine JT8D-17 can-annuiar combustors, In addition, provisions
were made for extracting OD and ID bleeds in amounts representative of the
turbine cooling air requirements of the JT8D-17 engine. This allowed a more
precise simulation of the JT8D-17 engine operating conditions., Operating
airflow conditions in the facility were established with an oritice in the
inlet duct and the rig inlet total pressure and total temperature rakes. Fuel
flow rate, fuel manifold pressure, igniter current pulse and the output from
thermocouple probes at the combustor exit were input to transient recorders to
document ignition. The filter ratio of antimisting kerosene fuel samples was
periodically checked throughout the test. The antimisting kerosene fuel feed
systems and measuring devices are the same as described in the last section.
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The relight tests were conducted by operating the rig along four different
constant airflow lines covering the extent of the JTBD engine altitude relight
envelope as shown in Figure 97. As the effective altitude is Tncreased along
these Tines, the air inlet total pressure and total temperature progressively
decrease. The tests were conducted by operating the rig at a fixed airflow and
by progressively increasing the effective altitude until an altitude condition
was defined at which ignition was no Tonger possible after a 30 sec, attempt.
The altitude ignition boundary was defined by these points on the airflow
lines. The ignition total fuel flow was fixed at 0,065 kg/sec which was
consistent with the altitude starting fuel schedule of the JT8D engine and at
ambient fuel temperature.

AIRFLOW 1

14,000 4

FLIGHT ENVELOPE J,/’/’

A AIRSTART ENVELOPE B

/// g

MACH NUMBER

12,000

10,000

8000

6000

ALTITUDE {METERS)

4000

2000

Figure 97 JT8D-17 Airstart Envelope
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The comhustor was also evaluated for cold fuel sea Tevel starting capability.
For these tests the rig was operated at a slightly subatmospheric pressure and
at an jnlet Mach number and temperature representative of JT8D engine cranking
at ~29°C and 17°C ambient temperature, The test fuel was at the same
temperature as the inlet air. Ignition was attempted over a range of Tuel flow
rates with the time to ignition being recorded.

12,3 Emission Data Calculation Procedure

The raw emissions data generated at each test condition were transmitted
directly to an online computer for processing. The voltage response of the
gaseous constituent analyzers was first converted to an emission concentration
based on the calibration curves of each instrument, and then used to calculate
emission indices, carbon balance fuel-air ratio, and combustion efficiency.
Since the instrumented vane pack allowed extraction of a single representative
gas sample acquisition time was minimjzed and the processed emissions data
were usually available within a few minutes of setting a test condition.

While every effort was made to set exact design conditions for the test runs,
it was rarely possible to set test conditions to precisely match the design
condition by interpotation, using plots of emissions as functions of the
metered fuel-air ratio. The data for oxides of nitrogen have been corrected
for humidity effects at all operating condifions. These corrections were
small, generally not exceeding 5 percent.

12.4 Combustor Performance Data Calculation Procedure
The combustor performance parameters presented in this report were either

measured directly or calculated from measured data. Table XLI contains a

summary of these performance parameters and indicates whether they were
measured or calculated.
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TABLE XLI
SUMMARY OF REPORTED COMBUSTOR PERFORMANCE PARAMETERS

Parameter Symbol Units Measured Calculated
Total Airflow Wad ka/s X -
Total Combustor Airflow Wab kg/s X
Primary Fuel Flow Wep ka/s % -
Secendary Fuel Flow Hsp ka/s X ~-
inlet Total Temperature Tt4 K X -
Inlet Total Pressure Pep atm X -
Reference Velocity Vief m/s ] - X
InTet Air Humidity h g Ho0/kg air e ~~
Fuel-Air Ratio f/a .- -~ b
Pressure Loss Pe/Pt —- - X
Combustion Efficiency Me % - X

12.5 Combustor Test Results

The emissions, high altitude relight, and sea level ignition of the bill-of-
material and low emission combustors using Jdet A and antimisting kerosene are
presented in this section.

