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SECTION I

INTRODUCTION

This report represents a continuation of work performed by Boeing for the Air

Force to study the operational effects of increasing the freeze point of jet

fuel. Previous work, conducted under F33615-78-C-2001, is reported in

References I and 2, and provides the rationale for the approach used in the

study.

In the initial Boeing investigation (Reference 1) performed for the Air Force,

a method for establishing the fuel freeze point requirement based on

operational factors was established. The results of the study indicated that

the freeze point specification for JP-4 could be increased from the current
-580 C to approximately -460C without risk of inflight operational
interference. Recommendations for further work were made, and became the

basis for the study reported here.

1. BACKGROUND

Problems experienced by the Air Force in obtaining fuel supplies and

continuing price escalation, coupled with the increased use of heavy, more

difticult to process petroleum crudes and the projected use of syncrudes have

motivated the Air Force to re-examine the technical requirements of aviation

turbine fuel. Accordingly, a Government survey of US refiners (summarized in

References 3 and 4)was taken to determine what, if any, changes could be made

to the current fuel specification to aid in the production of fuel or to

motivate refiners to produce the fuel; freeze point was cited as being one of

the technical requirements which restricts the production of jet fuel.

In general, studies are being pursued which consider the effects of changing

the specifications to allow increased aromatic content, higher boiling and

0 freezing points, reduced flashpoint and lessening of thermal stability. These

were selected because of the sensitivity of refinery jet fuel yield to the

particular property, or in response to anticipated changes in crude quality.

The goals of these studies included determination of tne impact of fuel

property changes on fuel system design, investigation of the changes in other

o•1



interrelated fuel properties as well as changes in the effectiveness of fuel

additives and, as in the case of this study, investigation of the effect on

airplane operations of fuel property changes. In terms of the impact of

freeze point in particular, conclusions of the jet fuel availability study

(Reference 4) were that, for each 30C increase in freeze point an increase
in production yield of 5 to 10 percent could be achieved for kerosene type

fuels, and an increase of 5 to 20 percent for JP-4 fuels.

2. OBJECTIVE

The objective of this program was to conduct a further detailed assessment of

the low temperature environment to which USAF airplanes are exposed, make

recommendations as to the maximum acceptable freeze point, and deduce any

operational changes required with the use of higher freeze point fuel.

3. APPROACH -

Five USAF airplanes were to be studied including three from the previous

studies, the B-52, C-141, and KC-135. The A-10 and F-15 were also studied to

determine the usability of high freeze point fuels in tactical aircraft. The 5

routes studied were those which had a high probability of encountering extreme

low temperature conditions.

This work was performed in a sequence of interdependent tasks with the S

exception of the multi-dimensional heat transfer model development which

continued throughout the length of the program due to its complexity. The

steps were as follows:

S

Computer Program Development

o Extension of the existing one-dimensional (rectangular fuel tank) heat

transfer model to include the latent heat of fusion in fuel freezing

calculation p

o Development of a model to perform calculations of fuel temperature in

cylindrical geometries, as for pylon or tip tanks

p

o Development of fuel property data on specific heat, viscosity,

density, and thermal conductivity in the vicinity of the freeze point

2
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o Improvement of ROUTEMP to perform statistical analysis of routes

Calculation of Thermal Exposure Extremes

o Identification of routes, in particular the northernmost routes, which

each airplane type is required to fly 7

o Identification of the most critical tank for each airplane from a low

temperature standpoint

o Determination of fuel usage for the critical tank as a function of

time of flight for each aircraft

o Expansion of an atmospheric thermal exposure data base, and

definition of ambient temperature versus time of flight along each

route

o Development of a ground thermal exposure data base, and definition of

ambient temperature versus time prior to each mission

o Calculation of the fuel thermal profile development (fuel temperature

versus fuel tank height) in the critical tank as a result of the time

varying thermal environment

o Calculation of the amount of fuel expected to be frozen at different

times during the worst case missions

Experimental Verification
o Measurement of the fuel freezing (holdup) characteristics of each of

the selected test fuels

o Simulation of route temperatures in the cold fuel simulator tank to

verify the predictions of thermal profile development computer program

dnd to evaluate fuel freezing predictions

- Analysis of the Effect of Increasing Fuel Freeze Point

o Determination of the probability of operational interference, i.e.

instances in which frozen fuel would impact airplane performance, with

increasing fuel freeze point

. . . . . . . .. . . . .. •.*..



o Evaluation of current operating procedures and recommendation of

changes that would allow the Air Force to use higher freeze point fuels

o Assessment of abnormal operating conditions or failure modes which

could affect the fuel freeze point requirement

Based on the results of these steps, a maximum fuel freeze point

recommendation was made to the Air Force for a general purpose turbine engine

fuel.

4. SUMMARY

The results of this study indicate that -500C is the maximum fuel freeze

point that can be used if all of the operational requirements of the fire

study airplane are to be met. The limiting case was the ground temperature

exposure at Eielson AF3, Alaska, where the A-10 and KC-135 are based, and

where extreme temperatures as low as -500C are known to have occurred for

periods as long as 24 hours. If the extreme Eielson AFB case is neglected,

the next highest freeze point which would satisfy operational requirements is

-480C, assuming that a remote, but finite, possibility of fuel freezing is

acceptable.

A related question of the acceptability of Jet A-i, which has a freeze point

of -470C, for use in northern Europe arose during the conduct of this

study. Review of surface temperature data for northern Europe showed not only

that -470C is an acceptable specification, but that a maximum as high as

-430 would not be likely to create any operational difficulties. Again,

this conclusion is based on examination of surface temperatures. A final

conclusion should include examination of the fuel systems of the airplanes in

question, as well as their missions; route, altitude, and airspeed.

Experience with atmospheric temperatures encountered for the missions of the

five study airplanes indicates a freeze point of -480C would be satisfactory

for European operations. It is therefore concluded that -470C would also be

acceptable, with an estimated probability of operational interference of less

than 1.0% during the winter months.

4iil
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SECTION II

THERMAL EXPOSURE CALCULATIONS

Given specific fuel system information, tank geometry, fuel management

procedures, and details of the missions for each study airplane, an analytical

model was used to predict fuel temperatures as a function of mission time, and
in turn, the quantity of frozen fuel as a function of time.

1. ROUTE STRUCTURE

Two classes of routes were considered, one for long range airplanes, and a

second for smaller airplanes.

a. Long Range Airplanes

Routes were selected for each airplane which emphasized Arctic and long

endurance/high altitude flights. Ten operational routes per airplane had been

studied earlier for the B-52, C-141, and KC-135. Three of these ten routes

were selected for re-evaluation using the same airplanes with the new

capabilities developed during this study which included:

o a larger atmospheric data base

o a ground temperature data base using actual data from the takeoff bases

o an improved heat transfer model which included more accurate hold up

predictions

The mission routes, also called tracks, are shown plotted for each airplane on

a polar projection of the northern hemisphere in Figures 1, 2, and 3. The

severity of both ground and atmospheric thermal exposures was considered in

the selection of the study routes. Data characterizing ground temperatures

during the winter months at each of the B-52, C-141, and KC-135 takeoff bases

were obtained and are plotted in Figures 4 and 5. The routes selected which

had the most severe temperature exposure both on the ground prior to flight

and inflight, are listed in Table 1.

The mission chosen for the KC-135 was that of inflight refueling of the B-52

airplanes. Accordingly, the KC-135 tracks coincide with the initial portions

of the B-52 tracks; the KC-135s then turn around after aerial refueling

(usually just prior to B-52 penetration) and return to the takeoff base. The

5
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Figure 7. 8-52 Routes



Figure 2. C- 141 Routes
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Figure 3. KC- 135 Routes
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Table 1. B-52, C-141, and KC-135 Selected Tracks and Takeoff Bases

Airplane Track Takeoff Base

B-52 1 Minot, ND

3 Grand Forks, ND

4 Grand Forks, ND

rC-141 1 Emendorf, AK

8 Elmendorf, AK

10 Thule, GI

KC-135 3 Grand Forks, ND
5 Minot, ND

10 Eielson, AK

-1
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B-52 and KC-135 tracks are representative of wartime missions and the need to

fly these or similar tracks during wartime is estimated to have a probability

of 80%. Peacetime missions for these airplanes were determined to take place
in warmer climates, and were thus less severe. The C-141 missions examined

were expected to be flown in peacetime or wartime. The need for flying the

selected routes was estimated to be 2% based on C-141 fleet operating

experience.

b. Tactical Airplanes

Two tactical airplanes were also selected for study, the A-l0 and F-lb. Low

speed, long duration winter flights in northerly latitudes were sought, and

resulted in the identification of a relatively few ferry and combat missions.

The use of northern routes for ferry missions with these airplanes is limited

by the lack of suitable abort bases, therefore, most of the ferry missions

(peacetime and wartime contingency) are flown considerably south of the routes

(Figure 6).

Operational F-15 and A-10 missions of interest to this study were more

difficult to identify, and a multiple step process was required. Four flight

profiles (Figures 7 and B) were established for both the A-lD and F-15, and

the operating bases identified which have very cold winter environments.

Ground temperature data for the winter months were tabulated for each of these

bases (Figures 9 ana 10) to determine the most severe. Routes were then

defined which departed from the selected worst case bases (Grissom AFB and

Eielson AFB for the A-lu, and Minot AFB and Elmendorf AFB for the F-15) in the

direction of the coldest average inflight temperature (Figures 11 and 12).

c. Track Conversions

The mission tracks for all five airplanes were converted into latitude,

longitude, altitude and airspeed (Appendix A).

2. FUEL MANAGEMENT

The low temperature critical fuel tank for each study is the one in which the

fuel becomes the coldest due to thermal exposure and fuel management. In

airplanes with several integral wing tanks, the outboard wing tank is normally

."2
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Figure 11. A- 10 Short Range Mission Rou tes
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the one from which the fuel is used last. (Retaining outboard wing fuel until

late in the mission reduces wing bending moments and extends the airplane's

structural life). Fuel tank location of the three study airplanes of this

type (B-52, C-141, and KC-135) are shown in Figures 13, 14 and 15, and fuel

usage sequences are given in Appendix B. Fuel management in fighter/attack

airplanes with only one fuel tank per wing is considerably different; wing

fuel is commonly consumed early in the mission for vulnerability reduction.

In these airplanes, fuel is often carried in external cylindrical-shaped

tanks. The A-1O and F-15 both have a single internal fuel tank per wing and

have two or more external tanks; the configurations are shown in Figures 16

and 17 and the fuel management sequences given in Appendix B. All fuel

management and fuel tank geometry data were obtained from the airplane

technical orders (References 5 through 14).

3. ATMOSPHERIC THERMAL EXPOSURE

The purpose of this portion of the study was to determine the magnitude and

extent of cold regions along the desired routes. In addition, the likelihood

of encountering the extreme low temperature conditions was evaluated.

The basis for these calculations was a library of magnetic tapes which were

acquired from the National Center for Atmospheric Research (NCAR) from which

was extrdcted the atmospheric data base. The fifteen year data base covers

the period from 196b through 1982 (excluding 1971 and 1972) and contains

twice-daily records of temperature at various altitudes to 53,000 feet at each

of 1,977 grid points covering most of the Northern Hemisphere (Figure 18).

Only winter data (15 December through 14 March) were examined in the present

study since the most severe low temperature problems occur during the winter

months.

a. Thermal Exposure

The theraial exposures were extracted from the data base by specifying the

latItude, longitude, altitude, and airspeed that define each airplane

trajectory, with the thermal exposure of the airplane between tne established

grid points (Figure 18) determined by interpolation. The time averaged

temperature along each route was used to identify the 15 worst case cold days

20
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BID

TANK UELTAK SRICDGL

MAINS I& 4 4,124 4,144
MAINS 2 & 3 4,550 4,588
RESERVES 1 & 4 868 870

PFWD BODY 5,800 5,811
CNTR WING 7,306 7,339
AFT BODY 6,378 6,418

tUPPER DECK 2,174 2,184
LTOTAL 7 3-1,200 31,35

Figure 15. KC- 135 Fuel Tank Locations
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are reported in Appendix C, Figures C-la through C-29a, and the single worst
case cold day ambient and recovery temperatures, in Figures C-lb through

C-29b. The recovery temperature, Tr, (Reference 15) forms the time varying

thermal boundary condition for the temperature calculations, and is defined as

-I 2 (T r  = T . I + r(- - MO] ( )i.

where T = free stream temperature

r = recovery factor (=0.9)

= Cp/C ( - 1.4 for air)
p v

Mw = free stream Mach number

The recovery factor r is taken to be the cube root of the Prandtl number

(P r) for turbulent flow and since Pr is independent of any characteristic

dimension, it is essentially constant over all airplane surfaces

(Reference 16).

b. Verification of Atmospheric Temperature Data Base

Data were made available during this study which provided the first

opportunity to check the Boeing atmospheric data base and computer program

which predicts enroute temperatures. Flight test data were obtained for two

flights from the NASA Global Air Sampling Program (GASP). The data were

provided by Mr. Robert Friedman of the NASA-Lewis Research Center, and was

qualified at the time as preliminary data (Reference 17). The route

information (latitude, altitude, and airspeed) was input to ROUTEMP (computer

program described in paragraph c) to extract predicted enroute temperatures

for the days on which the flights occurred, and the results compared to the

flight test measurements (Figures 19a and 19b). The flight test data included

static temperature, inferred from the measured total temperature. The route

input data is reported in Appendix A. The data base temperatures were

interpolated from data which were recorded at twelve-nour intervals bounding

the period during which the flight actually occurred. The data for I December

1978 agree very well except for a 60-70 minute period during the middle of the

flight. Agreement for the 25 November 1978 flight is not as close, especially

after the 450 minute point. However, considering the relatively low frequency

27
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dt which the wedther service record data, and the fact Lldt atmosphk ric data

is drawn from isotnerm and isobar maps which are based 0n comparatively few

points, the overa I agreement is quite good. Note that th± lowest

temperatures encountered correspond within 3 to 50C, and that the periods in

which temperatures increase and decrease correlate well.

In order to accomplish the extraction of data for the two flights referenced
above, it was necessary to further modify the ROUTEMP computer program to

select the date and time specified (rather than the 1b worst case days as

described earlier). Note also that the 2 days of interest are out.side the

90-day period covered by the atmospheric data base (Section 11.4). A version

of the program was created which will now search any NCAR magnetic tape ana

extract temperatures along designated route. Should more route-temperature

data become available in the future, this version can be used to further check

the validity of the data base search technique.

C. Statistical Analysis of Atmospheric Thermal Exposure

A statistical analysis was performed to evaluate the probability of a severe

low temperature encounter. It was performed by modifying the computer program

(ROUTEMP) which extracts the thermal exposure data to further process the

temperature data, generating useful information relative to the duration and
frequency of low temperature exposures. The analysis also ensured that the

cases selected for study included a representative number of extreme low

temiiperature exposures as well as extremes of time averaged temperature.

(1) Duration of Low Temperature Encounters

Tne first modification was to quantify the magnitude and duration of low

temperature exposure on a given route. A sample of the output ot R(UUEMP

portraying jnibient temperature encountered versus flight time is snown in
Figure 20a. Five-degree temperature increments were defined, as indicated by

the d~siied lines in the f igure. As the route is "f town", the length ot time

spernt helo(w each temperature is accumulated for each flight along a specified

route. For example, on the day depicted in Figure Oa:
0 )

-h C or less is encountered for 330 minutes: C.( '( or less is encountered for 29U minlutes.-

29
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o -70°C or less is encountered for 9U minutes

o -75°C was never encountered

These data were accumulated on tape for each day, and used to generate a plot

of the type represented in Figure 20b which shows:

o no exposures at or below -800C, and relatively few of short ouration

below -750C and -700C

o approximately 300 exposures to -650C for 100 minutes

These "duration of exceedance" plots for all the study routes are contained in

Appendix C, Figures C-Ic through C-29c.

(2) Frequency of Encounters

A frequency distribution was also created for each route based on the

time-averaged (ambient) temperature of the route for each sample. It was

hypothesized that either of two types of distribution might result. The first

(Figure 21a) represents a nearly normal distribution of average temperatures.

In this case, a large number of days (samples) may appear in the low

temperature "tail" of the distribution where the fifteen worst cases are

located. This would indicate that a large number of days are nearly as

severe, on average, as the nominal 15 cases selected in previous studies and

that a fuel unacceptable on these few days would be a major operational

problem. If, on the other hand, a skewed distribution was found (Figure 21b),

it would indicate that a relatively few days are included in or near the low

temperature tail, and that a fuel which could not meet the requirements of the

low temperature extreme might still be satisfactory in operational use, that

is, carry small risk of operational interference.

The distribution constructed for C-141 Track 10 is shown in Figure 21c. This

indicates an essentially normal distribution, as do the majority of the other

resulting distributions which are included in Appendix C, Figures C-Id through

C-29d. Due to the large number of samples contained in the data base,

approxlimately 2,700, the fifteen worst cases used in this study comprise only

the tip of the low temperature tail. They are, however, within only a few

degrees of a significant number of other near-worst cases.

31



L,
IA.
0

... Lu 5 W O R S T

-100 -75 -50 -25 0

TIME-AVERAGEO TEMPERATURE, C

Figure 21a. Quau-Normal Frequency Distribution

CA
La

z

c-

-100 -75 -50 -250

TIME-AVERAGED TEMPERATURE. C

Figure 21b. Skewd Distribution -

240

200

404

!6 -6 
-6 

9 5 4 4TIME-AVERAGE O TEMPERATURE, C

Figure 2 1c. Frequency Distribution of Time-Averaed

Ambient Temperture, C- 141 Track 10
"" ~32"'"

k : -! : : -. : :: : ;: - ; .-. : : x : : . - . - - -" . , - - • . - , . , , - . " , . - ' - . --



4. GROUND TEMPERATURE EXPOSURE

In military operations, most airplanes are refueled shortly after lanaing but

may not be flown again for many hours. Exposure to extremely low temperatures

during this waiting period could produce fuel freezing problems, depending on

*the type of fuel and loading temperature. To study this cold soak phenomenon,

ground temperature and surface wind data were obtained at selected stations

and thermal analyses performed.

Ground temperature data, termed surface data, were obtained from the USAF

Environmental Technical Applications Center (ETAC), which is co-located with

the National Climatic Center (NCC) in Asheville, North Carolina. Surface data

for U.S. Air Force Bases is available from ETAC, and for civilian airports

from NCC. The takeoff bases of the study routes are indicated in Table 2 for

reference.

Data tapes for each of these bases were obtained from USAFETAC, and a computer

program written to extract the temperature data. The program searches the

multi-year data, which contains temperatures recorded at 1-hour intervals, and

identifies the ten lowest temperature 24-hour periods on a time-averaged

basis; a frequency distribution of the 24-hour averages similar to that

generated for the atmospheric data is simultaneously generated. The time

period covered by the available data varied from one base to another (Table

3), but generally includes either 14 or 15 years. Data were not readily

available for the years 1971 and 1972.

An example of the computer search product is given in Fijures 2?a and 22b,

with the remainder of the data included as Appendix D. Figure 22a indicates,

for example, that the worst case 24-hour period at Grand Forks AFB was about

-32.5°C for the period of time surveyed; Figure 22b indicates that the

probability of encountering temperature below -10°C for the time surveyed is

about 65%. Data received for Hancock Field, NY and Sondrestrom, GL are also

included in Appendix D for reference, but were not used in this study. The

single lowest temperature 24-hour period is represented in the figure by a

solid line, and the next lowest nine periods by dotted lines. The date and

time of each case is given in the legend; for example, 1286b.UO indicates the

day of 28 January 1966, beginning at 0000 hours GMT (Greenwich Mean Time).
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Table 2. Takeoff Bases for Study Routes

Eielson Elmendorf Grand Forks Grissom Langley Minot Sawyer Thule
Alaska Alaska North Dakota Indiana Virginia NO Michigan Greenland

B-52

1 "x
3 X
4 X

C-141

1 x
8 X

10 x

KC-135

3 x
5 x

10 X x

A-0 *

*1 X
2 X
3 X
4 X
5 X
6 x
7 X
8 x
9 x

10 x

F-15 *

1 x
2 X
3 x
4 x
5 X
6 X
7 x
8 x
9 x

10 x

* assumed takeoff bases

34
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Table 3. Time Period Covered by Available Surface Temperature Data

Base Period of Record

Eielson AK Jan 65-Dec 70 and Jan 73-Dec 82

Elmendorf AK Jan 65-Dec 70 and Jan 73-Dec 81

Grand Forks ND Jan 65-Dec 70 and Jan 73-Dec 82

Grissom IN Jan b5-Dec 70 and Jan 73-Dec 82

Hdncock Field NY Jan 60-Dec 64 and Jan 73-Dec 82

Minot ND Jan 65-Dec 70 and Jan 73-Dec 82

Sondrestrom GL Jan 65-Dec 70 and Jan 73-Dec 82

Thule GL Jan 65-Dec 70 and Jan 73-Dec 81

-I
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based on a limited investLgation of military and commercial operating bases,

nu records are kept ot the temperatures at which fuel is loaded into airplane

tanks. However, previous studies have shown that the tank temperatures

achievea after 24-hour cold soaks are essentially independent of loading

temperature. An arbitrary loading temperature of J UC was, therefore,

assumed for this study.

5. THERMAL MODEL DEVELOPMENT

Two models are used to calculate temperature versus time in airplane tuel

tanks. Wing tank computations are done in a one-dimensional model , while

cylindrical tank computations are done in a two-dimensional model. both

models use fuel properties as next described, after which the computer

programs are discussed.

An earlier developed one-dimensional (1-D) heat transfer program was improved

to accurately predict the thermal behavior of fuel when significant dmounts of

frozen fuel are present on the upper and lower surfaces. Previous analytic
0

efforts were hindered by a lack of knowledge of fuel properties below -40 C;

for exdmple, the most recent Coordinating Research Council fuel property

handbook (Reference 18) presents no fuel properties below -4U0 C and it is

tempting to assume that property variations at lower temperatures can be

linearly extrapolated. This assumption must be in error for specific heat,

since the latent heat of solidification will cause an apparent non-linedr

change at and below the freeze point. Work was done to develop specific heat,

thermal conductivity, density and viscosity for low temperatures. and tu

inteyrate it into the I-D computer prograi.

The yeom.try ot a rectangular tank permits the use of a one-dumensional mudeL

to solve the energy equations without solving the other conservation

equations. Cylindrical geometries, however, do not permit these

simplitications and tne solution must be carried out in two dimensions and

involves simultaneous solution of the mass, momentum and energy conservation

equdtion',.
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a. Fuel Properties at Low Temperature

Without full knowledge of the thermodynamic properties of fuel in the low

temperature range, any mathematical solution for temperature will be

substantially in error when compared to experiment. Specifically, no method

can be created to accurately locate the liquid-solid interface in fuel tanks

without knowing or assuming values for the thermodynamic properties of fuel

(specific heat, viscosity, density, and thermal conductivity) which undergo

major changes during and after the freezing process.

To develop the needed data, fuel samples of various types were obtained from

the Navy and the Air Force, and fuel property measurements were performed by

the Boeing Materials Technology laboratory. This fuel property data was

generated for the temperature range from OC to -600C. The fuel types are

listed in Table 4; the identification numbers given in the table are used
throughout this section to refer to individual samples. Composition data

supplied with each sample is listed in Table 4, and routine fuel analysis data

in Appendix E, Fuel Characterization Data. Data spread within a particular
fuel type can be attributed to differing P-N-A (paraffin-naphthene-aromatic)

ratios.

(1) Density

Gas turbine fuel density variation with temperature is a critical requirement

in calculations involving free convection heat transfer. Figures 23d through

23c show low temperature density characteristics of various aircraft fuels

obtained from laboratory experimentation. For the various blends of JP-4

shown in Figure 23a variations in density are small. Data from the

Coordinating Research Council (Reference 18) and Schmidt/Momenthy (Reference

19) are shown with the Boeing laboratory measurements for comparison, denoted

CR and SM, resoectively. It can be seen that JP-5 and JP-8 (Figures 23b and

23c) are higher density fuels and there is a wider variation density between

blends.

Tne low temperature density characteristics of JP-4 fuel were used in the one

and two dimensional heat transfer models. Fuel density was selected from a

straight line fit of the Schmidt/Momenthy data shown in Figure 23d.
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Table 4. Fuel Sample Identification

IDENTIFICATION FUEL TYPE FREEZE POINT DESCRIPTION SOURCE

81-POSF-114 JP-4 -b30C hl-ei utc
81-POSF-114 JP-4 -63 C Shale-derived S>untech

82-POSF-125 JP-4 -bU C Petroleum, spec Friendswood

8 2-PUSF-159 JP-4 <_00CPetroleum, spec Exxon

82-POSF-168 JP-8 -69 C Petroleum

82-POSF-445 JP-8 -440C Petroleum Tyndall

82-POSF-447 JP-4 -640C Petroleum

83-POSF-562 JP-8 -52 0 C Shale-derived Sohio

83-POSF-709 Jet A -470 Shell

NAPC-1 JP-5 -32~0CMdfe (otospc Sueh
NAPC-2 JP-5 -2C Modified (out-of-spec) Suntech

NAPC-2 JP-5 -2760C Modified (out-of-spec) Suntech

NAPC-4 JP-5 -6CModified (out-of-spec) Suntech

NAPC-b JP-5 -35C Lowiie aromat -s Suntech

NAPC-b JP-5 -56 HighLo aromatic Suntech

00
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(2) Viscosity

The viscosity of an aircraft fuel is a measure of the internal resistance to

flow due to molecular motion. Lowering the temperature of the fuel increases

its viscosity.

Recent measurements of viscosity at low temperatures for various blends of

JP-4, JP-5, and JP-8 are shown in Figures 24a through 24b. The figures also

show data obtained by Schmidt/Momenthy, Coordinating Research Council and

Exxon (EXX, Reference 20). Variation in the laboratory measured viscosity

data is small between the various blends and fuel types. The laboratory data

agree with published data, particularly at low temperatures. As with the

density data, the viscosity data used in the 1-D and 2-D heat transfer models

are shown in Figure 24d.

(3) Specific Heat

When the temperature of a unit mass of fuel is changed, the amount of heat

energy transferred per degree of temperature change is called the specific

heat. Fuel specific heat varies with temperature, particularly near the

freeze point. Boeing Laboratory measured values of specific heat for various

blends of JP-4, JP-5 and JP-8 are shown in Figures 25a through 25c. The

specific heat data used in the 1-D and 2-D heat transfer models was a

combination of lab data (at and below freezing) and the values obtained fromii

Schmidt/Momenthy (Figure 25d) above freezing.

The specific heat of fuel at low temperature is also being studied by Moynihan

(References 21, 22, and 23). A comparison of Moynihan's data and the Boeing

lab measurements for the same fuels is shown in Figure 26. The Jet A

measurements agree fairly well, however, a reason for the difference in JP-5

measurements has not been investigated. Unlike the density and viscosity

measurements which were tightly grouped, there is a large variation in the

value of specific heat within and between fuel types which is likely to be due

to varying compositions. Also, each of the fuel blends has a different freeze

point and the curves indicate there might be a correlation between fuel

specific heat and freeze point.
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(4) Thermal Conductivity

The thermal property that regulates the rate at which heat can flow through

the fuel by conduction is called thermal conductivity. For purposes of this

study, thermal conductivity for all fuel types was assumed to be the same, no

experimental data was obtained for this property because of the difficulty of

measurement. Values for thermal conductivity were obtained from the Boeing

Design Manual (Reference 24) and the CRC fuel properties manual shown in

Figure 27. There appears to be a strong disagreement between the Boeing and

CRC data and no new data are available at or below most fuel freeze points.

b. Wing Fuel Tank Heat Transfer Model

In the development of the analytical method to calculate fuel temperatures it

was necessary to account for the following factors which contribute to the

heat transfer:

o initial fuel temperature resulting from pre-flight ambient exposure

o periodic transitions from cooling to heating to cooling of the fuel

tanks caused by flying into and out of warmer air masses

o changing wetted area of the fuel tank as fuel is consumed

o influence of increasing fuel tank ullage on heat transfer

o influence of fuel freezing on heat transfer

A flow diagram of the computational procedure is shown in Figure 28.

The problem of calculating fuel temperatures in an airplane wing tank can be
reduced to a one-dimensional transient heat transfer problem T=T(x,-1), where

the temperature (T) is a function of tank height (x) and time (-), assuming

that temperature variations in the span-wise and fore-and-aft directions are

negligible compared to top and bottom variations. This assumption is based on

order of magnitude arguments which consider tank depth to tank lateral

* dimensional ratios. Because tank depth varies in the spanwise direction, the

region modeled was chosen to be the inboard portion of the fuel tank. The

dominant low temperature effects were anticipated to occur in this location

since the fuel in that zone of the tank is usually used last.
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During cooling the denser layers of cooled fuel at the top of the tank will

tend to settle, creating a free convective zone in the upper portion of the

tank (Figure 29). The cold layer of fuel along the skin at the bottom of the

tank tends to be stagnant, and too dense to be penetrated by the low velocity

fuel descending from the top of the tank. Thus heat transfer at the bottom of

the tank is primarily a conductive process. At the beginning of the cooling

process when the tank is full, the majority of fuel is involved in the

convection process; because of convectively driven mixing, the convective zone

is characterized by a nearly constant (bulk) temperature. Over time, as the

temperature of the fuel decreases and approaches that of the tank skins, the

driving force for convection is reduced, and the convection zone decreases in

depth while the conduction zone grows.

During heating of the fuel, the heat transfer processes described in the

preceding paragraph are reversed, with a convection zone forming at the bottom

and a conduction zone at the top of the tank.

As fuel is withdrawn from the tank, the liquid contact is broken, an air space

develops at the top of the tank, and there is a reduction in heat transfer

through the upper skin which is also accounted for by the program. The

position of the air space depends on the wing dihedral angle. In a cooling

situation, a convective zone forms in the air space, which in turn drives

convection in the upper portion of the remaining fuel. The convection heat

transfer which predominates in the wetted condition loses most of its driving

force once an air space develops, and the heat transfer rate at the upper skin

is greatly reduced. The predicted effect of a completely nonwetted upper skin

is shown in Figure 30 for a KC-135 flight.

The computer solution logic was designed to evaluate internal conditions in

the tank by:

o reference to the Grashof number in the convective zone

o solving the unsteady thermal diffusion equation in the conduction zone

o matching temperatures at the convective/conductive zone interface
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(1) Convective Heat Transfer Relations

When the temperature differences between the tank skin and the bulk fuel are

large, the resultant free convection flows are likely to be turbulent. For

smaller differences, the flow tends to be laminar. The criterion used is the

Grashof number (Gr). Accordingly, the free convective heat transfer

correlation used in the thermal analysis have the form given in Equation (2);

the value of C1 is slightly dependent on tank depth, and C2 is associated

with the Grashof number (Table 5).

h =C (. r K (2)
f 1 (r.Pr)C 2

where,

hf fuel side heat transfer coefficient

Ic = characteristic length

The characteristic length used in the correlations is defined as

h 1v
1 c = hv (3)

h v

where,

1h = 11adximum lateral dimension

IV = height of tank

(2) Conductive Heat Transfer Relations

During the cooling of liquid fuel, heat is transferred from the tank by

conduction through the bottom wall. Within the conductive region, the thermal

diffusion equation applies

o2 T 1 dT (4)
a x ~l
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I

where,

= thermal diffusivity of fuel, k/(p Cp
pJ

As long as the fuel remains a liquid, the thermal properties (k, p, and

C ) can be evaluated at the average of the skin and bulk temperatures. As

the fuel begins to freeze, the large changes in the value of the specific heat

and of the viscosity make it necessary to evaluate the properties as a

function of temperature in the conduction zone. The sudden change in specific

heat is, of course, due to the latent heat of solidification which is released

as the fuel begins to freeze.

However, acceptable (if conservative) analytical results have been obtained

without considering this term as long as the other thermal properties in the

freezing region are accurately evaluated, and it has therefore been neglected

in the current analysis.

(2) Boundary Conditions for the One-Dimensional Model

Boundary conditions which describe the interface conditions at the tank skins

have been previously reported, (Reference 1),but will be described briefly for

completeness. Correlations found in the literature were used to define

exterior (air side) heat transfer coefficients in terms of flight conditions,

the reference temperature, and the reference Reynolds number (Reference 25).

All the necessary values can be obtained from airplane altitude, speed

(V), and ambient temperature (T), defined by the flight profile.

Boundary conditions then have the form

Bottom Skin:

dT
ha (Ts Tr = -kf r flower skin (5)

Top Skin:

ha (Ts  Tr) = p dTb dx Iconvectio n zone (6)
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where,

x = vertical distance
h = air side convective heat transfer coefficent

a
kf = thermal conductivity of fuel

T = skin temperature

Tr = recovery temperature
Tb = convection zone (bulk) temperature

As the computer simulation proceeds through a given mission, the boundary

conditions are updated according to the changing thermal environment.

(4) Initial Conditions

The initial conditions for the solution are the temperature distribution in
the fuel tank at the start of the calculation. Commonly, the temperature is

considered uniform, and equal to the temperature at which fuel is loaded into

the tanks. The calculation usually begins 24 hours prior to takeoff, during

which time the boundary conditions are the soaking temperatures of the ground

environment. This procedure ensures that the fuel temperature at takeoff

properly reflects the thermal environment at the takeoff base.

(5) Estimation of Holdup Due To Fuel Freezing

The estimation of the quantity of frozen fuel (holdup) based on fuel

temperature is an integral part of the one-dimensional thermal model (Figure

28). The first formation of frozen fuel will be along the wetted tank skins.

In a full tank, if low temperatures are sustained, the entire upper and lower

surfaces will be covered with a layer of frozen fuel which will thicken with

increasing time and inhibit the loss of heat by convection as described

earlier.

In addition to the thermal profile of the fuel in the tank, the hold-up

calculations require information on the percentage of non-flowable (holdup)

fuel as a function of temperature in an isothermal fuel sample. The test

device used to generate these data is known as a Shell-Thornton tester

(Reference 26). In this test, a 100 ml sample of fuel in a metal container is
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iminersed into d constant low temperature bath long enougjh to reach thermal
equilibrium. A valve is then opened from the top chamber to a lower chamber,

allowing fuel to flow. Any remaining liquid fuel is drained and its volume

measured, and the percent non-flowable fuel is calculated. The test is

repeated at several different bath temperatures for the construction of d

holdup curve; a typical Shell-Thornton test curve is shown in Figure 31a. The

extent of the "tails" (the approach to zero percent holdup) of the curve is

strongly dependent on the fuel chemistry.

To calculate the amount of fuel hold-up in a fuel tank, the in-tank

temperature profile is subaivided into N equal increments (Figure 31b) and the

average temperature, TAVG = 1/2(T 1+T2), in each X increment is

calculated. Each .X layer is treated as isothermal to compute the percent

hold-up from the Shell-Thornton curve. The mass of fuel hold-up in each layer

is pAaX, where A is the tank area. The mass percent of fuel hold-up in

the tank is found by summing the hold-up mass (mi) in each layer and

dividing by the total mass in the tank.

100 N
mass hold-up ( 1 N m. (7)

in i=1

It is important to note that an accurate holdup estimate depends entirely on

an accurate temperature profile (temperature vs. depth), that is, an accurate
model of the freezing phenomenon. This is illustrated clearly in Figure 32.

The layers of frozen fuel will interfere with convective processes, reducing

heat transfer, and resulting in less predicted holdup. If the inhibition ot

the convective heat transfer is not taken into account, the apparent

temperature will continue to decrease and more holdup will be predicted.

c. External Fuel Tank Heat Transfer

Based on a recommendation from the previous study (Reference 1), heat transfer

in cylindrical tanks, representative of pylon and tip tanks, has been

examined. The fuel in these tanks is susceptible to freezing due to extremely

low ground temperatures or fuel management during flight, dS are internal fuel

tanks, however, the existing model does not account for the two dimensional

effects expected because of wall curvature.
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During the course of this study, the Navy awarded Boeing a contract to perform

multi-dimensional thermal modeling of airplane fuel tanks. Because the goals

of the Air Force and Navy programs were closely related,an arrangement was

developed to avoid duplication of effort. Background work and problem

definition were accomplished under the Air Force contract and analysis

proceeded under the Navy program. As each phase of the analysis was
completed, the analytical techniques were applied to the computation of fuel

temperatures in Air Force airplanes. At the time of the preparation of this

report the two-dimensional analysis of a cylindrical fuel tank with time

varying boundary conditions had been completed, with the effects of fuel

removal and of fuel freezing to be next examined.

The mathematical model employed in the analysis is PHOENICS, an existing

general purpose computer program. PHOENICS solves the time-averaged

conservation equations for a finite number of small control volumes (cells)

which artificially subdivide the tank volume (References 27 and 28). The

elements of the solution procedure used by PHOENICS are described in the

following paragraphs.

When heat is transferred to the fuel in more than one direction, as would be

the case for an external fuel tank, a multi-dimensional transient heat

transfer analysis is required. This class of heat transfer problem, generally

referred to in the literature as buoyantly driven flow, is characterized by

complex flow phenomena such as

o attached wall boundary layer flow over the near vertical portions of

the tank

o separated wall boundary layers with buoyant plumes from horizontal

walls

o different flow regimes (e.g., laminar, transition, and turbulent)

o vortical cells, and complex unsteady circulation patterns

o inherent coupling between the boundary regions and the core regions

(exterior to the boundary layer); the two regions cannot be treated

independently in the analysis.

Other factors which complicate the heat transfer process during flight are:

o the tank dynamics (slosh and vibration)

o the angle of attack (tank inclined with respect to the gravity vector)
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o free surface (partially full tank)

o nonuniform tank wall temperatures

o internal structure (ribs and baffles)

(1) Rayleigh Number

The dimensionless group which characterizes the heat transfer process for

natural convection in enclosures is the Rayleigh number, Ra, defined as

3
Ra = Pr'Gr = ogATL /va (8)

where, Pr = Prandtl number

Gr = Grashof number

o= volumetric expansion coefficient

&T = temperature difference

L = characteristic length

v = kinematic viscosity

= thermal diffusivity

g = local acceleration of gravity

Physically, Ra represents the ratio of buoyant and inertial effects to viscous

and thermal diffusion effects. During the early portion of a low temperature

flight (when the bulk fuel temperature is relatively high) the AT between

the tank skin and bulk fuel can reach 500C causing the Ra to reach d

maximum; values of the order of 1012 (based on L=20 inches) are typical.

Later in the flight, as the bulk temperature decreases, the Rayleigh number

will decrease by several orders of magnitude and the flow regime will change

from turbulent to laminar. The flow tends to be turbulent when Ra>10 9 and

in the transition regime when 106<Ra<109.

(2) Conservation Equations

*The conservation equations for transient multi-dimensional buoyant flow in

vector notation are:
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Mass

V V 0 (9)

Momentum (Navier-Stokes)

( + V v)v -V + LT n + 6(I)

Energy

T k- VT(T + V V)CT=V- (11)

where,

Po= mean fluid density

c = specific heatp
k = thermal conductivity

= thermal diffusivity

v = kinematic viscosity

= coefficient of thermal expansion

aT = local temperature differences

p = local static pressure

V = velocity vector

d- = time derivative

V = space vector operator

= unit vector in buoyant force
direction

D = tank diameter
V

P r = -

The above equations have been simplified using the approximation that all the

fluid properties are constant except the density in the buoyancy term of the

momentum equation (Boussinesq approximation). This assumption is valid when

large density variations are not encountered in the fluid. For the fuels in

question, such as JP-4, JP-5, JP-8, and Diesel #1, the environmental
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temperature variations are such that the use of these assumptions is

appropriate. Since the properties c k, v and are all temperature

dependent, they cannot be taken through the vector or time differential

operators which may be done when they are constant. This is particularly

critical in the freezing regime, where cp may increase by a factor of two,

and where the apparent viscosity becomes very large.

The significance of the Rayleigh number was discussed earlier; the Prandtl

number (Pr) expresses the ratio of momentum and thermal diffusivities and

physically represents the ratio of the thermal and velocity boundary layer

thicknesses. For the fuels of interest to this investigation, the Prandtl

number is on the order of twenty at ambient temperature, and approaches values

of the order of 100 as temperature decreases. This implies that the velocity

boundary layer is thicker than the thermal boundary layer at room temperatures

and becomes increasingly thick at low temperatures.

Generally turbulence will increase the rate of heat transfer between fluid and

the tank surface and will alter the velocity and temperature distributions and

therefore should be considered in the development of the model. In turbulent

flows the preceeding equations (9) to (i) must hold at any instant but also

on the average. Solving for the instantaneous quantities for a turbulent flow

situation would require an extremely fine mesh accompanied with small time

steps, making this approach prohibitively expensive for most problems. The

alternative is to use the time averaged conservation equations which contain

additional terms (e.g. the turbulent shear stress and turbulent heat flux)

which result from averaging the turbulent fluctuations. A turbulence model is

needed accordingly to express these turbulent time averaged quantities in

terms of mean flow variables. The most widely used model is the k-c model,

proposed first by Launder and Spalding (Reference 29) which has often been

applied to calculate forced and boundary layer flows. This model has also

recently been applied to simulate buoyancy driven recirculating flow in a

square enclosure at high Grashof number. However, the k-e model cannot be

expected to accurately model localized turbulence such as buoyant plumes. For

such phenomena a new model whose development is based on experiment would be

needed.
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(3) Solution Procedure

The PHOENICS program embodies a "finite-domain" formulation of the

differential equations of conservation. Finite-domain equations are derived

by integration of equations 9 through 11 over finite control volumes (called

"cells" or "sub-domains") which taken together, wholly fill the domain under

study. The fluid property values, e.g. temperature, viscosity, specific heat,

etc. are computed at the centroid of each cell (called a "grid node") and are

regarded as representative of the whole cell. Integration leads to

"finite-domain equations" having the forms:

aPYp = a NN+aSYS+aEYE+a WY+aHYH+aLYL+aTYT+b (12)

where, subscripts

P = nodal point in question

N = north neighbor node

S = south neighbor node

E = east neighbor node

W = west neighbor node

H = high neighbor node

L = low neighbor node

T = grid node at earlier time

and

ap,aN, etc. = coefficients (these coefficients contain convection and
diffusion contributions added together)

b = source term

the above equation can be written as

. a yi+b
i (13)pp d

P
]These finite domain equations differ from both the usual finite-difference and

finite-element equations and are inherently non-linear, since the a's

themselves are dependent on the y's. Because of this non-linearity, an
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iteration procedure (as distinct from direct matrix inversion) is essential.
A more detailed discussion of the solution procedure is given in References

29-30.

(4) Cylindrical Tank Simulation

It was assumed for the purpose of computer modeling of cylindrical fuel tanks

that because of the high length/diameter ratios typical of these tanks that

the end effects would be small and the physical situation could be

approximated with the 2-D model with features shown in Figure 33. because of

the circular cross section, the numerical solution was assumed to be symmetric

about the vertical centerline. A typical solution grid for this case is shown

in Figure 34. As with the wing tank analysis, the recovery temperature, Tr,

is assumed to apply uniformly over the external boundary layer of the tank.