12.5.1 Emissions and Performance

High pressure rig tests were utilized to determine the effect various Jevels
of degraded antimisting kerosene have on performance and emission parameters
as compared to Jdet A, In addition, differences between the bill-of-material
and tow emission combustors using antimisting kerosene were of jnterest.
Measurements of emissions, liner cold side temperatures, Tean blow out Timits
and observations of nozzle and combustor depesits were made.

Emission results for the Jdet A fuel were consistent with results obtained
previously at Pratt & Whitnhey Aircraft for the same configurations. The
antimisting kerosene emissions can therefore be conveniently compared to a
well established Jet A emission baseline.

Emission differences between Jet A and antimisting kerosene occurred at idie.
No differences were observed at high power. Under all conditions, the smoke
numbers and NOx Tevels were not affected by the use of antimisting kerosene,
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The effect of fuel on emissions and combustion efficiency (‘nc) can be seen
in Figures 98a, b, and c. Plotted are Mg COEI and THCEI at nominal

idle versus type of fuel.*
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In a1l cases Jet A fuel yielded Tower emissions and higher 1 than any
tested Tevel of degraded antimisting kerosene. Going from Jet A to 3-pass to

1-pass, the emissions became progressively worse for both combustor configura-
tions, From Jet A to 3-pass the carbon monoxide went up by 20 percent for the

bi11-0f-material and more than doubled for the Tow emission combustor. From
3-pass to T-pass the increase was 5 percent for the bili~of-material and 30
percent for the Tow emission combustor. The total hydrocarbons, Figure S8c,
showed similar trends, though the low emission combustor increase in total

hydrocarbons from Jet A to T-pass was much higher thah for carbon monoxide.

12.5.2 Ignition and Stability
o Lean Blow Out

Lean blow out is defined as the minimum fuel air ratio at idle that will
support combustion., The Tean blow out for both the bill-of-material and Tow
emission combustor is shown in Figure 99. The antimisting kerosene required
higher fuel air ratio for lean blow out than the Jet A. The Tow emission
combustor's fuel air ratio was very similar to the bill-of-material up to
3-pass, but increased rapidly at 1-pass.

o0r= (/AICT FOR
LEAN BLOW QUT LOW EMISSIONS
//
aacal- /
0.000 |~ //
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2 g aim
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A AME AME
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Figure 99 Lean Blowout Test Results
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The altitude relight results for the bill-of-material and Tow emissions
combustors operating with Jet A and 3-~pass (fuel pump) antimisting kerosene
are shown in Figures 100 through 103, Plotted is simulated altitude versus
flight Mach number with station 4 (burner plus turbine bleeds) airflow as a
parameter. The open symbols indicate a Tight (5 or more of the burner cans 1it
signifies engine will accelerate) and the closed symbols & no Tight (4 or less
of the burner cans 1it). The 3-pass antimisting kerosene consistently
exhibited poorer relight characteristics than the Jet A, Figures 100 and 107
are for the bill-of-material combustor, Jet A and 3-pass antimisting Kerosene
respectively. For the 3-pass antimisting kerosene, the only 1ight achieved was
for the 2.27 kg/sec airflow at an altitude of 6000m. Figures 102 and 103 show
the relight characteristics for the Tow emission combustor dJdet A and 3-pass
respectively. The 3-pass in the Tow emission combustor appeared better than 1t
did in the bill-of- material, but still was not as good as the Jet A, At an
ajrflow of 2.27 kg/sec for the Tow emission combustor the 3-pass and Jet A
were about equal in their relight capability. For the other airflow, the Jet A
was superiovr,

O LIGHT SCANS O MORELIT
® NO LIGHT - 4 CARS OR LE63 AIRFLOW
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Figure 100 JT8D-17 Airstart Envelope - Bill-of-Material Combustor, dJet A
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0 Sea Level Ignition .
In this section, the sea Tevel ignition with antimisting kerosene is compared