The skin temperature, T , which is higher than T during cooling, is
s r

determined from the solution of the boundary conditions

Kcell (Tcell - Ts)/O = o(Ts-r) (14)

where, o = average external heat transfer coefficient

Kcell = thermal conductivity of the cell adjacent to the tank wall
Tcell = temperature of the cell

o = distance from wall to cell center

The temperature dependence of the fuel properties is incorporated into the

program and the properties for each cell are updated at the end of each time

step. This is an extremely important feature of the model since changes in

one of the physical properties (e.g. viscosity) could be used to predict the

on-set of freezing and the total accumulation of frozen fuel. However, at

this writing, modeling of the freezing phenomenon is in the development

phase.

62

-~~~.. ........-. -... ...... - ....--. ,.... -...-..--.......-. ..... •.. ----. ,---.. "
... .. .. ...... .. . ....-.... .. ,..... .''- .'.... . _".,_'..,.'.. ... -.



ISOTHERMAL BOUNDARY

e-" BAFFLE PLATE END WALL

* Figure 33. Free Convection Circulation Cells in a Full External Tank During Cooling
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6. RESULTS OF FUEL TEMPERATURE CALCULATIONS

* The fuel temperatures calculated for each mission depend both on the thermal

exposure of the airplane on the ground prior to flight and on the atmospheric

exposure.

a. Wing Tank Calculations

Ground temperatures were first considered; in Figure 35 the predicted

one-dimensional result of exposure to the worst case 24-hour periods for each

ground base is shown, using the data presented in Section 2.4 and assuming

specification JP-4 properties. Initial ambient and bulk fuel temperatures

were arbitrarily chosen to be 10°C. The average bulk temperature for the

thick wing airplanes is shown because the critical tanks have various, but

similar vertical dimensions.

Also considered was the combined effect of preflight and inflight thermal

exposures from the results of the ground and atmospheric temperature

analyses. The worst case 24 hour ground temperature exposure and the worst

case atmospheric exposure for a given mission were first combined to produce

the absolute worst case thermal exposure for the fuel. The ground and

atmospheric data base search programs were then modified to allow extraction

of

o any 24-hour ground temperature scan given the date and initial hour

o the atmospheric exposure along a selected track, on any selected day

With this information, the following thermal exposures were also examined

o the worst case ground exposure and actual atmospheric temperatures

that occurred subsequently, and conversely

o the actual ground temperatures that occurred 24 hours prior to the

worst case atmospheric exposure

Each of these 3 ground/atmospheric temperature combinations was then input to
the one-dimensional computer program. The results of these calculations for
the infliht portion of the simulation are shown in Figures 36 through 40 for
the apparent worst case mission for each airplane. (The results for all 29
missions are too extensive to be included in this report, and would not add
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significantly to the discussion.) The thermal properties of JP-4 were used in

this calculation; with a freeze point of -580C, no fuel freezing is

predicted in any instance.

Ii
As an illustration of the effect of fuel freezing, however, a fuel freeze

point of -46°C (same as JP-5) was selected, and the calculation repeated for

KC-135 Track 10, which appears to experience the lowest preflight and inflight .]

temperatures of the thick wing missions. Comparable low temperatures are

encountered inflight by C-141 Track 10, but for a much shorter period of

time. A much higher freeze point, -360C, was used for F-15 Track 3, the

most severe thin wing mission. A comparison of the predicted bulk

temperatures is shown in Figure 41; the predicted thermal profiles (higher

freeze point cases) in Figures 42 and 43. The estimated quantity of holdup as

a function of time is shown in Figure 44. Several plots describe different

phases of each mission, defined below; the time interval covered by each plot

is identified in the right margin.

o The effect of pre-conditioning the fuel because of thermal exposure

prior to takeoff (Figures 42 and 43) is shown in the form of thermal

profiles at four-hour intervals beginning twenty-four hours prior to

the flight and ending at takeoff time (-24 to 0 hrs).

o The effect of in-flight thermal exposure is shown in the form of

thermal profiles at hourly intervals throughout the flight (Figures

42b and c, and 43b and c). In most cases more than one plot is

required for clarity, since alternating cooling and warming cycles

tend to cause overlapping in the profiles

II

o The coldest fuel temperatures calculated occurred at the tank bottom;
temperature profiles in this region are shown at twenty minute

intervals in Figures 42d ard 43d, which exhibit details of the lowest

skin and bulk temperatures.

A review of the analytically derived profiles produced the following

r)bservat ions:

,) the practice of having fully fueled airplanes parked on the runway for

,perational readiness greatly increases the possibility of fuel

'reezing die to ground temperature exposures
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o the practice of retaining fuel in relatively small outboard wing tanks

until the end of the mission significantly increases the potential for

fuel freezing in these tanks

o temperatures are lower at the bottom of the tank where conduction

dominates than at the top which is convection dominated; the presence

of an ullage space greatly alters heat transfer at the top of the tank

A test plan was formulated based on the results of the preceding analysis to

verify the fuel temperature calculations. Following this confirmation,

further analysis was performed to examine the effect of frozen fuel.

b. External Tank Calculations

As described earlier, the three study airplanes designed to carry external

fuel tanks are the A-1O, B-52, and F-15. Considering the preflight and

inflight thermal exposures of each, the single most severe experienced is the

preflight exposure of A-10 airplanes based at Eielson AFB, AK. (Tracks 1, 3,

4, 5, and 6). In effect, this exposure was simulated analytically by applying

a constant, uniform temperature of -500 to the tank skin (Figure 45).

Because fuel freezing could not yet be accounted for in the calculation,

standard JP-4 fuel properties and a specification freeze point of -580C were

assumed. Several important conclusions based on the analytic model are:. "

o the low outside wall temperatures create boundary layers of cold fuel *

which descend down the walls until they are deflected by colder layers

of fuel below

o the top half of the cylindrical tank is dominated by convection heat

transfer whereas the bottom half is dominated by conduction heat

transfer

o even with initially warm fuel temperatures, fuel near the bottom of

the tank begins to approach the skin temperature in less than one hour

which may result in freezing during extremely low temperature flights

o for the reason just described and pending re-calculation of the

problem with fuel freezing effects included, the freeze point

limitation for cylindrical tanks is conservatively estimated to be

-500C for the worst case thermal exposure
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In order to develop confidence in the results predicted by the computer
program, a cylindrical tank simulator was built and test data obtained for

comparison with the calculation. The data which serves to validate the
analytical simulation of the cylindrical tank heat transfer problem is
reported in Section 11.
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SECTION III

EXPERIMENTAL VERIFICATION

The basic experimental apparatus for measuring the behavior of low temperature

fuels was a rectangular integral wing fuel tank simulator, and most tests were

conducted in this essentially one dimensional (l-D) heat transfer apparatus.

The primary purpose of the test program was to verify the mathematical

technique used to predict inflight temperature profiles in airplane wing

tanks. Four fundamental goals were to:

o confirm temperature profiles and fuel holdup estimates

o determine the effect of fuel chemical composition on holdup for two

fuels with the same measured freeze point

o determine the effect of a fuel tank boost pump on the drainability of

partially frozen fuel

o compare actual in-flight test fuel temperature measurements with

results from the fuel tank simulator to verify the ground simulator

During the course of this study, a cylindrical tank thermal simulator was also
constructed by Boeing. While not capable of performing mission simulations

with fuel, the cylindrical tank was used to obtain thermal data to help

validate predictions of a two-dimensional computer model under development for

the Navy.

1. TEST PLAN

The test plan to accomplish the goals listed above is given in Table 6. The
tests simulated the extremes in low temperature exposures for the airplanes

included in this study to provide estimates of maximum fuel hold-up due to

freezing during fleet operations.

2. TEST FUELS

Five test fuels were selected for use in the one-dimensional simulator because

of their freeze points; specific reasons for selection of the fuels will be

discussed in the following section. Fuel characterization data for these

fuels is summarized in Table 7, and Shell-Thornton holdup measurements are

yiven in Figure 46.
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Table 6. Summary of Tests Performed

Fuel
Test Freeze Fuel
Number Point Type Configuration Description

Mission
Simulation

-46C Jet A Thick Wing Conditioning for 24 hours with worst
case ground temperatures from Eielson
AFB, followed by simulation of KC-135
Track 10

-51C JP5/JP8 Thick Wing Repeat of Test Number 1 with lower
freeze point fuel

-40C Jet A/ Thin Wing Conditioning for 4 hours with worst
JP5 case ground temperatures from
(10%DFM) Elmendorf AFB, followed by simulation

of F-15 Track 3

-42C Jet A Thin Wing Repeat of Test Number 3 with lower
freeze point fuel

0 -46C Jet A Thin Wing Conditioning with Eielson AFB ground
temperatures

-51C JP5/JP8 Thin Wing Repeat of Test Number 5 with lower
freeze point fuel

Flight Test
Data Comparison

-46C Jet A Thick Wing Simulation of L-111 flight test usiny
NASA data

Drainability and
Pumpability

) -4bC Jet A Thick Wing
Cold soak at -50C, drain line not
insulated, gravity drain

b Repeat of test number 8a, boost pump
drain

c Cold soak at -50oC, drain line
insulated, gravity drain

d Repeat of Test Number 8c, boost pump
drain

83

- - -- - - - -



Table 6. Summary of Tests Performed (Continued)

Fuel
Test Freeze Fuel
Number Point Type Configuration Description

Effect of
Composit ion

O -50C JP8 Thick Wing
a Cold soak at -60oC with paraffinic

fuel, gravity drain

b Repeat of Test Number 9a, boost pump
drain

G -51C Jet A Thick Wing

d Cold soak at -60oC with naphthenic
fuel, gravity drain

b Repeat of Test Number 10a, boost pump
drain
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Table 7. Fuel Characterization Data

Fuel Number 1 2 3 4 5 6

Jet A/
Fuel Type ASTM JP5 (10%DFM) Jet A Jet A JP 8 Jet A JP5/JP8

Freeze 02386 -40.0 -42.0 -46.0 -50.0 -51.1 -51.1
*Point (°C)

Pour D97 NA -50.0 -48.3 -53.9 -52 -57.2
Point (°C)

Viscosity D445 NA NA 2.27 NA NA NA
at 150C
(cst)

Specific D1298 0.7985 0.8017 0.8169 NA 0.8265 0.803b
Gravity

. (15/15C)

Water D1744 49.0 53.0 34.0 NA NA NA

C ontent
~(ppm)

Reid Vapor D323 NA NA 0.38 NA NA NA
Pressure
at 380C
(psi)

AKA NA LFP1 NA 82-POSF- LFP8 NA
562

Composition paraf- naphthenic
finic

NA- not available
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Two of the fuels used in this test program, and in previous work (Reference

1), were mixtures of fuels of differing freeze points, combined to obtain an

intermediate freeze point. The proportions of each base fuel to blend for a

desired freeze point was predicted by using a blending index (Reference 31).

The desired freeze points of the mixtures are compared with measured freeze

points in Figure 47.

3. TEST FACILITIES

The wing fuel tank simulator can be configured to model either a thick

(transport) wing or a thin (fighter) wing (Figure 48). The cylindrical tank

simulator (Figures 49) was used to obtain data to help validate the

two-dimensional analytical code.

a. Integral Wing Fuel Tank Simulator

The 1-0 simulator is shown schematically in Figure 50. The internal contents

of the tank in its thick wing configuration are shown in Figure blathe

contents of the tank in its thin wing configuration are shown in Figure 51b.

The internal dimensions of the thick wing tank are 76 cm (1) x 51 cm (w) x 51

cm (h), and the thin wing, 76 cm (1) x 51 cm (w) x 20 cm (h). All features of

the two configurations are common, except that internal baffles and the boost

pump were not included in the thin wing version. Additional details of the

fuel tank simulator and its support equipment are given in Reference 32.

Simulation of the upper and lower skin surface temperature is achieved by

pumping refrigerant (chilled methanol) through the upper and lower skin

cooling chambers. Flow control valves (A6 and A7 of Figure 50) are

automatically controlled to provide the desired (mission) skin temperature

which is programmed on the temperature data track. The automated control

system is capable of producing equal upper and lower skin temperatures within

about +10 C; results reveal excellent agreement between programmed and actual

temperatures. Additional instrumentation was installed to measure test

control parameters. An eleven (11) liter auxiliary tank was located on top ot

the simulator to compensate for fuel contraction during cooling and thus

prevent an ullage space from forming during cool down.
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Ia) Thick Wing Configuration

(b) Thin Wing Configuration

Figure 48. Integral Wing Fuel Tank Simulator
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(1) Instrumentation

Temperature profiles ...ere measured inside the simulator tank with

chromel/alumel thermocouples distributed in the thick wing tank as shown in

Figure 52a and in the thin wing tank, as shown in Figure 52b. Over the range

of test temperatures, the uncertainty of the temperature measurements was

+1.1°C. When fuel was drained from the thin wing simulator, it flowed into

a catch tank suspended from a 300 pound load cell, which provided fuel

depletion versus mission time data. Load cell accuracy was +0.25% of tull

scale (+0.75 lb.). The HP3052A data acquisition system (Figure 53) recorded

time, thermocouple output, and load cell readings. The data system provided

printed paper output for "quick look" and a cassette tape for subsequent data

analysis and plotting.

(2) Procedures

The skin temperature-time histories from the analysis of route temperature for

each mission were transcribed to a temperature data tape for automatic skill

temperature control purposes. Each test run was started when the skin

temperature and bulk liquid temperature were both within +2.80C (+50F) of

the required pre-takeoff values. Data were recorded at fifteen (15) minute

intervals during the mission, except during the relatively short drain period

preceding hold-up measurements when data were recorded every one or two

minutes.

Holdup is the fuel remaining in the tank after draining, and includes both

solid fuel and liquid fuel trapped within the solid. The procedure for fuel

withdrawal and holdup measurement at the end of a typical mission simulation

is:

o first, a level gravity drain followed by a tilted tank gravity drain

to insure that all liquids are drained

o second, warming of the tank to melt all frozen material, followed by a

turther tilted gravity drain

Holdup was deduced at the completion of the first step by subtracting the

weight of the drained fuel (stored in the weigh tank) from the total quantity

of fuel known to have been loaded into the simulator. Variations on the drain
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and holdup measurement procedure, for example, boost pumping of the fuel in
lieu of the level gravity drain, were used in several tests to investigate the

pumpability of the holdup and are pointed out in the section on results.

Even with liquid fuel in the tank, the visibility in the tank becdalne
progressively poorer as the temperature dropped, and photographs were not

feasible at temperatures of interest. (Additional tank lighting and attempts

to remove water from the fuel by bubbling dry nitrogen through the fuel prior

to loading the simulator do not improve the visibility at low temperature.)

At the lower temperatures, the fuel took on a very "waxy" dark yellow color.

It is believed that microscopic wax or ice crystals form as the fuel

temperature drops imparting the color, and eventually making the fuel opaque.

After draining the tank, photographs were taken of the solid holdup fuel as

viewed through the windows in the simulator.

b. External Fuel Tank Simulator

The two and three dimensional convective processes involved during fuel

cooling in external tanks pose an extremely difficult mathematical nodeling

problem. Therefore, experimental verification of the mathematical model is

required prior to its acceptance as a tool for predicting in-tank tempera.ures

and holdup due to freezing. A literature review showed that experimental data

for the cylindrical geometry (pylon tank) and boundary conditions of interest

were either inadequate or nonexistent. Therefore, Boeing constructed a

cylindrical fuel tank simulator and conducted fluid cooling experiments to
provide velocity and temperature measurements for comparison to those

predicted from the mathematical model. The test results were used to help
* validate the mathematical model.

Since the inflight external temperature field is nearly uniform over the tank

surface, the Boeing cylindrical tank simulator utilized a "tank within a tank"
* scheme fur experimental modeling (Figure 54a). The outer tank was

rectangular, 0.94 m on a side by 76.7 cm long. This tank provided a water

bath environment for the inner tank which was constructed from an aluminum

cylinder (45.7 cm in diameter by 76.2 cm long) to match the length of the

outer tank. The end caps of the inner tank were made of Lrdnsparent plastic
to permit flow visualization and velocity measurements with a laser
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velocimeter. The tank diameter was approximately the same as that of a

typical pylon tank and the desired fuel Rayleigh number range could be modeled

with an appropriate mixture of glycerine and water. (Because of safety

considerations and because of poor optical qualities, fuel was not used in

* these experiments.) All tests were performed with a full tank and

- measurements were made in vertical planes near the middle of the cylinder

(about 12 inches from one end) where the end effects would be minimized.

Velocity measurements were taken in a plane an equal distance from the

opposite end of the tank. Assuming a symmetrical flow field, this procedure

provided velocity and temperature data at the same plane.

(1) Instrumentation

Temperature measurements were made using thirteen thermocouples cantilevered

from one of the end plates of the cylindrical tank and aligned in a plane

which bisected the tank longitudinally. The response time of these

thermocouples was on the order of 0.1 second which was sufficient to detect

the average temperature changes of the liquid during the most severe

transients. The thermocouple probes could be bent as desired, allowing closer

probe spacing near the wall of the tank where temperature gradients were

* expected to be much larger. To obtain a complete temperature map, repetitive
.. runs of the same experiment were performed with the probe rake "clocked" at

450 intervals between each run. Sample temperature results are shown in

Figure 54b.

Preliminary velocity measurements were made with a laser velocimeter mounted

" outside the end plate opposite to that of the thermocouples. The fluid was

seeded with a small number of aluminum particles (mean diameter approximately

1 mil). As seed particles passed through a moving fringe pattern, produced by

the intersection of two laser beams, the incident light was reflected to a

detector. A Bragg cell modulated the wavelength of one of the laser beams to

create the fringe pattern at the spot where the beams crossed. A

discrimination process was established to ensure that only a single particle

. wds observed per velocity measurement. After fifty such measurements, the mean

velocity and standard deviation were recorded and the beam center moved to a

new location. Since this technique yielded only one velocity component, the

*beams were rotated 900 and the process repeated to Obtdin the resultant

99



velocity vector. The results revealed that improvement in the velocity

measuring technique was required before the data could be used for code

validation purposes.

rl(2) Procedures

The test fluid was commercial grade glycerine (96% pure) heated to an initial

nominal temperature of 66°C and pumped into the inner cylindrical test

tank. Flowing tap water (nominally 10 C) was then circulated through d

baffle arrangement around the exterior of the test tank and discharged from

the bottom of the outer tank. In conducting the initial test program,

difficulties were experienced in maintaining desired external temperatures and

*= in eliminating thermal gradients in the glycerine at time zero. Both of these

effects complicated checking the numerical simulation. (The test fixture was

subsequently modified to minimize these effects, but results were not

available at the time of this report.).

*4. COMPARISON OF CALCULATION AND EXPERIMENT

This section deals with:

o comparison of calculated and experimentally obtained thermal profiles

o the results of the improved holdup calculation method

o investigations into the behavior of freezing and frozen fuels

a. Route Simulations and Holdup Predictions

The missions which indicated the most severe cases (Section 11.1) of thermal

exposure were selected for experimental verification; one mission each for the

* thick wing and thin wing airplanes.

(1) Thick Wing Tests

Tests I and 2 were simulations of a KC-135, and began with the worst case

ground temperature exposure at Eielson AFB Alaska, followed by KC-13b Track

1U, the worst case atmospheric exposure; different fuels (of -460C and

-51°C freeze points) were used in the tests. Results in the form of thermal
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profiles are shown in Figures 55 and 56. The thermal profiles predicted by

calculation were presented in Section IT, while comparisons of predicted and

experimental temperatures are shown in Figure 57. In this and all the other

comparisons to follow, the calculations were repeated using the initial fuel

temperature in the test tank; this procedure ensured that the same initial

conditions would apply in the two cases. This was necessary since the initial

temperature in the test tank was very difficult to regulate, while the

analysis readily accepts any initial condition. Holdup measurements were

taken at the end of the 24-hour preflight conditioning test phase and again at

the specified point in the mission; the results are given in Table 8.

(2) Thin Wing Tests

Tests 3 and 4 were simulations of the worst case F-15 ("thin" wing) mission,

which began with the ground temperature exposure at Elmendorf AFB Alaska,

followed by F-15 Track 3. In order to reduce test time, the 24-hour

temperature conditioning period was shortened to approximately 4 hours, since

the skin and bulk fuel temperatures were predicted to be essentially identical

at the end of 4 hour and at the end of 24 hours (Figure D-2a) and hence no

additional meaningful data would have been gained by extending the ground

conditioning period. Results of these tests (thermal profiles) are shown in

Figures 58 and 59 with calculated and experimental results compared in Figure

60 and holdup measurements in Table 8. Unfortunately, no fuel with a medsured

freeze point higher than -400C was available for use in this test to check

the holdup predictions, but useful information was gained from the temperature

comparisons.

Because the -500C cold soak (Eielson AFB) was the worst case of all the

ground thermal exposures considered, Tests 5 and 6 were conducted with the

boundary conditions of the Eielson AFB ground temperature exposure to observe

the thermal response of F-lb wing tanks. Results are presented in the same

format as above in Figure b1 and 62, and Table 8.

(3) Cylindrical Tank Tests

As discussed previously, assumptions of uniform initial temperature and

- constant uniform wall temperature were not totally valid for the numerical
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Table 8. Holdup Measurement Results

Time of Required
Test Holdup Fuel With- Tsk Tbuk Hold up Measured
No. Purpose Meas'ment drawal Time (C) ( C) (mass %)

Mission
Simulation

0 Eielson AFB end of N/A -50.0 -43.0 17.6 (horizontal)
24 hrs 16.9 (tilt drain)

KC-135 Track 10 5.5 hrs 5.5 hrs -45.5 -41.0 0.0

Eielson AFB end of N/A -49.0 -45.5 0.0 (horizontal)
24 hrs 0.0 (tilt)

KC-135 Track 10 5.5 hrs 5.5 hrs 45.5 -42.0 0.0

(9Elmendorf AFB end of N/A -38.0 -36.0 13.9 (horizontal)
4 hrs 0.3 (tilt)

F-15 Track 3 2.0 hrs -39.0 -39.5 0.0

Elmendorf AFB end of N/A -37.5 -35.0 8.2 (horizontal)
4 hrs 0.0 (tilt)

F-15 Track 3 2.0 hrs -35.7 -39.0 0.0

O Eielson AFB 4.83 hrs N/A -50.0 -47.5 73.5 (horizontal)
(Thin Wing) 65.9 (tilt)

O Eielson AFB 5.55 hrs N/A -50.0 -50.0 11.2 (horizontal)
(Thin Wing) 0.0 (tilt)

Flight Test
Data Comparison

O NASA FT1653 N/A 6.2 hrs N/A N/A N/A

Drainability &
Pumpability

( )a Gravity drain N/A N/A -49.5 -44.5 10.0 (horizontal)
10.0 (tilt)

b Boost Pump Drain N/A N/A -49.5 -44.3 10.0

c Gravity Drain N/A N/A -48.0 38.0 8.5 (horizontal)

7.3 (tilt)

d Boost Pump Drain N/A N/A -48.5 -38.0 7.6

In actual flight, fuel withdrawal begins at takeoff. Fuel withdrawal was not
simulated during test in order to model worst case.
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Table 8. Holdup Measurement Results (Continued)

Time of Required
Test Holdup Fuel With- Ts in Tbu1k Hold up Measured
No. Purpose Meas ment drawal Time (C)n  (mass %)

Effect of
Composition

(a Paraffinic/ N/A N/A -59.0 -51.0 25.9 (horizontal)

Gravity Drain 15.0 (tilt)

b Paraffinic/ N/A N/A -58.0 -51.0 13.9
Boost Pump Drain

c Naphthenic/ N/A N/A -58.0 -49.0 16.3 (horizontal)
Gravity Drain 9.7 (tilt)

d Naphthenic/ N/A N/A -58.0 -48.0 10.5
Boost Pump Drain

N/A - Not Applicable
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simulation of the glycerine cooling problem. Therefore, for a realistic

numerical simulation, the initial measured temperature field and measured wall

temperature distribution were used as the initial and boundary conditions,

respectively. The results of the analytical simulation, Table 9, show that

the predicted temperatures agree with experiment within less than 10C at the

top half of the tank. However, in the lower region along the vertical

centerline the discrepancy between predicted values and those measured range

from 4 to 8°C, with the predicted temperatures being higher. Temperature

contour plots approximately 22 minutes after the start of cooling are

presented in Figure 63, with the thermocouple locations denoted by asterisks.

The measured temperature profiles at the tank bottom have higher slopes (lower

dT/dy) than those calculated, indicating a higher effective thermal

conductivity than used for the simulation. The analysis predicts very small

velocities in the bottom region which produces temperature profiles dominated

by conduction. However, as discussed above, velocity test data were not of

sufficient quality to be useful in evaluating the analysis.

The temperature fields predicted for the glycerine cooling tests are

qualitatively similar to those predicted for the fuel cooling simulation

(Sectiun II 6.b.) although the Rayleigh numbers for fuel and glycerine

differed by three orders of magnitude. Additional data is required with

glycerine-water mixtures to produce Rayleigh numbers which more closely

simulate those of low temperature fuel.

b. Flight Test Data Comparison

As a further verification of the one-dimensional thermal andlytic model and of

the fuel tank simulator, actual flight test temperature data were obtained for

comparison. Two sets of data were provided by R. Friedman of NASA Lewis for

this purpose. The data are of a preliminary, unchecked nature and are records

of NASA tests conducted in a Lockheed L-1011 airplane. The NASA flight test

data sets used carried NASA identification numbers 1653 (Reference 33) and

1755 (Reference 34).

The measured ambient temperature, recovery temperature, and the upper and

lower (internal) skin temperatures from the inflight records are shown in

Figure 64. A temperature difference between the upper dnd lower skins was
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Table 9. Comparison of Predicted and Measured
Temperatures, Cylindrical Tank, 96% Glycerine

Thermocouple
Number 0.0 6.0 10.0 13.0 14.0 17.0 19.0 24.0

1 (top) 60.6 59.4 58.9 58.3 58.2 57.2 57.2 56.1

2 60.6 60.1 59.7 59.2 59.1 58.5 58.1 57.0

3 60.6 60.1 59.6 59.2 59.0 58.4 58.1 56.9

4 60.6 60.0 59.5 59.0 58.8 58.3 57.8 56.7

Calculated 5 60.6 59.8 59.2 58.6 58.4 57.7 57.2 55.9

Tempera- 6 60.6 59.5 57.8 56.9 56.6 55.6 54.5 53.3

tures 7 (center) 60.6 58.3 56.5 55.6 55.0 53.8 53.1 51.4

(°C) 8 60.0 55.6 53.3 51.8 51.4 50.1 49.3 47.4

9 58.9 52.2 49.8 48.2 47.7 46.3 45.4 43.4

10 58.9 48.2 45.5 43.8 43.3 41.8 40.9 38.9

11 57.2 42.2 39.4 38.1 37.6 33.4 35.3 33.4

12 42.8 35.6 33.6 32.2 31.8 30.6 29.8 28.2

13 (bottom) 27.8 23.8 23.0 22.3 22.1 21.3 20.8 19.7

Thermocoupl e
Number 0.0 5.5 9.9 13.0 14.1 16.6 19.2 23.8

1 (top) 60.6 60.0 58.9 58.3 58.3 57.8 57.2 56.1

2 60.6 60.0 58.9 58.3 58.3 57.8 57.2 56.1

3 60.6 60.0 58.9 58.3 58.3 57.8 57.2 56.1

4 60.6 59.4 58.9 58.3 58.3 57.8 56.7 56.1

5 60.6 59.4 58.9 58.3 57.8 57.2 56.7 55.6

Measured b 60.6 59.4 58.3 57.8 57.8 57.2 56.7 55.6

* Tempera- 7 (center) 60.6 59.4 58.3 57.8 57.8 57.2 56.7 55.6

tures 8 60.0 57.8 55.6 53.3 52.8 50.6 49.4 46.7

(°C) 9 60.0 55.0 51.1 48.3 47.2 45.6 43.9 41.1

10 58.9 50.0 44.4 41.7 40.6 38.6 37.2 35.0

I1 57.2 42.2 37.2 34.4 33.9 32.2 30.6 28.3

12 42.8 30.0 26.7 24.4 24.4 22.8 22.2 20.b

13 (bottom) 27.8 22.8 20.6 19.4 18.9 18.3 17.2 16.1
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noted in the data, the upper skin being about 3°C colder. This was

attributed to a small ullage in the instrumented airplane fuel tank, allowing

the upper skin to more closely approach the adiabatic wall temperature.

A nbient and recovery temperatures, altitude, and airspeed taken from the

flight test data were used as input to the computer analysis, and the

resulting skin and bulk fuel temperature compared to the flight test results,

shown in Figures 65 and 66 for Tests 1653 and 1755, respectively.

The L-1011 lower skin temperature was also used in the Boeing test tank to

simulate the thermal exposure during NASA Flight Test 1653 in Test 7. Fuel

withdrawal was also simulated, beginning 370 minutes into the flight. The

tank was 40% full at the end of the flight. The resultant fuel temperatures

are compared to the flight test and calculated temperatures in Figure b5, and

are presented in thermal profile form in Figures 67. Time did not permit

laboratory simulation of NASA Flight Test 1755; a comparison of the thermal

profiles obtained during the flight test and those calculated is given in

Figure 68.

The bulk temperature shown in the flight test data (Test 1653) is about 30

cooler than in the test simulation. Some of the difference is due to the

slightly higher starting temperature in the test tank (about 1.50 C), some

may be due to the cooler upper skin temperature seen in the flight test data,

and some may be due to differences in fuel transport properties (conductivity,

specific heat), since the differences in composition between the flight test

and simulator test fuels were not known. In general, agreement between the

flight test and simulation is within 2 to 30C; this agreement is excellent

considering the error band inherent in instrumentation and differences in

properties.

.. The analytical predictions and simulator results, in turn, were in similarly

good agreement with the flight test data with the exception of the end of the

* portion of the flight when fuel is withdrawn. The ullage size at a given time

has to be deduced from examination of the temperature profiles, assumptions of

tank geometry, and from reports of fuel quantity as a function of time.

Presumably. better agreement could have been reached if actual ullage size had

* been known.
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c. Drainability and Pumpability Tests

Drainability and pumpability of frozen, or partially frozen fuel was also

explored. In the past, following a typical experimental simulation, normal

test procedure had been to perform a level gravity drain of the test tank at a

fixed skin temperature (the last temperature prior to drain) to determine the

quantity of non-flowable fuel. Gravity draining was terminated when the fuel

drain rate became less than 1/4 lb per minute. Next, the fuel tank simulator

was tilted to allow liquid trapped by fuel tank structure to escape, generally

removing a considerable amount of liquid fuel. After all of the liquid fuel

had been gravity drained from the tank, the boost pump was operated to try to

extract additional fuel thereby testing the pumpability of the sometimes

slurry-like residual fuel. Only 2 - 3 '4. of the undrained fuel was pumpable

probably because flow blockage by the frozen fuel restricted flow in the

suction line leading to pump cavitation. Although no attempt was made to pump

the slushy frozen fuel while substantial amounts of liquid fuel remained in

the tank, slurry (liquid/solid) formations were observed to flow during

gravity drain indicating some solid entrainment. Based on this observation,

it was speculated that bulk liquid flow induced by a boost pump could enhance
the pumpability of the slush and thereby reduce the amount of hold-up.

The latter speculation was investigated in Tests 8, 9, and 10 by comparing

gravity drain and boost pump drain hold-up. In the comparison tests, the fuel

was given identical thermal conditioning (or as nearly as experimental

proceaures allowed, Figures 69 and 70) until a solid/liquid mixture existed;

the drain tests were then performed. To ensure that external heat flow

through the drain lines was minimized, both the gravity and boost pump drain

lines were insulated. The insulation was inadvertently left off of the drain

lines during tests 8a and 8b. The lines were insulated in tests 8c and 8d.

Although the difference in the heat loss is not obvious from the holdup

measurements, there does appear to have been some etfect on the shape of the

thermal profile to cause the development of a larger, better defined

conduction zone.

The holdup visible on the upper and lower tank surfaces following each fuel

drain was generally about the same in appearance; a 1 to 2 inch thick layer of

frozen fuel covered the surfaces with mounds where stringers or other
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structure was present. The results of these tests indicate no significant

advantage to using the boost pump to determine holdup quantities as opposed to

the earlier procedure of gravity draining the tank. However, although "tilt"

draining is possible inflight, from a practical standpoint the comparison

might better be made between the horizontal gravity drain and the boost pump

drain results. In this view, there is a clear advantage to pumping the fuel

over gravity draining. It may be important to note that while slushy frozen

fuel is normally observed in a transparent section of the drain line

(downstream of the insulated section) during gravity draining, none was seen

in any of the four boost pump drain tests. This indicates that the boost pump

energy re-liquified the fuel during the brief drain time.

d. Fuel Composition Effects

It has been supposed that two fuels with identical freeze points but different

compositions might produce differing amounts of holdup at temperatures below

the freeze point. Fuel numbers 5 and 6 both had a measured freeze point of

-50°C (Table 7), and essentially identical holdup characteristics in

Shell-Thornton tests (Figures 46e and 46f).

Tests 9 and 10 in the fuel tank simulator suggest differences in the transport

properties of the two fuels, which caused the paraffinic fuel to cool more

rapidly (Figure 71) and to produce a larger quantity of holdup than the

naphthenic fuel (Table 8). Throughout the first 3-4 hours of cooling the

naphthenic fuel was consistently about 5-8 C warmer than the paraffini

fuel, even accounting for the slight difference in skin temperature histories

between tests. The calculated bulk fuel temperature falls between the

measured fuel temperatures, presumably because a mixture of paraffinic and

naphthenic fuel samples was used to develop the JP-8 fuel property data.

5. DISCUSSION

Good agreement was shown between the calculated fuel temperatures dnd

experimental data, verifying the importance of

o using accurate fuel property data in the calculation procedure,

particularly at low temperatures
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o including a freezing model when the skin temperature is at or below

the fuel freezing point for accurate prediction of fuel temperatures

Without these, temperature predictions will be artificially low, resulting in

high estimates of fuel holdup.

It can be concluded from Tests 1 and 2 that the allowable freeze point for

thick wing tanks zero percent holdup criterion is between -460 C and -510C

based on the holdup remaining in the tank at the end of the 24-hour

conditioning period. Analysis performed to determine the exact freeze point

shows that -500C is the limiting value. None of the thin wing missions

studied involved such severe thermal exposure as the KC-135 at Eielson AFB,

therefore, -50°C is also acceptable for the smaller airplanes. If thin wing

aircraft were to experience this thermal exposure, however, the results of

Test 6 indicate that a significant amount of holdup would develop even with

*the -510C freeze point fuel.

Of great significance are the results of the flight test data comparison. Not

only was it possible to use the actual ambient conditions recorded inflight as

input to the computer program and accurately predict both fuel tank skin and

fuel temperatures, but also to obtain similarly good agreement between the

flight test data temperatures and those recorded in the Boeing fuel tank

simulator. This is the first opportunity to check the validity of the

dssumptions made in the development of the one-dimensional computer program,

and the results were gratifying.

The implication of the drainability/pumpability tests is that significantly

more fuel can be extracted from a tank containing frozen fuel by pumping than

by gravity draining, and in fact, some of the frozen material can be melted by

the action of pumping. The data also suggests that fuel composition may

influence freezing characteristics to a degree; of the two fuels (having

identical freeze points) tested, the paraffinic fuel cooled more rapidly than

the naphthenic fuel. It is unknown, however, whether such a difference would

be observable in an airplane, where tank size, structure, and flow passages

would interact with the fuel and with the heat transfer processes.
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The only remaining limitation of the 1-0 model is the fact that it does not

accurately predict the shape of the conduction layer of the fuel. The

transition between the regions controlled by conduction and convection is

generally sharper than observed in tests, and the calculated conduction layer

does not extend as far into the fuel. The reason is that mass transfer due to

buoyancy of the transition region has not been accounted for in the analysis

for the purpose of simplicity. In other words, the cool fuel returning from

the top of the tank by means of the convection cells can interact with the

fuel at the transition between the conductive and convective layers and become

stably stratified with fuel of equal or lower temperature in the conduction

layer, causing the conduction layer to grow more quickly than by pure

conduction; this effect has been neglected. To accomplish more exact

prediction of the shape, a more complex model, such as the one used to study

heat transfer in cylindrical tanks would be needed. In spite of this

limitation, the 1-D model has proved to be a very effective tool for

predicting heat transfer from fuel, with accuracy proven by the test data

comparisons, including instances when the boundary conditions (skin

temperatures) dictate that fuel freezing will occur.

Significant progress was made in the study of the 2-0, cylindrical tank

problem. Temperatures and heat transfer characteristics of the cylindrical

system were sufficiently well matched with the analytical predictions to show

that the initial assumptions of two-dimensional fluid behavior were valid.

Future work should show improvement, especially as better data becomes

available from the cylindrical tank simulator for comparison, and as fuel

freezing and ullage models are added to the computer program. In terms of the

results of this study, portions of the fuel were observed by analysis to cool

even more rapidly than fuel in an internal wing tank (almost 650C in one

hour). Considering the A-1O and KC-135, both of which have external tanks and

are based at Eielson AFB, the -500C thermal exposure which determines the

fuel freeze point requirement for internal fuel tanks imposes an equal

limitation for external, cylindrical tanks.
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SECTION IV

FACTORS AFFECTING MAXIMUM ALLOWABLE FUEL FREEZE POINT

Prior to drawing conclusions on an acceptable freeze point, the probability of

interference with flight operation as a function of fuel freeze point was

estimated for each airplane. In addition, consideration was given to the

impact of unusual flight operations on the specification of a freeze point,

and to changes in current operating procedures which could allow the use of

aviation turbine fuels with higher freeze points. Potential airplane problems

which can result from fuel freezing are discussed below.

While the observations made are intended to be general in nature, each

airplane fuel system is unique. What may be acceptable in one fuel system may

not be in another. It therefore behooves a fuel system designer to assure

adequate performance of his fuel system in the presence of some frozen fuel.
0I

1. POTENTIAL AIRPLANE PROBLEMS

Problems associated with the use of higher freeze point fuels are loss of

available fuel due to hold-up (fraction of nonpumpable fuel in the tank) and

malfunction of fuel system hardware, such as boost pumps, fuel filters, and

ejector-scavenge pumps during operation at temperatures where frozen fuel carl

accumulate on the tank surfaces.

Internal surfaces of airplane integral fuel tanks are not smooth because of

wing structural members (laterally aligned stringers and vertically aligned

ribs). The stringers are bridged by the ribs which divide each tank into

bays. Holes cut in the bottom wing tank stringers provide fuel transfer in

the fore and aft directions, thus minimizing quantities of fuel which may

become trapped between these members. These holes are usually elliptical in

shape and for structural reasons are located with their centroid at the mid

point of the stringer (2 to 4 cm from the bottom of the tank). Fore and aft

transfer may also be provided by rectangular slots approximately 1/4 cm high

at the base of the stringers.

The transmission of semi-solid (slushy) fuel through an dirplane fuel system

is only possible if it can be assured that various fuel system components,
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such as boost pumps, fuel filters, ejector pumps, etc. will function according

to fuel system design specifications.

a. Boost Pump Performance

Boost pumps are located in the fuel tanks to minimize the airplane unusable

fuel; therefore, they are usually near the low points of the tanks. The boost

I pump is required to provide adequate inlet pressure to the engine feed pump

throughout the flight envelope. Boost pumps often have a suction inlet screen

(4 to 20 mesh) to prevent ingestion of relatively large debris such as nuts

and bolts. Typical boost pump inlet plumbing is shown in Figure 72. Flapper

- check valves (Figure 73), installed in the ribs adjacent to the boost pump

bays, restrict fuel flow outboard during airplane maneuvers. Fuel commonly

flows due to gravity through openings in the ribs and stringers to the bay

containing the boost pump inlet. One of the major concerns in using higher

freeze point fuels is the restriction of these flow paths during low

temperature flights. For example, frozen fuel accumulation around a flapper

check valve (Figure 73) may prevent it from opening.

As demonstrated in cold fuel simulator tests performed in this study and

Reference 30, the existence of frozen fuel in a tank does not mean that pumps

S cannot supply fuel to the engines. This finding is supported by earlier tests

(References 35 and 36) under isothermal conditions, which demonstrated that

fuels are pumpable at temperatures substantially below their freeze point and

in some cases below their pour point. While the fuel temperature profile in

the latter tests did not properly represent expected airplane tank

temperatures (where variations between the bulk fuel temperature and the tank

skin can be as high as 20°C or more) they and the other tests show the

fallacy of using the freeze point as the flowability criterion.

The most serious threat posed by low temperature fuel on satisfactory pump

performances is frozen fuel accumulation sufficient to block the boost pump

*. inlet; since the boost pumps are normally turned on prior to engine start and

• .operate continuously during the flight, this type of blockage is unlikely as

long as liquid fuel exists in the tanks. In the event the boost pumps were

not operated until later in the mission, it would be possible to block the

inlets with frozen fuel; if the boost pumps were then switched on, the

128



TO REAR SPAR

TO -- REMOVALA

LOW PRESSURE SENSOR LINE

LOW PRESSURE
*SWITCH PM NE

NO.?2 MAIN TANK (4 MESH SCREEN)

Figum 72 Schematic of Boost Pump Plumbing (8-747 Aipwe)

CHECK
VALVE

BRACKETFW

BOTTOM

Figure 73 Flapper Check Valve Installation

129



limiting shear stress of the matrix may not be overcome by pump suction

(Reference 33). In the event that boost pumps become inoperative during

flight (as in an electric power failure), the engine fuel pump will attempt to

suction feed through the boost pump bypass (Figure 72). However, it is likely

that the same blockage possibility would also prevail in the suction feed line

since it is of similar design and located at approximately the same level as

the boost pump inlet.

b. Engine Feed Filter Plugging

In pumping slushy fuel, the mean particle size of the solid fraction would be

reduced by large shear forces in the pump and the temperature of the fuel

might increase by 1/4 to 1/20C due to friction losses. Since this

temperature increase would be insufficient to eliminate the solid fraction,

there is a possibility that the low pressure (engine feed) filter could be

blocked with frozen fuel. However, these filters (10 to 40p) are

pre-heated, usually by an engine oil heat exchanger, to prevent water ice

blockage. The heaters are typically sized to provide a fuel outlet

temperature a few degrees higher than O°C. Obviously, filter plugging by

frozen fuel would not be a problem as long as the anti-icing heaters were in

operation and the fuel was totally liquid at O°C.

c. Ejector Pump Performance

Some fuel systems include ejector pumps to prevent water accumulations, to

scavenge fuel or to transfer fuel from one tank to another. The motive flow

for these pumps is provided by the boost pump discharge. During cold fuel

pumpability tests performed recently (Reference 37), ejector pumps generally

operated satisfactorily when pumping out tanks containing relatively high

amounts of hold-up (e.g. 30%). The most vulnerable point for blockage in

these pumps is the primary nozzle throat since this is the minimum flow area.