to Jet A for the bill-of-material and Tow emission combustors. Both ~29°C and

17°C inlet temperatures were used,

In Figures 104 through 107 the fuel flow rate, with Jet A and 3-pass

antimisting kerosene, versus number of burner can Tights for a fixed airflow

and fuel temperature is plotted, In general, the Jdet A had better ignition

characteristics than the 3~-pass antimisting kerosene, Also, fuel al 17°C was

better than fuel at ~29°C for the bill-of-material combustor, while

tenperature had no effect on the 3-pass antimisting Kerosene with the Tow

emission combustor. In Figure 104 the bilT-of-material combustor with a fuel

temperature of 17°C s shown. For Jet A, a & can 1ight was achieved with a

fuel flow rate down to 295 kg/hr. The 3-pass never achieved a full 9 can light

with the fuel flow rate as high as 365 kg/hr. In Figure 105, the Tow emission

combustor with a fuel temperature of 17°C is shown., For Jet A, a full § can p
Tight was achieved with a fuel flow rate down to 230 kg/hr while the 3-pass (
antimisting kerosene required 340 kg/hy for a full 9 can Tight. In Figure 106,

the bilT~of-material combustor with fuel at 244K required at Teast 340 kg/hr

for a full 9 can Tight while the 3-pass antimisting kerosene could, at best,

achieve a 1 can 1ight at 365 kg/hr. In Figure 107, the Tow emission combustor

with 244K 3-pass antimisting kerosene is shown, Jet A was not run, A fur) 9

can Tight was achieved with a fuel flow rate down to 295 kg/hr, Comparing this

to Figure 105 for a 3~-pass, it is seen that no performance penalty was

incurred for the low emission combustor at -29°C,

12.5.3 Combustion Test Summary
A summary of the test results is given in Table XLII., These results indicate
the emission levels produced from 1 and 3-pass antimisting kerosene are

unacceptable. Furthermore Tean blow out, relight and starting characteristics \
are somewhat inferior.
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TABLE XLI1I
COMBUSTOR PERFORMANCE TEST QUALITATIVE
{OVPARISON OF DEGRADED ANTIMISTING KEROSENE TO JET A

Bil1-of-Material Low Emissions
T=Pass 3=pPass 1=Pass 3=Pass

NO 0 1] 0 0
ggﬁke 0 2 En 9
TbtaIBgnbugngd Hydrocarbon - - - -

Lean Blow Qu - - o -
Relight Not Run " Not Run -

Sea Level Ignition Not Run - Not Run -

0 = Same

= = Worse

== = Much Worse

Although Gauiin processed antimisting fuels began to approach Jet A in terms
of flow characteristics (transitional velocity) and spray quality and
distribution during the Tatter stages of this program, it was not feasible to
test it in the combustor rigs due to scheduling constraints. It is the intent
of this section to discuss and assess the effect of the most recent fuel
injector spray evaluations in Section 11.0 on combustor performance.

The early combustor rig data was obtained at several engine simuTated
conditions, i.e,, idle, cruise and sea level takeoff. In general, there were
no adverse emissions or combustion efficiency effects at the cruise or sea
Tevel takeoff conditions using the 3 or T-pass antimisting kerosene fuels and
the only effects were at the idle condition. The combustor rig idle tests
results indicated that for bill-of-material and Tow emission injectors the use
of Jet A fuel yielded low emissions, higher combustion efficiency and lower
blowoff Timits than any tested Tevel of degraded antimisting kerosene. This
trend was consistent with the distribution data for variations in degradation
Tevels which was similar at SLTO but very different at idle conditions. The
combustor tests alse indicated a more significant deterioration in the
emission and combustion efficiency for the Tow emission injector when compared
to the biTl-of-material injector. The droplet data alone indicated the
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reverse, the drop1et size of the bill-of-material injector deteriorates more
rapidly than the Tow emission injector at idle when AMK fuel is sprayed.
However, the idle patternator data indicates that the low emission injector
fuel distribution changed from a hoTlow cone Jet A spray with no fuel in the
center to a semi~hollow spray cone using 3 and 1-pass antimisting kerosene and
this change could disrupt the primary zone recirculation pattern.

The most recent fuel injector data was recorded for levels of degradation
identified by a transitional velocity much 1ike that of Jdet (VT = §~10),

Spray droplet data at SLTO cold fuel conditions follows this trend as can hn
seen in Figure 108 where SMD is plotted vs. various degraded fuel types.
Perhaps even more important is the distribution data at idle where the highly
degraded fuels are almost indistinguishable Trom Jet A. Based on the early
combustion results and the more recent spray quality and distribution results,
it 1s implied that Tow power emissions might be very close to Jet A.
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Figure 108 SMD Variation for Various Degraded Fuels at SLTO Condition and -20°C
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13.0 CONCLUSIONS

The major results of this program are summarized in Table XLIII, A comparison
of transition velocity, filter ratio, number of JT8D pump passes and antimist
kerosene moTlecular weight is shown in the first four columns. The effects of
AMK on fiTiration, atomization and emissions and performance are tabulated as
a function of these fuel degradation Tevels. It can be seen that while engine
emissions and performance may be acceptable at a transition velocity of 5

i cm/sec, fuel system clogging problems would be expected at cold operating .
temperatures, A transition velocity of at least 8 cm/sec is necessary in the
control for satisfactory operation at reduced fuel temperatures for P&WA JT8D
and JT9D current engine components.

TAILE XLIII
1AJOR PROGRAN RESULTS

# of Passes Emfssions and
Transition  Filter  Thru J78D tal, Performance
Valocity flatio Fuel Pump Height Filtration Atonmization (Relative to Jot A)
10 Ho Filter Clogging
-20¢ “
8 FiTter Clogging Drop Size High Power
=25°C JT90 25% »Jot A
! Ho Filter Clogging Drop Size Low
i ~29°C J78D Power = Jet A
5,7 0,254
\ 5 tio FiTter Clogging Drop Size Wigh Power  Should Approach That of
Anbient JTBD 40% >Jet A det A
: Brop Size Low Power
5% et A
3 16 F{lter CTogging
«16°C Doth Engines
2.1 0.651
1.5 1.2 7 Filter Clogging
4°C Both Engines
: 0.5 3 3 Drop $ize 0% >Jet A N0y and Sroke Ho Change
505 Jet A Co and THC - Excessive
Relight, Ignitfon and LDO
Defjcient

" ——— L —
- o "~

The specific conclusions drawn Trom a series of laboratory and bench scale
experiments, and full scale components tests for the two year technical effort
are outlined in the following paragraphs.

e’
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Quality Control

Fuel analyses and quality contral were conducted to monii.* the physical and
chemical properties of the antimisting kerosene and 1its parent fuel to ensure
consistent quality. Although properties of the parent fuels in all batches
received appeared typical of Jet A fuel used for most commercial iz. aviation,
samples of the antimisting kerosene revealed unexpectedly high sodijuw Tevels
which could accelerate corrosion of the engine hot section,

Filter ratio measurements made on some as-received, undegraded antimisting
fuel samples produced high and non-reproducible values, Additional testing of
the batches suggested that the storage temperatures and times at these
temperatures may markedly affect the subsequent filter ratio of the fuel.

Fuel Degradation Measurements

The transition velocity method was improved and standardized as the primary
degradation measurement technique, Gel Permeation Chromatography, was
successtully appTlied which, together with the transition velocity methad,
quantified the degradation levels of antimisting kerosene,

The filter ratio method loses resolution at the higher Tevels of degradation
required for JT8D fuel system components (FR £ 2). Transition velocity and Gel
Permeation Chromatography are viable tools for monitoring the degradation
process and Gel Permeation Chromatography offers the additional benefit of
graphically displaying the distribution of apparent molecular weights of
degraded fuel, Furthermore, Gel Permeation Chromatography is capable of

amaTyzing gel residue depasited on fuel system components which alloys a
direct comparison with the original test fuei.

Peripheral Fuel System Requirements

Laboratory tests made with both undeweaded & degraded antimisting fuels
indicated that the thermal ssebility of aantimisting kerosene is at Teast as
good if not better than the parent Jet 4.
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Heat transfer measurements show a marked reduction in the heat transfer with
undegraded antimisting kerosene in the turbulent flow range., Degrading
antimisting kerosene to a filter ratio Tess than three would achieve
acceptable operation in the JT8D fuel-oil heat exchanger.

Static six month ambient and elevated temperature soak tests made with
elastomer seal materials normally employed in gas turbine engine fuel systems
resylted in only minor swelling which was within toTerable 1imits.