(A typical throat diameter for airplane ejector pumps is approximately 0.18

cm.) However, since fuel blockage of jet pumps was not a problem in these

tests, theshear stresses generated in the fuel by the boost pump must have been

sufficient to reduce the mean particle size of the solid fraction to below

that of the nozzle throat diameter.
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2. HOLDUP GUIDELINES

At present there is a need for a guideline of acceptable holdup level for

higher freeze point fuels. While acceptable levels will depend on the

particular airplane design, fuel type, mission, and fluid motion during

flight, a general all-inclusive guideline would make it easier to arrive at a

suitable low temperature flowability criterion. In the airplanes studied, a

uniform layer of frozen fuel approximately 0.7 cm thick on top and bottom

surfaces did not obstruct the fuel transfer holes or block flapper check

valves and the residual fuel could flow or be pumped as normal. This level

corresponded to an average of 3% of the tank volume.

One approach to defining the allowable holdup level for a given fuel tank is

to equate it to the amount of unusable fuel specified for that tank. These

levels are listed in Table 10 for the critical tanks identified in Section
11.2.

A more refined approach was also developed using the Boeing FTS (Fuel Tank

Simulator) computer graphics program (Reference 38). FTS displays the fuel

surface for a given tank geometry and a specified fuel quantity. Pump inlets

and gravity drain openings, (obtained from airplane drawings and technical

orders, References 5 through 14 and 40 through 45) were located within the

tanks and the fuel level adjusted until it was found to just cover the inlet

or opening. This was defined to be the maximum allowable holdup quantity;

where more than one inlet is present in a tank, a holdup quantity was

determined for each. The results of this approach are given in Table 11.

Examples of the graphical models of the wing tanks and external (cylindrical)

tanks are shown in Figure 74.

3. PROBABILITY OF INTERFERENCE WITH FLIGHT OPERATIONS

"Probability of interference" refers to the frequency of instances in which

the presence of frozen fuel would impact airplane p 'ormance for a particular

route and fuel of known freezing characteristics.

Previous studies revealed that the fifteen lowest temperature histories for a

given route have similar trends and all fit within a relatively narrow band

(Section 1I.1.c). A baseline ambient temperature history was established for
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Table 10. Fuel Capacity of Study Airplane Critical Tanks

Total Unusable
Airplane Critical Tank Fuel (lb) Fuel (Ib) Mass %

A-1O wing 2155.0 117.9 5.47

external 3954.2 24.2 O.bl

B-52 outboard 7545.6 32.8 0.43
external 4585.0 not given

C-141 1/4 main 8221.0 209.6 2.52

F-15 wing 3275.0 2b.2 0.80
external 4015.2 19.7 0.49

KC-135 1/4 reserve 2849.3 6.6 0.23

Table 11. Allowable Holdup Based On Graphics Simulation

Airplane Critical Tank Holdup Allowed (Ib) Mass %

A-10 wing 126.1 5.85
external 35.6 0.90

B-52 outboard
pump inlet 2 192.0 2.55
pump inlet 3 114.3 1.52

external 46.8 1.02

C-141 1/4 main
primary pump 175.5 2.12
secondary pump 295.3 3.56

F-15 wing 37.6 1.15
external 28.9 0.72

KC-135 1/4 reserve 7.8 0.27
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c. C- 141 No. 1/4 Main Tank

d. KC- 135 No. 1/4 Reserve Tank

Figure 74. computer Graphics Model Examples
* (Continued)
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the most severe route for each study airplane by constructing a mean

temperature history through this band of ambient temperature data. To perform

the analysis required, calculations were made with the one dimensional

computer model using various fuel freeze point temperatures and holdup

characteristics. The mean baseline temperature history was then adjusted

upward and downward for each fuel freeze point examined to find temperature

which would freeze no more than the allowable limit (as defined in Table 11).

The average temperature thus determined was then compared with the atmospheric

temperature distributions found in the statistical analysis (Section II.3.b)

to obtain the probability of encounter of each temperture history, and

therefore, the probability of interference for each fuel freeze point

considered. This probability is reported as a function of fuel freeze point

in Figure 75 through 79, part a.

As an example of the use of the information contained in the figures, consider

the following example: A fuel freeze point of -43°C is being evaluated for

its acceptability in the A-10. Figure 75 (left) indicates that this is an

acceptable fuel for the worst case route, for a temperature history along the

route that is 7.30C above the worst baseline temperature history. In other

words, for a temperature history 7.3°C above the worst case, 5.85% holdup

was predicted to develop using a fuel with a freeze point of -430C. Moving

to the right, it is found that there is a 25% probability that the 7.30C

case will ever be encountered. Since the atmospheric data base covers only

the winter months, the probability of interference on a yearly basis is

one-fourth of that found in the analysis.

A second, more conservative, approach to determining freeze point suitability

is demonstrated in Figures 75 through 79, part b. The approach assumes that

the fuel must meet the test of the worst case temperature history, with no

more than the acceptable amount of holdup as defined in Table 11. Mission

simulations were performed with the computer program to determine the maximum

holdup occuring during the mission in the flight for a range of freeze

points. The lowest maximum freeze point allowable for the five study

airplanes then serves as the basis for a fuel specification which would have

zero probability of operational interference. For the five airplanes examined

(Table 12), the maximum freeze point under this criterion is -500 C (tim

lowest in any case).
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Table 12. Maximum Allowable Fuel Freeze Point
for Five Study Airplanes (Worst Case, Zero Probability Criteria)

Determined
Airplane Freeze Point (0C) By (Conditions)

A-10 -50.0 ground

B-52 -47.0 atmospheric

C-141 -50.0 atmospheric

F-15 -42.0 atmospheric

KC-135 -50.0 ground

4. ABNORMAL OPERATING CONDITION ASSESSMENT

Abnormal operating conditions or failure modes which could affect the fuel

freeze point requirement include:

u boost pump failure causing the fuel system to revert to suction feed

o an engine failure on a multi-engine airplane resulting in changes in

fuel usage sequence

o an engine failure requiring reduced Mach number operation (and hence

reduced recovery temperature) for extended periods of time-

Many airplane fuel feed systems are designed to revert to suction feed

automatically in the event of boost pump failure, using suction generated by

the engine driven fuel pump. Cold fuel does not normally create problems with

suction feed (assuming no freezing), and in fact suction feed problems are

normally associated with hot fuel. The pump inlet and suction feed line

inlets are usually separate, and placed about the same distance above the

bottom of the tank. For this reason, only slight differences in the

availability of the fuel to either of the inlets are likely. However, with

frozen fuel there may be larger differences in the amount of fuel that is

removable from the tank, based on the drainability/pumpability test results

reported in the previous section. Between 1 and 10% more fuel was removable

from the test tank with boost pump operation than in suction feed which is

dnalogous to gravity draining.

141



Crossfeeding of fuel in the event of engine failure is usually a feature of

multi-engine airplane designs. If the engine failure does not require the

airplane to reduce its speed, no additional problems with frozen fuel should

occur. By using the cross feed manifold, the fuel depletion schedule could be

identical to flights without engine failure. If reduced speed results from

reduced thrust, the remedy is the same as for the general case of reduced -.

airplane speed as discussed below.

Should some circumstance arise where an airplane was required to operate at

lower than normal Mach number for an extended period of time, the recovery

temperature would be lower, and fuel temperatures will also be reduced. An

example of the effect on temperatures of reduced Mach number was prepared

using the conditions of KC-135 Track 10, combining the worst case atmospheric

temperature day with the actual ground temperatures for the 24 hours preceding

that day (Figure 80). Assuming a fuel freeze point of -50°C, the increase

in holdup predicted is shown in Figure 81 as a function of Mach number

decrease. Based on these results, either a lower fuel freeze point or

alteration of flight altitude or route of flight might be required. Such

procedures are stipulated for commercial airplane operation. One unanswered

question concerns the probability of being unable to locate a warmer air mass

in time to prevent fuel freezing problems. Further investigations into this

issue can be performed with existing analytical tools if there is sufficient

interest, and if the flight plan alterations are specified.

5. CURRENT OPERATING PROCEDURE EVALUATION

Current operating procedures and changes that would allow the Air Force to

utilize fuels with still higher freeze points were considered.

a. Effect of Mission Changes

Flying at higher Mach numbers when very low temperatures are encountered may

be an effective means of avoiding fuel freezing problems. Opposite to the

"" example given above, recovery temperatures and in turn, fuel temperatures,

would be increased if an airplane operated at higher than normal Mach numbers .'

for an extended period of time (Figure 82). The conditions of KC-135 Track 10

were again used for the example, even though such increases in Mach number are

typically not feasible for this type of airplane, As mentioned above,
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descending to lower altitudes or altering routes when low temperatures are

encountered might be required. Further study of these options could produce

useful alternatives.

b. Fuel Treatments

Fuel heating during flight and the addition of flow improver additives are

two techniques which have promise for enhancing the flowability of fuel at

temperatures below the freeze point.

Fuel heating concepts have been evaluated in other programs (Reference 33 and

37). It has been found that in situations which would produce low hold-up

(2%) the effects of fuel heating are small, presumably because of the

inability of the heated fuel to penetrate the cold stagnant fuel layer at the

bottom of the tank. However, the benefit of fuel heating in high hold-up

situations was notable. Without flow distributors to direct the heated fuel

along the bottom of the tank, 1% to 2% hold-up may be present along the

subfreezing lower tank skin even with relatively high rates of heating. As

pointed out earlier, quantities of hold-up of the order of 2% do not appear to

be a problem for the airplanes studied. The obvious penalties for using

internal tank heaters are additional complexity and weight.

It is common practice to add flow improvers to high density fuels, such as

diesel and home heating oil, to help improve flowability at low temperatures.

The additives do not alter the freeze point of the fuel but have a pronounced

effect on reducing the pour point. For this reason the additives continue to

be referred to as pour point depressants. Although some flow improvers have

been shown to have negligible effects on kerosene fuels (Reference 33), a

recently developed additive (Paradyne, produced by Exxon) was claimed to have

utility. Limited experiments have been performed with dilute concentrations

of Paradyne mixed with one of the program test fuels (Reference 2). This

material produced a marked change in the low temperature flowability curve

(Figure 83) and a three-fold reduction in hold-up during cold fuel simulation

tests. Paradyne is believed to interfere with the ability of individual fuel

crystals to grow and agglomerate into a matrix which can trap substantial

amounts of liquid fuel. Further testing of this material is required to
"".1

determine its effect on a broad range of airplane fuels and to optimize
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concentration levels. Its use might be limited to airplanes required to

operate in arctic regions, or when weather forecasts indicated a need.

6. USE OF HIGHER FREEZE POINT FUEL IN EUROPE

A change in the Jet A-1 freeze point specification from -50°C to -470C has

fairly recently become effective. U. S. airplanes in Europe normally use

JP-8, which has a freeze point specification of -500C (Jet A has a freeze

point maximum of -40°C) but may have occasion to use Jet A-I. It is

therefore, of interest to determine whether the freeze point change will cause

any interference problems for European operations. Surface temperature data

was reviewed for this purpose.

Shown in Figure 84 are the average and extreme minimum temperatures taken over

a number of years for the winter months at northern European USAF bases used

by the five study airplanes. Bases in Greenland and Labrador were included

for reference. A check of temperatures at a number of other military

airfields and joint military/civilian airfields in Europe was made to

determine which regions experience the most severe thermal exposures (Figure

85). Locations included in the study are listed in Table 13 (there were too

many names to place on the figure).

The lowest average and extreme minimum temperatures were found to have been

recorded at the three Swedish airfields, with Lulea/Kallax being the most

severe with extreme temperatures as low as-380 C. To ensure that no more

severe locations had been overlooked, additional data was obtained for sixteen

other airfields within Sweden. Five of these were almost as severe as

Lulea/Kallax, but none were worse.

Based on the review of surface temperatures, -470C is clearly an acceptable,

conservative fuel freeze point specification for northern Europe. If only

surface temperatures are considered, a freeze point as high as -430C would

not be likely to create any operational difficulties. A complete evaluation

of acceptability should also include an examination of:
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Table 13. Airfields Used in Review of Temperatures in Northern Europe

Bel gium

Brussels National

Liege Bierset

F rance Sweden

Lognac - Chateaubernard Borlange

Mont - de - Marsan Lulea/Kallax

Reiins/Champagne Ostersund/Froson

Strdsburg/Entzheim

Tours/St. Symphorien

Ge rm~any United Kingdom

Hahn Fal rford

Rdmstei n Greenham Common

Sembdch Mar ham

L-wei brucken Woodbri dge

Netherlands

Dee len

Eindhoven

Norway

* Banak

Stavanger/Sol a

Trondheim/Vaerne

IS
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o the fuel systems of the airplanes in question

o the specifics of the missions to be flown in or from northern Europe

(routes, altitudes, and airspeeds)

A number of relevant facts are known from experience with atmospheric

temperatures for the missions of the five study airplanes:

o Most of the routes studied traverse latitudes across the U.S. and

Canada that are as far or further north than those which cross Europe

(Figures 1, 2, 3, and 6).

o Up to an altitude of 40,000 feet, mean atmospheric temperatures across

Europe all during the winter months are quite similar across the U.S.

northern tier and Canada, including Alaska. Above 40,000 feet, mean

temperatures are lower across Europe. Surface temperatures for the

same period of time have already been shown more severe in the U.S.

than in Europe.

o Of the ten original B-52 routes studied, eight terminated Europe; none

of these was notably severe.

With the similarity of atmospheric temperature, it is possible to conclude

that -480C would be an acceptable maximum freeze point specification for

Europe with the assumption that the presence of frozen fuel is not allowed. A

freeze point of -47°C would also be acceptable, given a small probability,

estimated to be less than 1.0%, of operational interference from fuel freezing

during the winter months.
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SECTION V

CONCLUSIONS AND RECOMMENDATIONS

1. CONCLUSIONS

Extensive analytical and experimental studies were conducted to establish the

maximum allowable fuel freeze point which will ensure satisfactory operation

of all USAF airplane fleets. The results revealea that the maximum allowable

fuel freeze point for a general purpose aviation turbine fuel for Air Force

airplanes operating in the northern hemisphere is -500C. This conclusion is

based on a systematic study of the probability of fuel freezing during ground

and inflight exposures to extremely low air temperatures. The study included:

o determining the lowest inflight temperature exposures by simulating

flights of five different USAF airplanes on low temperature routes

using a 15-year data base of atmospheric properties

o defining the lowest ground temperature exposures for northern latitude

air bases

o performing experiments in a low temperature fuel test apparatus to

measure fuel holdup based on the inflight and ground temperatures

obtained above

o refining a one-dimensional computer code by validating fuel

temperature and holdup predictions with test data

The study confirmed that the -580 C specification limit for JP-4 fuel may be

relaxed, and that an earlier finding (Reference 1) that a specification limit

between -430C and -460C would be acceptable was not all inclusive. The

limiting case was found to be exposure to the extremely low ground

temperatures possible at Eielson AFB, Alaska, where temperatures may remain at

about -500C for a 24-hour period creating the potential for fuel freezing

0with fuels having freeze points higher than -50 C. The above conclusion

(-50 0C maximum freeze point) assumes that the presence of frozen fuel is not

acceptable at any time. Since ground temperatures at Eielson AFB were the

limiting case, the possibility of interference with airplane operations with

-500C freeze point fuel is eliminated.
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Even when the effect of ground temperatures at Eielson AFB is neglected in the

analysis, -50°C again proved to be the freeze point limitation (using the

zero holdup allowable criterion) based on the inflight temperature predictions

for C-141 Track 10. The exposure of the airplane to the low temperature

extreme (<-500C) during the mission is, however, relatively brief. If the

development of some holdup were to be allowed during ground exposure, as in

the case of Eielson AFB, or during a short portion of the flight, as with the

C-141 mission, a freeze point of -480C could be recommended. In both

instances, warming and thawing of the fuel would have occurred well before the

point during the flight at which fuel withdrawal began.

The freeze point specification for Jet A-I, -470C, was determined to be

acceptable for European operations based on a study of surface temperature

data. Limited consideration of atmospheric data indicated that a freeze point

of -48°C would satisfy all operational requirements, but that -47°C is

* also acceptable if a small probability of interference (less than 1%) is

considered reasonable.

A number of advancements were made in the ability to model the behavior of low

temperature fuels:

o a more complete definition of low temperature fuel properties was

established, including phase change effects

o the one-dimensional fuel thermal analysis was refined to include the

low temperature fuel properties and was more completely validated by

additional experimental data

o promising initial results were obtained for two-dimensional cooling

studies applicable to external cylindrical fuel tanks

o a technique was developed to statistically analyze airplane low

temperature exposures in combination with fuel tank iphyslcal

characteristics to predict the probability of interference of airplane

operations as a function of fuel freeze point
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o greater insight was obtained into drainability and pumpability of

partially frozen fuel

o a maximum freeze point acceptable for Europe has been clearly

established based on the examination of ground temperatures; further

study of the atmospheric data given specific airplanes and missions to

determine whether any icolated areas of extreme low temperature exist

For future use in assessing the acceptability of higher freeze point fuels, a

method was developed to provide an estimate of whether a fuel with a given

freeze point will cause operational interference. Data was assembled for the

worst case mission of each study airplane; caution should therefore be used in

the application of this approach because it is mission specific. The maximum

acceptable freeze point was determined analytically for the worst case

mission. Increments of temperature were then added to the worst case

temperature history, and new acceptable freeze points determined for each

incremented temperature history. Using the statistical data for each route,

the probability of encountering each incremented temperature history was

determined, which can also be interpreted as probability of operational

interference.

2. RECOMMENDATIONS

A number of follow-on studies are appropriate to more fully understand the

relationship between fuel freeze point and potential operational problems.

Some of these are:

o further check refine the one-dimensional thermal analysis when

further flight test data becomes available, ideally including the

performance of verification tests in the low temperature simulator

o continue development of the two and three dimensional codes for

external fuel tanks

o further investigate the effect of fuel chemical composition on the

heat transfer characteristics of the fuel

o investigate the effect of fuel tank construction and materials on fuel

freezing and holdup
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o further evaluate the effect of mission changes (changing altitude,

airspeed, or route) on minimizing the effects of severe low

temperature exposure

o establish maximum allowable fuel freeze points as a function of

geographical location to determine the feasibility and payoff of using

special fuels at specific locations

o determine the effect of mixing various fuels on fuel freezing

phenomena; that is, if a special, low freeze point fuel were used for

problem bases such as Eielson AFB, what treatment would be required

for an airplane landing at the base loaded with a standard, higher

freeze point fuel - could the special fuel be added to the standard

fuel to reduce the effective freeze point? If so, in what proportion?
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APPENDIX A

ROUTE DATA

The data presented show latitude, longitude, altitude, and airspeed for the

airplane along each route studied. The sign conventions are as follows:

Latitude north south

Longitude east west

The sources of route data were discussed in Section 2.1; this section includes:

Table Page

A-la B-52 Track 1 162

A-lb B-52 Track 3 162

A-ic B-52 Track 4 163

A-2a C-141 Track 1 163

A-2b C-141 Track 8 164

A-2c C-141 Track 10 165

A-3a KC-135 Track 3 165

A-3b KC-135 Track 5 165

A-3c KC-135 Track 10 166

A-4a through j A-10 Tracks 1 through 1 166

A-5a through j F-15 Tracks I through 10 175

A-6a NASA GASP Test 25 Nov 1978 179

A-6b NASA GASP Test 1 Dec 1978 179
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Table A-la. B-52 Track I

LATITUDE LONGITUDE ALTITUDE AIRSPEED
(DE G) (DEG) (F T) (KNOTS)

48.0 -101.0 35000 444
80.0 -110.0 35000 444

87.0 -130.0 35000 444
86.0 127.0 35000 444

75.0 120.0 35000 444
70.0 115.0 250 360
60.0 115.0 250 360
55.0 112.0 250 360
52.0 112.0 250 360
51.0 113.0 250 360

CIRCLE

51.0 115.0 250 360
51.0 116.0 250 360
50.0 118.0 250 360

50.0 120.0 22000 444
38.0 127.0 0 0

Table A-lb. B-52 Track 3

LATITUDE LONGITUDE ALTITUDE AIRSPEED
(DEG) (DEG) (FT) (KNOTS)

48.0 - 97.0 35000 444 .

80.0 - 80.0 35000 444
81.0 - 25.0 35000 444
78.0 18.0 35000 444

68.0 18.0 35000 444
68.0 18.0 250 360
63.0 20.0 250 360
53.0 29.0 250 360

61.0 33.0 250 360
61.0 35.0 250 360
58.0 35.0 250 360
58.0 39.0 250 360
57.0 40.0 250 360

CIRCLE
57.0 38.0 250 360
57.0 37.0 250 360

56.0 36.0 250 360
56.0 25.0 250 360
61.0 35.0 250 360
63.0 29.0 250 360
65.0 25.0 0 0

162

*P

rn.~,.~ C C -- *



Table A-ic. B-52 Track 4

LATITUDE LONGITUDE ALTITUDE AIRSPEED
(DEG) (DEG) (FT) (KNOTS)

48.0 - 97.0 35000 444
80.0 -100.0 35000 444
88.0 -120.0 35000 444
84.0 47.0 35000 444
78.0 47.0 35000 444
78.0 47.0 250 360
68.0 47.0 250 360
66.0 46.0 250 360
61.0 45.0 250 360
60.0 44.0 250 360
59.0 CICE42.0 250 360

CIRCLE
58.0 41.0 250 360
60.0 41.0 250 360
61.0 38.0 250 360
62.0 38.0 250 360
64.0 32.0 250 360

65.0 25.0 0 0

Table A-2a. C-141 Track 1

LATITUDE LONGITUDE ALTITUDE AIRSPEED
(DE G) (DEG) (F T) (KNOTS)

61.25 -149.77 39000 424
61.20 -150.20 39000 424
60.80 -161.80 39000 424
60.40 -164.40 39000 424
59.70 -170.00 39000 424
57.40 -180.00 39000 424
53.50 170.00 39000 424
50.00 160.00 39000 424
49.70 150.00 39000 424
40.30 145.00 39000 424
38.90 143.20 39000 424
37.20 141.00 39000 424
36.70 140.30 39000 424
36.50 139.90 39000 424
35.60 139.40 39000 424
35.80 139.40 39000 424
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Table A-2b. C-141 Track 8

LATITUDE LONGITUDE ALTITUDE AIRSPEED
(DEG) (DEG) (FT) (KNOTS)

61.25 -149.77 39000 424.5
61.60 -149.97 39000 424.5
64.80 -148.02 39000 424.5
66.60 -145.27 39000 424.5
69.20 -141.00 39000 424.5
69.60 -140.19 39000 424.5
74.50 -130.00 39000 424.5
78.50 -110.00 39000 424.5
80.00 - 85.00 39000 424.5
80.60 - 69.34 39000 424.5
77.30 - 40.00 39000 424.5
75.00 - 30.00 39000 424.5
71.00 - 20.00 39000 424.5
69.00 - 16.42 39000 424.5
65.00 - 11.50 39000 424.5
61.00 - 8.00 39000 424.5
58.22 - 6.19 39000 424.5
55.04 - 1.72 39000 424.5
53.65 1.50 39000 424.5
53.17 3.00 39000 424.5
53.09 3.29 39000 424.5
52.34 5.10 39000 424.5
51.95 6.65 39000 424.5
51.92 6.79 39000 424.5
51.72 7.59 39000 424.5
51.67 7.97 39000 424.5
50.45 8.35 39000 424.5
50.42 9.25 39000 424.5
50.29 8.85 39000 424.5
50.04 8.57 39000 424.5
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Table A-2c. C-141 Track 10

LATITUDE LONGITUDE ALTITUDE AIRSPEED
(DE G) (DEG) (F T) (KNOTS)

76.53 - 68.70 39000 424.5
74.84 - 68.57 39000 424.5
73.00 - 68.65 39000 424.5
72.77 - 68.67 39000 424.5
71.00 - 68.60 39000 424.5
70.47 - 68.59 39000 424.5
65.00 - 68.50 39000 424.5
63.74 - 68.47 39000 424.5
58.10 - 68.44 39000 424.5
54.00 - 70.59 39000 424.5
53.20 - 70.92 39000 424.5
52.00 - 72.14 39000 424.5
49.80 - 74.50 39000 424.5
45.89 - 74.39 39000 424.5
45.00 - 74.20 39000 424.5
42.75 - 73.80 39000 424.5
41.77 - 73.60 39000 424.5
40.94 - 72.80 39000 424.5
40.52 - 72.80 39000 424.5
39.90 - 73.54 39000 424.5
39.10 - 74.80 39000 424.5

Table A-3a. KC-135 Track 3

LATITUDE LONGITUDE ALTITUDE AIRSPEED
(DE G) (DEG) (F T) (KNOTS)

48.0 - 97.0 35000 444
74.9 - 80.0 35000 444
77.4 - 82.0 35000 444
74.9 - 80.0 35000 444
48.0 - 97.0 0 0

Table A-3b. KC-135 Track 5

LATITUDE LONGITUDE ALTITUDE AIRSPEED
(DE G) (DEG) (F T) (KNOTS)

48.0 -101.0 35000 444
62.2 -102.8 35000 444
63.7 -103.0 35000 444
48.0 -101.0 0 0
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Table A-3c. KC-135 Track 10

LATITUDE LONGITUDE ALTITUDE AIRSPEED
(DEG) (DEG) (FT) (KNOTS)

64.4 -147.0 35000 444
80.0 -155.7 35000 444
85.6 24.2 35000 444
83.5 30.0 35000 444
85.6 24.2 35000 444
80.0 -155.8 35000 444
64.4 -147.0 0 U

Table A-4a. A-10 Track 1

LATITUDE LONGITUDE ALTITUDE AIRSPEED
(DEG) (DEG) (FT) (KNOTS)

64.67 -147.12 22000 245
65.30 -146.52 22000 245
68.80 -141.00 22000 245
71.20 -135.00 16000 245
72.70 -130.00 16000 245
73.88 -125.00 17000 245
74.82 -120.00 17000 245
75.53 -115.00 22000 245
76.12 -110.00 22000 245
76.55 -105.00 22000 245
76.85 -100.00 22000 245
77.07 - 95.00 22000 245
77.02 - 90.00 22000 245
77.18 - 85.00 22000 245
77.10 - 80.00 22000 245
76.53 - 68.70 22000 245
75.80 - 60.00 22000 245
75.13 - 54.58 22000 245
74.58 - 51.05 17000 245
73.55 - 45.67 17000 245
72.15 - 40.00 22000 245
70.53 - 35.00 22000 245

68.45 - 30.00 22000 245
65.78 - 25.20 17000 245

* 63.98 - 22.60 22000 245
61.00 - 12.57 22000 245

60.00 - 10.00 22000 245
52.13 1.45 0 0
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Table A-4b. A-10 Track 2

LATITUDE LONGITUDE ALTITUDE AIRSPEED
(DE G) (DEG) (F T) (KNOTS)

37.08 - 76.58 18000 245
42.35 - 71.00 18000 245
43.82 - 66.08 18000 245
47.13 - 55.00 18000 245
48.00 - 50.00 18000 245
49.17 - 45.00 18000 245
50.00 - 40.00 18000 245
50.00 - 35.00 18000 245
50.00 - 30.00 18000 245
50.00 - 25.00 18000 245
50.00 - 20.00 18000 245
50.00 - 15.00 18000 245
50.00 - 10.00 18000 245
50.13 - 5.63 18000 245
52.13 1.45 0 0

Table A-4c. A-10 Track 3

LATITUDE LONGITUDE ALTITUDE AIRSPEED
( DE G) (DEG) (F T) (KNOTS)

64.67 -147.12 26000 300
68.45 -155.28 26000 300
68.73 -156.10 6000 300
69.03 -156.90 6000 300
68.73 -156.10 6000 300
68.45 -155.28 26000 300
65.33 -148.30 26000 300
64.67 -147.12 0 0
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Table A-4d. A-10 Track 4

LATITUDE LONGITUDE ALT ITUDE A IRSPE ED
(DEG) (DEG) (FT) (KNOTS)

64.67 -147.12 15000 210
65.40 -148.43 15000 210
65.33 -148.30 15000 210
65.40 -148.43 15000 210
65.33 -148.30 15000 210
65.40 -148.43 15000 210
65.33 -148.30 15000 210
65.40 -148.43 15000 210
65.33 -148.30 15000 210
65.40 -148.43 15000 210
65.33 -148.30 15000 210
65.40 -148.43 15000 210
65.33 -148.30 15000 210
65.40 -148.43 15000 210
65.33 -148.30 15000 210
65.40 -148.43 15000 210
65.33 -148.30 15000 210
65.40 -148.43 15000 210
65.33 -148.30 15000 210
65.40 -148.43 15000 210
65.33 -148.30 15000 210
65.40 -148.43 15000 210
65.33 -148.30 15000 210

-65.40 -148.43 15000 210
65.33 -148.30 15000 210
65.40 -148.43 15000 210
65.33 -148.30 15000 210
65.40 -148.43 15000 210
65.33 -148.30 15000 210
65.40 -148.43 15000 210
65.33 -148.30 15000 210
65.40 -148.43 15000 210
65.33 -148.30 15000 210
65.40 -148.43 15000 210
65.33 -148.30 15000 210
65.40 -148.43 15000 210
65.33 -148.30 15000 210
65.40 -148.43 15000 210
65.33 -148.30 15000 210
65.40 -148.43 15000 210
65.33 -148.30 15000 210
65.40 -148.43 15000 210
65.33 -148.30 15000 210
65.40 -148.43 15000 210
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Table A-4d. A-10 Track 4

LATITUDE LONGITUDE ALTITUDE AIRSPEED
(DE G) (DEG) (F T) (KNOTS) -

65.33 -148.30 15000 210

65.40 -148.43 15000 210

65.33 -148.30 15000 210

65.40 -148.43 15000 210

65.33 -148.30 15000 210

65.40 -148.43 15000 210
65.33 -148.30 15000 210

65.40 -148.43 15000 210
65.33 -148.30 15000 210

65.40 -148.43 15000 210

65.33 -148.30 15000 210

65.40 -148.43 15000 210

65.33 -148.30 15000 210

65.40 -148.43 15000 210

65.33 -148.30 15000 210
65.40 -148.43 15000 210

65.33 -148.30 15000 210

65.40 -148.43 15000 210

65.33 -148.30 15000 210
65.40 -148.43 15000 210

65.33 -148.30 15000 210

65.40 -148.43 15000 210
65.33 -148.30 15000 210

65.40 -148.43 15000 210

65.33 -148.30 15000 210

65.40 -148.43 15000 210

65.33 -148.30 15000 210
65.40 -148.43 15000 210

65.33 -148.30 15000 210

65.40 -148.43 15000 210
65.33 -148.30 15000 210

65.40 -148.43 15000 210

65.33 -148.30 15000 210
65.40 -148.43 15000 210
65.33 -148.30 15000 210

65.40 -148.43 15000 210
65.33 -148.30 15000 210

65.40 -148.43 15000 210
65.33 -148.30 15000 210
65.40 -148.43 15000 210
65.33 -148.30 15000 210
65.40 -148.43 15000 210
65.33 -148.30 15000 210
65.40 -148.43 15000 210
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Table A-4d. A-10 Track 4

LATITUDE LONGITUDE ALTITUDE AIRSPEED
(DEG) (DEG) (FT) (KNOTS)

65.33 -148.30 15000 210
65.40 -148.43 15000 210
65.33 -148.30 15000 210
65.40 -148.43 15000 210
65.33 -148.30 15000 210
65.40 -148.43 15000 210
65.33 -148.30 15000 210
65.40 -148.43 15000 210
65.33 -148.30 15000 210
65.40 -148.43 15000 210
65.33 -148.30 15000 210
65.40 -148.43 15000 210
65.33 -148.30 15000 210
65.40 -148.43 15000 210
65.33 -148.30 15000 210
65.40 -148.43 15000 210
65.33 -148.30 15000 210
65.40 -148.43 15000 210
65.33 -148.30 15000 210
65.40 -148.43 15000 210
65.33 -148.30 15000 210
64.92 -147.52 15000 210
64.67 -147.12 0 0

Table A-4e. A-10 Track 5

LATITUDE LONGITUDE ALTITUDE AIRSPEED
(DEG) (DEG) (FT) (KNOTS)

64.67 -147.12 6000 205
67.52 -152.93 6000 205
64.90 -147.50 6000 205
64.67 -147.12 0 0

170

• ,..• , - - .. . - .. ~... . ..... .. .. .• . o. . .- .a .. .. . '.• .' . '. " ." . . .'. - , . . - " - ." . .- • . . " ., . . . . - . . -. ' - • -. A ,- .- .- - " . . - . - -, . ..-. '. " '



Table A-4f. A-10 Track 6

LATITUDE LONGITUDE ALTITUDE AIRSPEED
( DE G) (DEG) (F T) (KNOTS)

64.67 -147.12 6000 320
67.23 -152.28 6000 320
65.03 -147.73 6000 320
64.67 -147.12 0 0

Table A-4g. A-10 Track 7

LATITUDE LONGITUDE ALTITUDE AIRSPEED
(DEG) (DEG) (FT) (KNOTS)

40.65 - 86.13 26000 300
45.70 - 86.13 26000 300
46.12 - 86.13 6000 300
46.53 - 86.13 6000 300
46.12 - 86.13 6000 300
45.70 - 86.13 26000 300
41.48 - 86.13 26000 300
30.65 -86.13 0 0

Table A-4h. A-10 Track 8

LATITUDE LONGITUDE ALTITUDE AIRSPEED
(DE G) (DEG) (F T) (KNOTS)

40.65 - 86.13 15000 210
41.57 - 86.13 15000 210
41.48 - 86.13 15000 210
41.57 - 86.13 15000 210
41.48 - 86.13 15000 210
41.57 - 86.13 15000 210
41.48 - 86.13 15000 210
41.57 - 86.13 15000 210 I
41.48 - 86.13 15000 210
41.57 - 86.13 15000 210
41.48 - 86.13 15000 210
41.57 - 86.13 15000 210
41.48 - 86.13 15000 210
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Table A-4h. A-10 Track 8

LATITUDE LONGITUDE ALTITUDE AIRSPEED
(DE G) (DEG) (F T) (KNOTS)

41.57 - 86.13 15000 210
41.48 - 86.13 15000 210
41.57 - 86.13 15000 210
41.48 - 86.13 15000 210
41.57 - 86.13 15000 210
41.48 - 86.13 15000 210
41.57 - 86.13 15000 210
41.48 - 86.13 15000 210
41.57 - 86.13 15000 210
41.48 - 86.13 15000 210
41.57 - 86.13 15000 210
41.48 - 86.13 15000 210
41.57 - 86.13 15000 210
41.48 - 86.13 15000 210
41.57 - 86.13 15000 210
41.48 - 86.13 15000 210
41.57 - 86.13 15000 210
41.48 - 86.13 15000 210
41.57 - 86.13 15000 210
41.48 - 86.13 15000 210
41.57 - 86.13 15000 210
41.48 - 86.13 15000 210
41.57 - 86.13 15000 210
41.48 - 86.13 15000 210
41.57 - 86.13 15000 210
41.48 - 86.13 15000 210
41.57 - 86.13 15000 210
41.48 - 86.13 15000 210
41.57 - 86.13 15000 210
41.48 - 86.13 15000 210
41.57 - 86.13 15000 210
41.48 - 86.13 15000 210
41.57 - 86.13 15000 210
41.48 - 86.13 15000 210
41.57 - 86.13 15000 210
41.48 - 86.13 15000 210
41.57 - 86.13 15000 210
41.48 - 86.13 15000 210
41.57 - 86.13 15000 210
41.48 - 86.13 15000 210
41.57 - 86.13 15000 210
41.48 - 86.13 15000 210
41.57 - 86.13 15000 210
41.48 - 86.13 15000 210
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Table A-4h. A-10 Track 8

LATITUDE LONGITUDE ALTITUDE AIRSPEED

(DEG) (DEG) (FT) (KNOTS)

41.57 - 86.13 15000 210

41.48 - 86.13 15000 210

41.57 - 86.13 15000 210

41.48 - 86.13 15000 210

41.57 - 86.13 15000 210

41.48 - 86.13 15000 210

41.57 - 86.13 15000 210

41.48 - 86.13 15000 210

41.57 - 86.13 15000 210

41.48 - 86.13 15000 210

41.57 - 86.13 15000 210

41.48 - 86.13 15000 210

41.57 - 86.13 15000 210

41.48 - 86.13 15000 210

41.57 - 86.13 15000 210

41.48 - 86.13 15000 210

41.57 - 86.13 15000 210

41.48 - 86.13 15000 210

41.57 - 86.13 15000 210

41.48 - 86.13 15000 210

41.57 - 86.13 15000 210

41.48 - 86.13 15000 210

41.57 - 86.13 15000 210

41.48 - 86.13 15000 210

41.57 - 86.13 15000 210

41.48 - 86.13 15000 210

41.57 - 86.13 15000 210

41.48 - 86.13 15000 210

41.57 - 86.13 15000 210

41.48 - 86.13 15000 210

41.57 - 86.13 15000 210

41.48 - 86.13 15000 210

41.57 - 86.13 15000 210

41.48 - 86.13 15000 210

41.57 - 86.13 15000 210

41.48 - 86.13 15000 210

41.57 - 86.13 15000 210

41.48 - 86.13 15000 210

41.57 - 86.13 15000 210

41.48 - 86.13 15000 210

41.57 - 86.13 15000 210

41.48 - 86.13 15000 210

41.57 - 86.13 15000 210
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Table A-4h. A-10 Track 8

LATITUDE LONGITUDE ALTITUDE AIRSPEED
(DEG) (DEG) (FT) (KNOTS)

41.48 - 86.13 15000 210
41.57 - 86.13 15000 210
41.48 - 86.13 15000 210
41.57 - 86.13 15000 210
41.48 - 86.13 15000 210
41.57 - 86.13 15000 210
41.48 - 86.13 15000 210
41.57 - 86.13 15000 210
41.48 - 86.13 15000 210
40.97 - 86.13 15000 210
40.65 - 86.13 0 0

Table A-4i. A-10 Track 9

LATITUDE LONGITUDE ALTITUDE AIRSPEED
(DEG) (DEG) (FT) (KNOTS)

40.65 - 86.13 6000 205
44.40 - 86.13 6000 205
40.93 - 86.13 6000 205
40.65 - 86.13 0 0

Table A-4j. A-l0 Track 10

LAT ITUDE LONGITUDE ALTITUDE AIRSPEED
(DE G) (DEG) (F T) (KNOTS)

40.65 -86.13 6000 320
44.03 -86.13 6000 320
41.10 - 86.13 6000 320
40.65 - 86.13 0 0
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Table A-5a. F-15 Track I

LATITUDE LONGITUDE ALTITUDE AIRSPEED
(DEG) (DEG) (FT) (KNOTS)

46.33 - 87.38 29000 480
46.37 - 79.42 29000 480
47.43 - 75.28 29000 480
48.33 - 71.00 29000 480
50.22 - 66.27 29000 480
53.45 - 60.00 29000 480
55.00 - 50.00 29000 480
55.00 - 45.00 29000 480
55.00 - 40.00 29000 480
55.00 - 35.00 29000 480
55.00 - 30.00 29000 480
55.50 - 25.00 29000 480
56.00 - 20.00 29000 480
56.00 - 15.00 29000 480
56.00 - 10.00 29000 480
55.43 - 5.70 29000 480
49.95 6.55 0 0

Table A-5b. F-15 Track 2

LATITUDE LONGITUDE ALTITUDE AIRSPEED
(DEG) (DEG) (FT) (KNOTS)

61.25 -149.77 29000 480
61.00 -151.00 29000 480
59.62 -156.50 29000 480
59.23 -157.80 29000 480
59.00 -158.55 29000 480
58.65 -162.07 29000 480
57.38 -165.00 29000 480
55.42 -168.97 29000 480
54.83 -170.00 29000 480
53.45 -175.00 29000 480
51.75 -180.00 29000 480
49.00 175.00 29000 480
47.65 170.00 29000 480
46.00 165.00 29000 480
44.00 160.00 29000 480
41.70 155.00 29000 480
39.00 150.00 29000 480
37.37 145.00 29000 480
36.73 140.35 29000 480
35.27 136.92 29000 480
33.57 130.45 0 0
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Table A-5c. F-15 Track 3

LATITUDE LONGITUDE ALTITUDE AIRSPEED
(DEG) (DEG) (FT) (KNOTS)

61.25 -149.77 39000 500
69.10 -156.62 39000 500
62.57 -150.65 39000 500
61.25 -149.77 0 0

Table A-5d. F-15 Track 4

LATITUDE LONGITUDE ALTITUDE AIRSPEED
(DE G) (DEG) (F T) (KNOTS)

61.25 -146.77 30000 500
66.50 -153.85 30000 500
63.88 -151.58 30000 500
63.22 -151.12 15000 500
61.90 -150.20 15000 500
61.25 -146.77 0 0

Table A-5e. F-15 Track 5

LATITUDE LONGITUDE ALTITUDE AIRSPEED
(DEG) (DEG) (FT) (KNOTS)

61.25 -149.77 30000 500
69.10 -156.60 30000 500
69.73 -157.37 15000 500
68.48 -155.88 15000 500
67.82 -155.15 30000 500
65.23 -152.70 30000 500
64.58 -152.17 15000 500
61.93 -150.22 15000 500
61.25 -149.77 0 0
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Table A-5f. F-15 Track 6

LATITUDE LONGITUDE ALTITUDE AIRSPEED
(DEG) (DEG) (FT) (KNOTS)

61.25 -149.77 39000 500
76.40 -170.50 39000 500
76.93 -172.25 27000 500
78.97 178.58 27000 500
78.48 -178.83 39000 500
61.90 -151.63 39000 500
63.23 -151.13 15000 500
61.92 -150.20 15000 500
61.25 -149.77 0 0

Table A-5g. F-15 Track 7

LATITUDE LONGITUDE ALTITUDE AIRSPEED
(DEG) (DEG) (FT) (KNOTS)

48.27 -101.28 39000 500
54.58 - 92.33 39000 500
49.48 -100.00 39000 500
48.27 -101.28 0 0

Table A-5h. F-15 Track 8

LATITUDE LONGITUDE ALTITUDE AIRSPEED
(DE G) (DEG) (F T) (KNOTS)

48.27 -101.28 30000 500
52.60 - 95.63 30000 500
50.55 - 98.60 30000 500
50.02 - 99.30 15000 500
48.95 -100.68 15000 500
48.27 -101.28 0 0
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Table A-5i. F-15 Track 9

LATITUDE LONGITUDE ALTITUDE AIRSPEED
(DEG) (DEG) (FT) (KNOTS)