Although a copper corrosion test indicated more reaction with AMK than Jet A,
bronze materials in a fuel pump that accumulated more than 100 hours during
this tast program were not adversely effected by antimisting kerosene.

FiTterability Tests

The onset of filter clogging by AMK is dependent on degradation Tevel of the
fuel, pore size of the filter, temperature and flow velocity. As AMK is
degraded to higher Tevels or as fuel system velocities are decreased clogging
is less Tikely to be encountered. The clogging behavior of filters is
approximated by the degradation Tevel and true velocity of the fuel and not
the material, pore size or type of construction of the filter.

Filter clogging occurred from gel formation of the FM-9 polymer from the fuel
mixture. At Tow flow velocities, only the largest polymer species with the
highest moTecular weights are affected; however, as the fluid velocity is
increased progressively, smaller molecular species are brought out of
suspension to collect on the filter downstream surface. This results in an
exponential increase in clogging rate with increasing flow rate due to the
normal distribution of apparent AMK moTecular weights after degradation.

At the onset of clogging, the rate of clogging may be very slow and require an
extended test for detection. Care should be exercised in interpreting the
resuits of Jong term tests with recirculating antimisting kerosene as Gel
Permeation Chromatography results have shown some tendency for modification of
moTecular weight distribution with circulation.
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Filterahility properties, indicative of the antimisting kerosene degradation
Tevel required to meet the most demanding flow requirements in either the JT8D
or JTID engines, approaches those of Jet A. Extended filter tests at reduced
temperatures indicate a transition velocity above 8 cm/sec in the current JT9D
fuel contral (neat Jet A = 9 - 11 cm/sec) is necessary to prevent long term
clogging at cold temperatures (T < - 29°C).

Water Compatibility

Free water is incompatible with FM-9 AMK and causes destabilization and

precipitation of a polymer at the water~fuel interface, The precipitation

cccurs regardiess of the ratio of water to fuel as Tong as free water is

present. The presence of water induced precipitate results in paper filter

clogging which is not reversible during the deicing Process. The volume of

precipitate and the potential for clogging filters depends on the manner the T
water is introduced to the fuel. Water introduced by condensation of water é
vapor into cold fuel exists as small droplets with high surface area and :
results in a greater volume of precipitate than that caused by free water

introduction. The amount of water that can be dissolved in FM-8 AMK with no

phase separation was no greater in antimisting fuel than in Jet A fuel.

Reported increases in water solubility in FM-9 AMK result from the ability of

AMK to form relatively stable, milky appearing suspensions of fuel water

droplets.

Additional Studies

An evaluation of the compatibility of antimisting kerosene with several

approved Jet A additives indicated that only the anti~icing additive (Ethylene
Glycol Monomethyl Ether) was chemically incompatible, producing a lacy
deposit. Rheological effects (filter ratio changes) were recorded for the
various additives.
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Fuel Shearing Design Study

This study has indicated that a cavitating device {vortex venturi) can
theoretically achieve a transition velocity Tevel of 8 cm/sec with
considerably less energy consumption than that required by the JT8D fuel pump
or by the commercial devices that were tested. A staged pump venturi system
would only achieve on the order of 6 cm/sec and it would require upwards of
48,5 KW at JT8D SLTO conditions. This device requires upwards of 17 KW at JT8D
cruise conditions which relates to a TSFC penalty of 0.4%.

It may be possible to reduce the horsepower requirement by an improved vortex
venturi or by the proposed alternative device, Further analytical and

experimental work will be required to develop a practical degrader that is
airworthy and satisfies the entire flight spectrum of the aircraft,

Fuel Injector Performance Tests

Droplet size and distribution data need to be assessed together and at all
simuiated power levels to determine acceptable fuel spray quality for
combustion. The more degradation performed on the antimisting fuel, the closer
the fuel spray quality resembled Jet A, Fuel processed to a filter ratio of
approximately 3 produced a reasonably well atomized spray with s1ight
patternator variations from Jet A. Fuel processed to transition velocities of
5 cm/sec and above produced sprays almost indistinguishable from Jet A.

Combustor Performance Tests
Combustor performance tests conducted with JT8D bill-of-material and Tow
emission combustors while burning AMK degraded to filter ratios of 8 and 3

respectively, resulted in emission Tevels that were excessive and Tean
blowout, relight and starting characteristics that were somewhat deficient.
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Based on the spray quality and distribution data produced by more highly
degraded AMK (VT = § cm/sec) the combustor performance will definitely be
improved and approach that of Jet A,

Based on a careful assessment of the aforementioned conclusions and additional
test resuTts and analytical projections generated by this program, three
additional conclusions are made.

o Although it is technically feasible to operate a JT8D engine with 0.3%
FM~9 antimisting additive, commercial engine application is not justified
until several probiem areas discussed in this report are addressed and
subsequentTy solved. Furthermore, there is additional research and
deveTopment required before practical considerations are satisfied.

o The application of the results from this program can be applied to
simiTar components from other ajrcraft jet engines.

0 One of the major engine modifications projected to be required at this
time for the successful use of an antimisting fuel is the need for a
practical energy effective degrading device upstream of the engine to
provide the necessary processed fuel.

SUMMARY OF CONCLUSIONS
0 Highly degraded antimisting kerosene is necessary for satisfactory
operation at reduced fuel temperatures for PEWA current JT8D and JT9D

engine components.

o The antimisting kerosene revealed unéxpected1y high sodium Tevels which
could accelerate corrosion of the engine hot section.

o Filter ratio measurements made on some as-received, undegraded
antimisting fuel samples produced high and non-reproducible vaiues.
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o The transition velocity method was improved and standardized as the -
primary degradation measurement technique. Gel Permeation Chromatography,
was successfully applied which, together with the transition velocity
method, quantified the degradation Tevels of antimisting kerosene.

o The filter ratio method loses resolution at the higher Tevels of
degradation required for JT8D fuel system components (FR <2). Transition
velocity and Gel Permeation Chromatography are viable tools for
monitoring the degradation process and Gel Permeation Chromatography
offers the additional benefit of graphically displaying the distribution
of apparent moTecular weights of degraded fuel. Furthermore, Gel
Permeation Chromatography is capable of analyzing gel residue deposited
on fuel system components which allows a direct comparison with the
original test fuel.

o Thermal stability of antimisting kerosene is at least as good if not ,
better than the parent Jet A. i

o Static six month ambient and elevated temperature soak tests made with
elastomer seal materials normally employed in gas turbine engine fuel
systems resulted in onTy minor swelling which was within tolerable
Timits.

o Although a copper corrosion test indicated rore reaction with AMK than
Jet A, bronze materials in a fuel pump that accumulated more than 100
hours during this test program were not adversely effected by antimisting
kerosene.

o Filter clogging occurred from gel formation of the FM-9 polymer from the
fuel mixture. At Tow flow velocities, only the largest polymer species
with the highest molecular weights are affected; however, as the fluid
velocity is increased progressively, smaller molecular species are !
brought out of suspension to collect on the filter downstream surface.
This results in an exponential increase in clogging rate with increasing
flow rate due tp the normal distribution of apparent AMK molecular
weights after degradation.



o Free water is incompatible with FM-9 AMK and causes destabiTization and
pracipitation of a polymer at the water-fuel interface, The precipitation
occurs regardiess of the ratio of water to fuel as Tong as free water is
present. The presence of water induced precipitate results in paper
filter clogging which is not reversible during the deicing Process,

o Based on the combustor resuTts and fuel injector spray data, AMK degraded
to a Vi 2 5 cn/sec should achieve satisfactory combustor performance.

o Although it is technically feasible to operate a JT8D engine with 0,3%
FH~9 antimisting additive, commercial engine application is not justified
until several problem areas discussed in this report are addressed and
subsequently solved,

14,0 CONCLUDING REMARKS

Laboratory and full scale component tests, and analytical projections

conducted during the course of this program revealed probiem areas reqguiring

additional technology improvement before serious consideration can be given to
commercial engine use. !

o The AMK evaluated in this program must be improved or an atternative fuel
,developed with rheological and chemical properties more comparable to Jet _
A, Specifically, the fuel must be more tolerant to freze water, be more o
easily degraded to minimize the parasitic power Jloss, and be Tess i
susceptible to the formation of velocity induced gelling.

o The effects of storage times and temperatures should be further B
investigated to better quantify discrepancies in filter ratios between
different batches of fuel as well as between the as received samples and ﬁ
the original samples tested at the source of blending. A
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o A considerable amount of fupther analytical and experimental work will he
required to develop a practical degrader, Efforts should be directed in

the following areas:

= Gontinue the venturi investigation to obtain continuous area
reduction, improved degrader performance, and system durability
information,

- Conduct a design study of a compact venturi/pump combination to
determine: volume and Jocation, pintle and pump control requirements,
and to investigate the startup and restart capability of the system.