48.27 -101.28 30000 500
54.58 - 92.32 30000 500
55.05 - 91.45 15000 500
54.08 - 93.18 15000 500
53.60 - 94.02 30000 500
51.58 - 97.12 30000 500
51.07 - 97.87 15000 500
48.95 -100.68 15000 500
48.27 -101.28 0 500

Table A-5j. F-15 Track 10

LATITUDE LONGITUDE ALTITUDE AIRSPEED
(DEG) (DEG) (FT) (KNOTS)

48.27 -101.28 39000 500
59.78 - 80.32 39000 500
60.15 - 79.22 27000 500
61.57 - 74.30 27000 500
61.23 - 75.57 39000 500
51.58 - 97.12 39000 500
51.07 - 97.87 15000 500
48.95 -100.68 15000 500
48.27 -101.28 0 0
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Table A-6a. NASA GASP Data - 25 Nov 1978

LATITUDE LONGITUDE ALTITUDE AIRSPEED

(DEG) (UEG) (FT) (KNOTS)

26.7 50.6 35000.0 478.0

29.5 44.0 35000.0 478.0

32.0 37.5 35000.0 478.0

35.0 30.0 35000.0 478.0

38.9 16.0 35000.0 478.0

39.0 15.0 37000.0 478.0

40.7 7.0 37000.0 478.0

41.8 -2.0 37000.0 478.0

42.5 -7.0 37000.0 478.0

42.7 -8.0 35000.0 478.0

43.0 -9.0 35000.0 478.0

43.2 -12.0 35000.0 478.0

43.6 -15.0 35000.0 478.0

43.8 -17.5 37000.0 478.0

44.0 -18.0 41000.0 478.0

44.2 -26.0 41000.0 478.0

44.7 -34.0 41000.0 478.0

45.5 -43.0 41000.0 478.0

46.2 -52.5 41000.0 478.0

46.4 -57.0 41000.0 478.0

46.0 -59.0 43000.0 478.0

45.8 -60.5 44000.0 478.0

43.2 -68.0 43000.0 478.0

43.6 -69.0 43000.0 478.0

40.6 -73.8 0.0 0.0

Table A-6b. NASA GASP Data - I Dec 1978

LATITUDE LONGITUDE ALTITUDE AIRSPEED

(DEG) (DEG) (FT) (KNOTS)

26.7 50.6 35a50.D 478.0

29.2 43.0 35250.0 478.0

31.8 36.0 35250.0 478.0

36.0 32.5 35250.0 478.0

41.1 26.0 35250.0 478.0

43.3 20.0 35250.0 478.0

44.0 18.0 39000.0 478.0

47.8 15.0 39000.0 478.0

51.6 5.0 39000.0 478.0

54.7 -5.0 39000.0 478.0

57.0 -15.0 39000.0 478.0

57.7 -27.5 39000.0 478.0

56.8 -40.0 39000.0 478.0

54.5 -52.0 39000.0 478.0

54.2 -53.0 42900.0 478.0

51.7 -58.0 42900.0 478.0

47.8 -65.0 42900.0 478.0

43.0 -72.0 42900.0 478.0

42.5 -73.0 42900.0 478.0

40.6 -73.8 0.0 0.0
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APPENDIX B FUEL USAGE SEQUENCE

The fuel usage sequences were extracted from USAF Technical Orders (References

5-14, and 40-45), the contents of this section are as follows:

Table Page

B-1 Typical B-52 Fuel Consumption Procedure 182

B-2 C-141 Fuel Usage Sequence 183

B-3 KC-135 Fuel Management Sequence 184

B-4 A-1O Fuel Management Sequence 185

B-5 F-15 Fuel Management Sequence 186

B-6 Critical Tank Fuel Usage 187

181



TABLE B-i

Typical B-52 Fuel Consumption Procedure

1 TAKEOFF

Aft Body to Engines 1,2

No. 2 Main to Engines 3,4
No. 3 Main to Engines 5,6

Ctr Wing to Engines 7,8

2 CLIMB

Aft Body to Engines 1,2,3,4

Ctr Wing to Engines 5,6,7,8

3 Aft Body to Engines 1,2,3,4

Fwd Body to Engines 5,6,7,8

4 Mid Body to Engines

5 Aft Body (Down to 13,000=) to All Engines

6 Aft Body to Engines 1,2,7,8

No. 2 Main to Engines 3,4
No. 3 Main to Engines 5,6,

7 Main Tanks to All Engines

(To Green Bond in Mains 1 & 4)

8 L. H. External to Engines 1,2

No. 2 Main to Engines 3,4

No. 3 Main to Engines 5,6
R.H. External to Engines 7,8

9 L.H. Outboard 5,000=) to Engines 1,2

No. 2 Main 5,000= to Engines 3,4

No. 3 Main 5,000= to Engines 5,b
R.H. Outboard 5,000= to Engines 7,8

10 L.H. Outboard to Engines 1,2,3,4

R.H. Outboard to Enyines 5,6,7,8

11 Main Tanks to All Engines

1
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TABLE B-2.

C-141 FUEL USAGE SEQUENCE

The sequence for normal fuel usage is:

1. For take-off, use tank-to-engine feed from auxiliary tanks. Burn

approximately 1,050 pounds per tank.

2. Use fuel equally from extended range tanks until empty.

3. Use fuel equally from auxiliary tanks until auxiliary tanks No. 2 and

No. 3 are empty.

4. Use fuel equally from auxiliary tanks No. I and No. 4 and main tanks

No. 2 and No. 3 until auxiliary tanks No. 1 and No. 4 are empty.

5. Use fuel equally from all main tanks.
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Table 8-3.

C- 135 Fuel Manoipent Sequence

0 7OTAL RAMP FUEL

liP W000 72.000 99.500 109,5Uu 119.00w 136,00U FULEL VALVE FLIGHT FUEL UUAIITIY
o to to to to to of POSITIONS CO1DI. AN4D TAIK USE

71ON50,000 72,000 99,500 109,500 1 19,500 136,000 greater

1, 4 £, Tank to START

1 I 1 1 Engine,, 2 Tank to ENGINES, Mi " 23ad
Manifold TAXI and Mons 1, 2, 3, and 4 0

TAKEOFF

2 2 1, 2,3 &£4 Tank ERUI 10,000 lb froms Center Wingto Monifola CLIMB and
SCUISF

V/1/1,A / / f-- -r/// r/// / 3 3 CRUISE 10,000 lbs from Aft body

Stat th Forward Body and use
;n ratio of 1 lb from Forward

4 ,Body and 1-1/2 lb from Aft

Body. Do not exceed 6700 lib
from Forward Body or 10.000
lb from Aft Body. Use until

empty. 0

4 Forward Body, use until empty0

5Art Body, use until emty

Center Wing retain 10,000 Ib
until after final takeoff. This

2 2 2 4 6 5 step may be deleted if the de-
sired cg for takeoff can be
maintained.

2A 2AI 4A 4A 6A 5A Center Winj, use urti errl)ty 0

Use tanks I & 4 to all eng;nes
until quantities in I & IR - 4

5 5 7 6 equal quantity in 2, and

quantity in 4 & 4R equal
quontity in 3

4 4 6 6 B 7 1R&41Open 0 Dron ,eserves l 4

1, 3 & 4 Tank to LANDING Use until completion of
3 5 5 7 7 9 8 Engine, 02 Tank mission

to Manifold

0 Determine romp fuel aboord, select oFpcpr;ote column, and follow indicated steps

0 Whenever the a;rplone gross we;ght is greater than the maximum broke release gross
we;ght for takeoff, fuel must be used from a body tank during ground operation.

0 Sequence of this step dependent upon m;ssion takeoff requirement

O Do not accomplish at G.W. in excess of 240,000 lb for 1 [0 or 245,000 lb for IT f2.5 g)
Do not accomplish at G.W. in excess of 268,000 lb for "I [ or 293,000 lb for Ml' (2.0 g)

o For oy TAKEOFF or LANDING with less thcn 10.,500 lb in any main tank, all ,ol,,es
Tank to Man;fold and oli boost pump- ON

0 R.,o;n;, 9 tome for.d bod , fvuI -, ... ,-d 1-Y CG cnt,o.l.
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TABLE B-4

A-10 FUEL MANAGEMENT SEQUENCE

The sequence for normal fuel usage is:

1. Use fuel from wing tanks until quantity in either tank drops by

approximately 400 lb. Fuel feeds from external tanks to refill

wings. Repeat cycle until external tanks and wing tanks are empty.

2. Wing tank boost pumps operate at higher pressure and override main

tank pumps to automatically empty the wing tanks first.

3. External tanks will feed automatically if fuselage tank quantity falls

below 500 lb.

185
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TABLE B-5

F-15 FUEL MANAGEMENT SEQUENCE

The sequence for normal fuel usage is:

1. Fuel transfers from Tank 1 and wing tanks (simultaneously) into Tanks

2, 3A, and 3B to keep these full.

2. External tanks feed into Tank 1 after fuel level in Tank 1 reaches
approximately 1560 lb. until external tanks are empty.

3. Wing external tanks empty first, fuel transferred to centerline tank

when not refueling internal tanks.

4. After fuel level reaches 1560 lb. in Tank 1, fuel is used from wing

tanks until empty.

5. Use fuel from Tank I until empty, then finally from Tanks 2, 3A, and

3B until empty.

186
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TABLE B-6

CRITICAL TANK FUEL USAGE

ULLAGE DEPTH PERCENT OF

TANK DEPTH (IN) TIME (HRS (NTOA

B-52 18.0 0.0 0.0 0.0

Start of Withdrawal 14.6 0.0 0.0

15.43 9.0 50.0

15.65 17.0 94.4

C-141 19.5 0.0 0.0 0.0

Start of Withdrawal 8.73 0.0 0.0

10.00 11.7 60.0

11.90 18.5 94.9

KC-135 15.0 0.0 0.0 0.0

Start of Withdrawal 5.20 0.0 0.0

5.48 14.0 93.3

A-10 17.5 0.0 0.0 0.0

*(Track 1) 0.08 0.91 5.0

12.37 0.91 5.0

14.52 16.5 94.0

15.30 16.5 94.0

*F-15 8.9 0.0 0.0 0.0

(Track 3) 0.53 4.7 52.8

1.11 8.4 94.0

2.00 8.4 94.0
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APPENDIX C ATMOSPHERIC TEMPERATURE EXPOSURE AND STATISTICAL ANALYSIS

Four figures are included to define the thermal exposure and statistical
analysis of each route:

a 15 Worst Case Cold Days

b Worst Case Cold Day

c Number of Exceedances

d Number of Encounters

Figure Page

C-1 B-52 Track 1 190

C-2 B3-52 Track 3 192

C-3 B-52 Track 4 194

C-4 C-141 Track 1 196

C-5 C-141 Track 8 198
C-6 C-141 Track 10 200
C-7 KC-135 Track 3 202
C-8 KC-135 Track 5 204

*C-9 KC-135 Track 10 206

*C-10 through 19 A-10 Tracks 1 through 10 208
C-20 through 29 F-15 Tracks 1 through 10 228

189
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Figure C-I. B-52 Track I
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* Figure C-2. B-52 Track 3
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-_S Figure C-3. 8-52 Track 4
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Figure C4. C- 141 Track I
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Figure C-5. C. 141 Track 8
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Figure C-6. C- 141 Track 10

IT J

A--

1$@ 24 300 411 Is #

TIRtE lnfiNO7[Si

a. 15 Wont Cm Cold Days

-3

- - 5

a I@# ell 300 400 b0 40

b. Worst Cas Cold Day

200



C-141 TRACK 10

2800 -4C

2400'

Uj 1600
L)

w_ 1200--5
L.

400

070
-68-64-60- 2 -48-4

I NUT-A ESGOF TEX POSURE,

c. Number of Encoudnes

TH2OEN C00N 0

...... 60*..



Figure C-7. KC- 135 Track 3
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Figure C-8. KC- 135 Track 5
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Figure C-9. KG- 135 Track 10
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Figure c- iC A-i10 Track I
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Figure C- 11. A-10 Track 2
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Figure C- 1Z A- 10 Track 3

S -40 --

t

TIM" , P'M1 JS

a. 7 Worst Cm Cld Days

212



A-10 TRACK 3

2800- -

2400- -4010

S 2000.5

Li

800

400 80 -0 L30 C4

360
30

320

20

L 160

!20

54-50 -46 -42 -38 -34
TIME-AVERAGED TEMPERATURE. C

d. Number of Encounters

:9~ ~ JlJLr.3 4EVISI-- OATE
;j OMECK -10 TRACK 3

'I PPO. ___________

THE QB0OEINrG r C PN! I, 21



Figure C-13o A- O Track 4
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Figure C- 14. A- 10 Track 5
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Figure C- 15. A- i0 Track 6
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A-10 TRACK 6
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Figure C- 16. A- 10 Track 7
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Figure C-17. A-10 Track 8
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Figure C-18. A-IO Track 9
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Figure C-20. F- 15 Track 1
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Figure C-21. F-15 Track 2
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Figure C-22. F- 15 Track 3
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Figure C-23. F- 15 Track 4
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Figure C-24. F- 15 Track 5
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Figure C-25. F-15 Track 6
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Figure C-26. F- 15 Track 7
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Figure C-27. F- 15 Track 8
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Figure C-28. F- 15 Track 9
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Figure C-29. F-15 Track 10
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APPENDIX D GROUND TEMPERATURE EXPOSURE AND STATISTICAL ANALYSIS

Two figures define the thermal exposure and statistical trends of each base:

a 10 Worst Case 24-Hour Periods

b Time - Averaged Temperature Frequency Distribution

Figure Page
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D-7 Sondrestrom AFB, Greenland 256

D-8 Thule AFB, Greenland 257

249



Figure D-1. Eielson AFB, Alaska
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Figure D-2. Elmendorf AFB, Alaska
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Figure D-3. Grand Forks AFB, North Dakota
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Figure D-4 Grissom A FB, Indiana
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Figure D-5. Hancock Field, New York
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Figure D-6. Minot AFB, North Dakota
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Figure D-7 S&ndrestrom A FB, Greenland
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Figure D-8 Thule A FB, Greenland
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APPENDIX E FUEL CHARACTERIZATION DATA

*Data in this section include the characterization data for the fuels used in

* the fuel property development phase.

Table Identification Fuel Type Page

E-1 81-POSF-114 JP-4 259

E-2 81-POSF-117 JP-5 260

*1E-3 82-POSF-125 JP-4 261

E-4 82-POSF-159 JP-4 262

E-5 82-POSF-168 JP-8 263

E-6 82-POSF-445 JP-8 264

E-7 82-POSF-447 JP-4 26!3

E-8 82-POSF-562 JP-8 266

E-9 83-POSF-709 Jet A 267

E-10 NAPC-1 JP-5 268

E-11 NAPC-2 JP-5 269

E-12 NAPC-3 JP-5 270.-

E-13 NAPC-4 JP-5 271

E-14 NAPC-5 JP-5 272

E-15 NAPC-6 JP-5 273

7'

258



FUEL JP-4, Shale-Derived (81-POSF-114)
MILIIAKY 5FELL-FLAILUN M1L-I-bbZ4L#i i

FUEL TYPE DESCRIPTION SPEC METHOD RESULT

Composition
Aromatics (vol % max) 25.0 D1319 5.8

Olefins (vol % max) 5.0 D1319 U.5
Sulfur, total (wt % max) 0.4 D1266 0.0
Acidity, total (mg KOH/g max) 0.015 D3242 -

Hydrogen Content (wt % min) 13.b D1018 14.74

Volatility
Distillation (oC max) - D86 -

Initial BP not limited - -3

10% not limited - 88
20% 145 - 99

50% 190 - 142
90% 245 - 231
95% - - 241
End Point 270 - 2b5
Residue (vol % max) 1.5 -

Loss (vol % max) 1.5 --

Flash Point (°C min) - D93 10

Density (API @ 150C min-max) 45-57 01298 54.8
Gravity Specific (kg/l at 150C min-max) 0.751-0.802 D1298 -

Fluidity
F Point, (oC max) -58.0 D2386 -67

Viscosity (@ -20C, cst max) - 0445 -
Temperature (@ 12 cst, OC) - -

Combustion
Aniline-Gravity Product (min) 5250 D1405
Net Heat of Combustion (BTU/lb min) 18400 D24U 18804
Smoke Point (mm min) 20.0 01322 28.0

Corrosion
Copper Strip (2 hr @ 1000C max) 1-b D130 1-a

Stability
FTMT7Breakpoint Temp. (°C)

Contaminants
Existent Gum (mg/100 max) 7.0 D381 -

Particulates (mg/liter max) 1.0 02276 -

WSIM (min) 70 02550 -

Additives
Anti-icing (vol %) 0.1-0.15 -

Corrosion Inhibitor (lb/lOO bbl min-max) 3-8 -
Antioxidant (lb/l00 bbl min-max) 6.0-8.4 -

Composition Data Available No
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FUEL JP-5, Shale-Derived (81-POSF-117)
MILL IAKT XL[AItIPAIIUR1 M1L-1-50'IL#1

FUEL TYPE DESCRIPTION SPEC METHOD RESULT

Composition
Aromatics (vol % max) 25.0 U1319 lb.O
Olefins (vol % max) 5.0 D1319 1.2
Sulfur, total (wt % max) 0.4 D1266 O.U -.-

Acidity, total (mg KOH/g max) 0.015 U3242 -
Hydrogen Content (wt % min) 13.5 D1018 13.83

Volatility
Distillation (OC max) 086 -

Initial BP not limited - 134
10% 205 - 1b4
20% not limited - 181
50% not limited - 220
90% not limited - 254
95% - - 26U
End Point 290 268
Residue (vol % max) 1.5 - 1.0
Loss (vol % max) 1.5 1.0

Flash Point (°C min) - 093 56
Density (API @ 150C min-max) 36-58 01298 43.b
Gravity Specific (kg/l at 150C min-max) 0.788-0.84b D1298

Fluidity
Freeze Point, (oC max) -58.0 D238b -45
Viscosity (@ -200C, cst max)- 445
Temperature (@ 12 cst, OC)

Combustion
Aniline-Gravity Product (min) 4500 01405 ,

Net Heat of Combustion (BTU/lb min) 18300 0240 18804
Smoke Point (mm min) 19.0 01322 28.0

Corrosion
CopperStrip (2 hr @ 1000C max) 1-b D130 1-b

Stability
JFIUI, Breakpoint Temp. (oC)

Contaminants
Existent-Gum (mg/100 mdx) 7.0 U381
Particulates (mg/liter max) 1.0 D227b
WSIM (min) 85 02550

Additives
-* tf-1cing (vol %) 0.1-0.15 "
Corrosion Inhibitor (lb/lu00 bbl min-max) 7.5-16.0 -

Antioxidant (lb/l00 bbl min-max) 6.0-8.4 -

Composition Data Available No
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FUEL JP-4 (82-POSF-125)

MILII!TK SPECIFIC.I LUr iIL-T'-5624#1

FUEL TYPE DESCRIPTION SPEC METHOD) RESULT

Composition
Aromatc (vol % max) 25.0 01319 12.2
Olefins (vol % max) 5.0 D1319 1.7
Sulfur, total (wt % max) 0.4 D1266 0.013
Acidity, total (mg KOH/g max) 0.015 03242 0.01
Hydrogen Content (wt % min) 13.6 D1018-

Volatility
_U1Stl aion (OC max) - 86

Initial BP not limited - 138
10% not limited - 214
20% 145 - 237
50% 190 - 286
90% 245 - 418
95%
End Point 270 -454

Residue (vol % max) 1.5 -1.0

Loss (vol % max) 1.5 - 0.0
Flash Point (OC min) - 093

*Density (API @ 150C min-max) 45-57 D1298 53.3
Gravity Specific (kg/l at 150C min-max) 0.751-0.802 01298-

Fluidity
FrezgPoint, (OC max) -58.0 02386 -b1
Viscosity (@ -2&0C max) -0445 -

* Temperature (@ 12 cst, 0C) -

* Combustion
*Aniline-Gravity Product (min) 5250 01405 66b2

Net Heat of Combustion (I3TU/lb min) 18400 D240-
Smoke Point (mm min) 20.0 01322-

Corrosi on
copper Strip (2 hr @ 1000C max) 1-b D130 1-a

Stability
JrIT -Breakpoint Temp. (OC)--

* Contaminants
ExistentGum (mg/100 max) 7.0 D381 0.3

%Particulates (mg/liter max) 1.0 02276 0.53
WSIM (min) 70 02550 88

* Additives
Anti-Icing (vol %) 0.1-0.15 -0.12

(Union
Carbide)

* Corrosion Inhibitor (lb/10OO bbl min-max) 3-8-
* Antioxidant (ib/lOQO bbl min-max) 6.0-8.4-

*Composition Data Available Yes
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FUEL JP-4 (82-POSF-159)MILIT7MY Svrzr11%1u"IL-T-5624L#1

FUEL TYPE DESCRIPTION SPEC METHOD RESULT

Composition
Aromatios (vol % max) 25.0 D1319 12.4

Olefins (vol % max) 5.0 D1319 1.2

Sulfur, total (wt % max) 0.4 D1266 0.02
Acidity, total (mg KOH/g max) 0.015 D3242 -

Hydrogen Content (wt % min) 13.6 D1018 14.4

Volatility
Distilltion (oC max) - 08b -

Initial BP not limited - 27

10% not limited - 83
20% 145 - 115

50% 190 - 149
90% 245 - 180
95% - - 186

End Point 270 - 213
Residue (vol % max) 1.5 -

Loss (vol % max) 1.5 -
Flash Point (°C min) - D93

Density (API @ 150C min-max) 45-57 U1298 54.b
Gravity Specific (kg/l at 150C min-max) 0.751-0.802 01298 0.7b03