~ EvaTuate the ultrasonic generator by reviewing improved designs and
conducting demonstration tests of an improved version,

o The impact of the chemical and rheological effects documented during this
program with the addition of additives currently approved for use ‘in Jet
A (anti~icing, anti-corrosicn, bioxide, ete.) must be more fully
assessed.

o FiTter ratio and trénsition velocity should he used in conjunction with
Gel Permeation Chromatography to completely define the flow
characteristics of degraded AMK.

o The formuTation of antimisting kerosene with FM-9 additive must be
accomplished with at Teast an order of magnitude reduction in sodium.
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APPENDIX A

Procedure for Determining the Transition Velocity
A Measure of AMK Degradation Leve?l (1)

AssembTe the apparatus shown in Figure A-1. The device is basically a
millipore filtration apparatus with a ball valve added between the vacuum
flask and the filter support. In addition, the fine wire mesh filter
support is replaced with a 16 mesh wire screen.

Place a 47 mm diameter, 8 m pore size Nuclepore Tilter (2) on the support

and close the valve to the flask.

Add 300 m7 of the test fuel to the reservoir. Turn the vacuum pump on and

adjust

the vacuum Tevel to 2 inches mercury with the valve closed.

SimuTltaneously open the valve and start the timer, Rapidly make any fine
adjustment necessary to Keep the vacuum at the desired level. Record the
time to the nearest tenth of a second for all the fuel to pass through the

filter.

Using the same filter, repeat steps 8 and 4 at vacuum levels of 3, 4, 10,

5, and 20 in Hg vacuum.

Prepare a plot of Flow rate in cc/sec-cn? versus vacuum Tevel. Plot a
straight 1ine through the first three points and another straight Tine
through the top three points (3). The flow rate where the two Tines

intersect should be reported as the transition velocity in ce/sec-cmé,

Replace the fiTter for each additional fuel tested.

Notes:

(1)

(2)

93)

This test is not suitable for fuels with filter ratios greater than
two, For those fuels the filter ration is an adequate measure of
degradation. Solid debris in the fuel will give a biased resuit,

Nuciepore polycarbonate membrane filters manufactured by Nuclepore
Corporation, 7035 Commerce Circle, Pleasanton, CA., 94566, are
available from most scientific supply sources.

The transition point should occur at a vacuum level of 5% 2 in,

Hg. Jet A fuel should give a transition velocity of 9 = 2 cc/sec-cm@,
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ORIQIMNAL PACE 1S
OF POOR QUALITY

Figure A-1 Transition Velocity Apparatus
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APPENDIX B

Determination of Water Content of Antimisting Kerosenc {AMK) Fucl

Water was determined in AMK fuel by a semi-automated Kar1 Fischer titramotric
procedure. A coulometric titrameter, the Aqua Test 1I manufactured by the
Photovolt Corporation of New York, N.Y., was used for all water
determinatjons. After conditioning the titrator as described in the instrument
operations manual, an aliquot of AMK fuel was added to the titration vessel by
hypodermic syringe. The quantity of current required to complete the Karl

‘ Fischer reaction with water was recorded directily from the instrument digital
readout in total micrograms of water in the injected sample. The instrument
was calibrated prior to Injecting the sampie with injections of pure water.
thile precision was good for the determination of water in degraded AMK, poor
precision resulted from direct injection of undegraded AMK. It was found that
precision could be greatly improved by placing the undegraded AMK contained in
a closed 50 m1 volumetric in a laboratory ultrasonic both for 10 minutes prior
to moasurement in the Aqua Test IT instrument. @
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