Fluidity
Freeze Point, (oC max) -58.0 02386

Viscosity (@ -200C max) - U445
Temperature (@ 12 cst, °C) .. "

Combustion
Anilinr-Gravity Product (min 5250 D1405
Net Heat of Combustion (BTU/lb min) 18400 0240 .
Smoke Point (mm min) 20.0 D1322 28

Corrosion
Copper Strip (2 hr @ I00°C max) 1-b D130

Stability

JT'TBreakpoint Temp. (°C)

Contaminants
Eiiste um (mg/lO0 max) 7.0 0381
Particulates (mg/liter max) 1.0 02276
WSIM (min) 70 02550

Additives
Anti-cing (vol %) 0.1-0.15 -
Corrosion Inhibitor (lb/1000 bbl min-max) 3-8
Antioxidant (lb/l00 bbl min-max) 6.0-8.4 -

Composition Data Available Yes
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FUEL JP-8 (82-POSF-168)
MILlIT"T b FI -1A! MI L-T'-83133A

SPEC

FUEL TYPE DESCRIPTION RQMT METHOD RESULT

Composition
AromatiCs (vol % max) 25.0 01319 -

Olefins (vol % max) 5.0 D1319 -

Sulfur, total (wt % max) 0.3 D1266 -

Acidity, total (mg KOH/g max) 0.015 D3242 -

Hydrogen Content (wt % min) 13.5 01018 -

Volatility

1istillation (°C max) - D86

Initial BP not limited -

1 0 205 -

20% not limited -

50% not limited -

90% not limited -

End Point 300 -

Residue (vol % max) 1.5 -

Loss (%) 1.5 - -

Flash Point (°C min) 38.0 D56 -

Density (API @ 150C min-max) 37.0-51.0 D287 -

Gravity Specific (kg/l at 150C min-max) 0.775-0.840 01298 -

Fluidity
FreM Point (°C max) -50 D2386 -

Viscosity (@ -200C cst. max) - D445 -

Temperature (@ 12 cst °C) --

Combustion
Anilinr-Gravity Product (min) - -

Net Heat of Combustion (BTU/Ib min) 18400 D240 -

Smoke Point (mm min) 19 01322 -

Corrosion
Uopper Strip (2 hr @ 1000C max) 1-b D130

Stability
-FTu'IBreakpoint Temp. (°C) - -

- Contaminants
SExisten um (mg/100 ml max) 7.0 D381 -

Particulates (mg/liter max) 1.0 0227b -

WSIM (min) 70 02550 -

Additives
SAnti-lcing (vol %) 0.1-0.15 -
Corrosion Inhibitor, (lb/1OOO bbl) - -

Antioxidant, (lb/1000 bbl min-max) 6.0-8.4 -

Composition Data Available No
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FUEL JP-8 (82-POSF-445)
M I L IMT SPECLIF IGAI MR 111L-TI-83133A

SPEC
FUEL TYPE DESCRIPTION RQMT METHOD RESULl

Composition
Aromatilcs (vol % max) 25.0 U1319 1b.8
Olefins (vol % max) 5.0 D1319 2.1
Sulfur, total (wt % max) 0.3 01266 0.11
Acidity, total (mg KOH/g max) 0.015 D3242 U.0U2
Hydrogen Content (wt % min) 13.5 D1018 13.79

Volatility
'Distillaion (OC max) D 86

Initial BP not limited - 182
100/1 205 - 2U2
20% not limited - 20
5 0IW not l imi ted - 221
90% not limited - 248
End Point 300 - 266
Residue (vol %. max) 1.5 - 1.0
Loss (%) 1.5 - 1.0

Flash Point (OC min) 38.0 D56 54
Density (API @ 150C min-max) 37.0-51.0 0287 42.3
Gravity Specific (kg/i at 150C min-max) 0.775-0.840 01298 0.8142

Flu idi ty
Freeze Point (OC max) -50 D2386 -'+4
Viscosity (@ -200C cst max) - D445 1.b7
Temperature (@ 12 cst OC) -

Combustion
Anilie-Gravity Product (min) - -7793

Net Heat of Combustion (I3TU/lb min) 18400 D240 18591
Smoke Point (mm min) 19 01322 26.U

Corrosion
Copper-Strip (2 hr @ 1000C max) 1-b max U130 1-a

Stability
1'FTOTreakpoint Temp. (OC)--

Contaminants
Existent Gm (mg/laO ml max) 7.0 U381 0.0
Particulates (ig/liter max) 1.0 U2276 0.b
WSIM (min) 70 02550

Additives
F~ing (vol %) 0.-.5-0.14

Corrosion Inhibitor, (lb/10OO bbl) -

Antioxidant, (lb/100O bbl min-max) 6.0-8.4-

Coinposition Data Available No
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FUEL JP-4 (82-POSF-447)
MTLIIAKY 5FE s TiiL IUN MIL-T-bb24L#1

FUEL 'TYPE DESCRIPTION SPEC METHOD RESULT

Composition
A1o7atics (vol % max) 25.U 01319
Olefins (vol % max) 5.0 01319 -

Sulfur, total (wt % max) 0.4 D1266 O.U3
Acidity, total (ing KOH/g max) 0.015 03242 0.002
Hydrogen Content (wt % min) 13.6 01018 14.46

Volatility
uist lation (°C max) - 086 -

Initial BP not limited - b1
1 0% not limited - 97
20% 145 - 110
50% 190 - 148
90% 245 - 228

End Point 270 255
Residue (vol % max) 1.5 1.0
Loss (vol % max) 1.5 - 1.0

Flash Point (°C min) - D93 -
Density (API @ 150C min-Max) 45-b7 D1298 54.3
Gravity Specific (kg/l at 150C min-max) 0.751-0.802 01298 0.7616

Fluidity
Freeze Point, (oC max) -58.0 D238b -64

Viscosity (@ -200C max) - U445 0.7864
Temperature (@ 12 cst, °C) -

Combustion
* AnilineGravity Product (min) 5250 1405 -

Net Heat of Combustion (BTU/Ib min) 18400 D240 18747

Smoke Point (mm min) 20.0 D1322 25.0

Corrosion
Copper Strip (2 hr @ IO0°C max) 1-b D130 1-a

Stability
Tm7Breakpoint Temp. (oC)

Contaminants
Existent Gum (mg/100 max) 7.0 D381 0.8
Particulates (mg/liter max) 1.0 02276 0.1
WSIM (min) 70 D2550 9b

Additives
Anti-Icing (vol %) U.1-0.15 - 0.07

Corrosion Inhibitor (lb/00 bbl min-max) 3-8 -

Antioxidant (lb/1000 bbl min-max) 6.0-8.4 -

Composition Data Available Yes
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FUEL JP-8, Shale-Derived (82-PUSF-562)
MILIIARKY 5 IOM[L,313

SPEC
FUEL TYPE DESCRIPTION RQMT METHOD RESULI

Composition
Aromatics (vol % mdx) 25.0 01319 22.2
Olefins (vol % max) 5.0 D1319 1.6
Sulfur, total (wt % max) 0.3 D1266 0.0
Acidity, total (mg KOH/y max) 0.015 D3242 0.007

* Hydrogen Content (wt % min) 13.5 U1018 13.6

Volatility
Dtflation (°C max) 086 -

Initial BP not limited - 180
10% 205 - 187
20% not limited - 190
50% not limited - 199

90% not limited - 227
End Point 300 - 248
Residue (vol % max) 1.5 1.0
Loss (%) 1.5 1.0

Flash Point (°C min) 38.0 D56 59.
Density (API Cd 150 C min-max) 37.0-51.0 D287 44.7
Gravity Specific (kg/1 at 150C min-max) 0.775-0.840 D1298

Fluidity
Freeze Point (OC max) -50 D2386 -50
Viscosity (@ -200 C cst. max) - D445 -32C,6.27; -40C,8.67;

-45C, doesn't flow
Temperature (@ 12 cst oC)

Combustion
Anflinf-Gravity Product (min) - -
Net Heat of Combustion (BTU/lb min) 18400 0240 18557 (calc)
Smoke Point (mm min) 19 D1322 20.4 (calc)

Corrosion
TopStrip (2 hr @ 100 0C max) I-b D130 1-a

Stability
JFOT, Breakpoint Temp. OC

Contaminants
Existent Gum (mg/100 ml max) 7.0 D381 1.2
Particulates (mg/liter max) 1.0 02276 0.8 mg/gal
WSIM (min 70 D2550 9.0

Additives
Anti-Icing (vol %) 0.1-0.15 - 0.05
Corrosion Inhibitor, (lb11000 bbl) -
Antioxidant, (lb/1O0O bbl min-max) 6.0-8.4 -

Composition Data Available No
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FUEL Jet A (83-POSF-70Y)MILII7MT SP-CIFIGAIIUM

SPEC

FUEL TYPE DESCRIPTION RQMT METHOD RESULT

Composition
Aroma (vol % max) 25.0 01319 -

Olefins (vol % max) 5.0 D1319 -

Sulfur, total (wt % max) 0.3 D1266 -

Acidity, total (mg KOH/g max) 0.015 D3242 -

Hydrogen Content (wt % min) 13.5 01018 -

Volatility
Uistlllation (OC max) - D86 -

Initial BP not limited - -

10% 205 - -

2U% not limited -

50% not 'imited -

90% not limited -

End Puint 300 -

Residue (vol % max) 1.5 -

Loss (%) 1.5 - -

Flash Point (°C mir) 38.0 D56 -

Density (API @ 150C min-max) 37.0-51.0 D287 -

Gravity Specific (kg/i at 15
0C min-max) 0.775-0.840 D1298 -

Fluidity
-reeze Point (°C max) -50 U2386 -42

Viscosity (@ -200C cst. max) - 0445 1.565
Temperature (@ 12 cst °C) - -40

Combustion
' nilin --Gravity Product (min) -
Net Heat of Combustion (BTU/Ib min) 18400 D240 .

Smoke Point (mm min) 19 D1322 -

Corrosion
Copper Strip (2 hr @ 1000C max) 1-b D130 

Stability
LBreakpoint Temp. 0C

Contaminants
Existen um (mg/100 ml max) 7.0 0381 -

Particulates (mg/liter max) 1.0 D2276 -

WSIM (min 70 02550 -

Additives
Anti-Icing (vol %) 0.1-0.15 -

Corrosion Inhibitor, (Ib/iOO0 bbl) - -

Antioxidant, (lb/000 bbl min-max) 6.0-8.4 -

Composition Data Available No
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FUEL JP-5, Modified (NAPC-1)
MILIIAMK' Y LUIrAION MILI-5624L#1

FUEL TYPE DESCRIPTION SPEC METHOD RESULT

Composition
Aromatics (vol % max) 25.0 01319 32.14
Olefins (vol % max) 5.0 D1319 1.19
Sulfur, total (wt % max) 0.4 D1266 0.U02
Acidity, total (mg KOH/y max) 0.015 U3242 0.015
Hydrogen Content (wt % min) 13.5 01018 13.36

Voldtil ity
Distfllation (°C max) - U86 -

Initial BP not limited - 163
10% 205 - 190
20% not limited - 207
50% not limited - 242
90% not limited - 276
95% - -

End Point 290 - 297
Residue (vol % max) 1.5 - 2.0
Loss (vol % max) 1.5 - 0.9

Flash Point (oC min) - D93 57
Density (API @ 150C min-max) 36-58 D1298 38.9
Gravity Specific (kg/l at 150C min-max) 0.788-0.845 01298 -

Fluidity ...
r Point, (°C max) -46.0 D2386 -30

Viscosity (@ -200 C, cst max) 8.5 0445 1.78
Temperature (@ 12 cst, °C) - - -30.b

Combustion
Aniline-Gravity Product (min) 4500 01405 5360
Net Heat of Combustion (BTU/lb min) 18300 D240 18480
Smoke Point (mm min) 19.0 D1322 17

Corrosion
CoperStrip (2 hr @ 1OU0C max) 1-b U130 1-a

Stability
_ ra reakpoint Temp. (°C) 282

Contaminants
E um (mg/100 max) 1.o 038i 0.1
Particulates (mg/liter max) 1.0 02276 1.4
WSIM (min) 85 02550 26

Additives
Anti-Icing (vol %) 0.1-0.15 - 0.14
Corrosion Inhibitor (lb/1000 bbl min-max) 7.5-16.0 - 13.0 (Hitec E-515)
Antioxidant (lb/000 bbl min-max) 6.0-8.4 - 7.0 (Dupont AU-33)

Composition Data Available Yes
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FUEL JP-5, Modified (NAPC-2)
MILI ' KT.SPECrFT M111MY -i-5624L#1

FUEL TYPE DESCRIPTION SPEC METHOD RESULT

Composition
-Aromatics (vol % max) 25.0 D1319 25.0

Olefins (vol % max) 5.0 D1319 0.81

Sulfur, total (wt % max) 0.4 D1266 0.058
Acidity, total (mg KOH/g max) 0.015 D3242 0.027
Hydrogen Content (wt % min) 13.5 D1018 13.48

Vol atlity
Distiation (°C max) - 086 -

Initial BP 205 - 168
10% not limited - 227
20% not limited - 242
50% not limited - 257
90% not limited - 272
95% - - -

End Point 290 - 281
Residue (vol % max) 1.5 - 1.8

Loss (vol % max) 1.5 0.2
Flash Point (oC min) - D93 71
Density (API @ 150C min-max) 36-58 D1298 37.8
Gravity Specific (kg/l at 150C min-max) 0.788-0.845 01298 -

Fluidity
Freeze Point, (°C max) -46.0 D2386 -24
Viscosity (@ -200C, cst max) 8.5 D445 2.27
Temperature (@ 12 cst, oC) - -20.6

Combustion
Anili Gravity Product (min) 4500 D14U5 5557
Net Heat of Combustion (BTU/Ib min) 18300 0240 185U2
Smoke Point (mm min) 19.0 D1322 18.0

Corrosion
Copper Strip (2 hr @ O0°C max) 1-b D130 1-b .

Stability
J10 , Breakpoint Temp. (°C) - 271

Contaminants
Existent Gum (mg/lO0 max) 7.0 0381 O.U
Particulates (mg/liter max) 1.0 D2276 1.9
WSIM (min) 85 D2550 21

Additives
Anti-icing (vol %) 0.1-0.15 - 0.12 (Hitec E-515)
Corrosion Inhibitor (lb/1000 bbl min-max) 7.5-16.0 - 13.0 (Dupont A0-33)
Antioxidant (lb/1000 bbl min-max) 6.0-8.4 - 7.0

Composition Data Available Yes
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FUEL JP-5, Modified (NAPC-3)
MILIu KT AR'Fi~tib1Ur1 MIL-I-5624L#1

FUEL TYPE DESCRIPTION SPEC METHOD RESULT

Composition

Aromatics (vol % max) 25.0 01319 23.63
Olefins (vol % max) 5.0 D1319 0.75
Sulfur, total (wt % max) 0.4 D1266 0.018
Acidity, total (mg KOH/g max) 0.015 03242 0.015
Hydrogen Content (wt % min) 13.5 01018 13.66

Volatility
-Distillation (°C max) 086 -

. Initial BP not limited - 171
10% 205 - 192
20% not limited - 203
50% not limited - 227
90% not limited - 261
95% - - -

End Point 290 - 276
Residue (vol % max) 1.5 - 1.4
Loss (vol % max) 1.5 - 0.1

Flash Point (°C min) - D93 59
Density (API @ 150C min-max) 36-58 01298 41.3
Gravity Specific (kg/l at 150C min-max) 0.788-0.845 D1298 -

Fluidity
m-eeze Point, (oC max) -46.0 D2386 -34
Viscosity (@ -200C, cst max) 8.5 U445 1.62

Temperature (@ 12 cst, °C) - -35.6

Combustion
Aniline-Gravity Product (min) 4500 D1405 5811
Net Heat of Combustion (BTU/lb min) 18300 D240 18527
Smoke Point (mm min) 19.0 01322 20

Corrosion
_ pper Strip (2 hr @ I00°C max) 1-b D130 1-a

Stability
JFIUI reakpoint Temp. (oC) 288

Contaminants
*Existent um (mg/lOO max) 7.0 U381 0.0

Particulates (mg/liter max) 1.0 02276 1.84
WSIM (min) 85 02550 50

Additives
'Anti-Icing (vol %) 0.1-0.15 - 0.19
Currosion Inhibitor (lb/I00 bbl min-max) 3-8 13.0 (Hitec E-515)
Antioxidant (lb/lOOO bb] min-max) 7.5-16.0 7.0 (Dupont AO-33

Composition Data Available Yes
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FUEL JP-5 Modified (NAPC-4)
MILLITMT Zv11Ltr1LMIL O M1L-I-5624L#1

FUEL TYPE DESCRIPTION SPEC METHOD RESULT

Composition
Aromatics (vol % max) 25.0 D1319 20.47
Olefins (vol % max) 5.0 01319 0.79
Sulfur, total (wt % max) 0.4 01266 0.008
Acidity, total (mg KOH/g max) 0.015 U3242 0.013
Hydrogen Content (wt % min) 13.5 D1018 13.82

Vol atv iity

Distil ion (°C max) D86 -
Initial BP not limited - 180

10% 205 - 2U2
20% not limited - 210
50% not limited - 228
90% not limited - 264
95% - -
End Point 290 - 282
Residue (vol % max) 1.5 - 1.4
Loss (vol % max) 1.5 - 0.5

Flash Point (°C min) - D93 69
Density (API @ 150 C min-max) 36-58 D1298 41.6
Gravity Specific (kg/l at 150C min-max) 0.788-0.845 D1298 -

Fluidity
Freeze Point, (°C max) -46.0 D2386 -34.5
Viscosity (@ -200C, cst max) 8.5 D445 1.74
Temperature (@ 12 cst, oC) - -31.7

Combustion
AniliRe-Gravity Product (min) 4500 D14U5 6140
Net Heat of Combustion (BTU/lb min) 18300 0240 18562
Smoke Point (mm min) 19.0 U1322 21

Corrosion
Lopper Strip (2 hr @ 1000C max) 1-b 0130 1-b

Stability
*FIUT, Breakpoint Temp. (oC) - 282

Contaminants
Existent Gum (mg/lo max) 7.0 U381 0.1

Particulates (mg/liter max) 1.0 D2276 0.75
WSIM (min) 85 D2550 38

Additives
-Anti-cing (vol %) 0.1-0.15 - 0.16
Corrosion Inhibitor (lb/100O bbl min-max) 7.5-16.0 - 13.0 (Hitec E-515)
Antioxidant (lb/000 bbl min-max) 6.0-8.4 7.0 (Dupont AO-33)

Composition Data Available Yes
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FUEL JP-5, Low Aromatic (NAPC-5)MILIIAKT 3WtULUzA11uM M[LC--M4L#l 1-i

FUEL TYPE DESCRIPTIv.. SPEC METHOD RESULT

Composition
Aromatics (vol % max) 25.0 D1319 14.99
Olefins (vol % max) 5.0 D1319 0.79
Sulfur, total (wt % max) 0.4 01266 0.005
Acidity, total (mg KOH/g max) 0.015 D3242 0.004
Hydrogen Content (wt % min) 13.5 D1018 13.79

Volatility
-rstiilation (°C max) D86 -

Initial BP not limited - 181
10% 205 - 191
20% not limited - 203
50% not limited - 217
90% not limited - 243
95% - - -
End Point 290 - 261
Residue (vol % max) 1.5 - 1.2
Loss (vol % max) 1.5 - 0.2

Flash Point (°C min) - D93 62
Density (API @ 150C min-max) 36-58 D1298 41.8
Gravity Specific (kg/l at 150C min-max) 0.788-0.845 01298 -

Fluidity
F-reeze Point, (OC max) -46.0 02386 -50
Viscosity (@ -200C, cst max) 8.5 D445 1.58
Temperature (@ 12 cst, °C) - -35.5

Combustion
'Aniline-Gravity Product (min) 4500 D1405 -
Net Heat of Combustion (BTU/lb min) 18300 D240 18516
Smoke Point (mm min) 19.0 D1322 21

Corrosion
Copper Strip (2 hr @ 1000C max) 1-b D130 1-a

Stability
"FTUT, reakpoint Temp. (°C) 271

Contaminants
Existentmum (mg/lO0 max) 7.0 D381 2.6
Particulates (mg/liter max) 1.0 D227b 1.0
WSIM (min) 85 D2550 85

Additives
-Anti-Icing (vol %) 0.1-0.15 - 0.10
Corrosion Inhibitor (lb/lOO bbl min-max) 3-8 - Unknown (Hitec E-515)
Antioxidant (lb/1OO0 bbl min-max) 7.5-16.0 - Unknown (Dupont A0-55)

Composition Data Available Yes

272

"" "'"'" "'"" ~~~................... ............... • ..... •-..........-.-.,........""..:"-'. TTL
-- I - ' ' ' ' . . o • . -* . - % - - . , . - *' . % *-. . - , . - . • " . ° % - , . . , . o %



FUEL JP-5, High Aromatic (NAPC-6)
MIIAK FLLM11NML-1 Z -#1

FUEL TYPE DESCRIPTION SPEC METHOD RESULT

Distilltion (tiix a)gQ~
Aroatics (vol % max) 25.0 D1319 22.67
Olefins (vol % max) 5.0 D1319 1.62
Sulfur, total (wt % max) 0.4 D1266 0.00b--
Acidity, total (mg KOH/g max) 0.015 D3242 O.OU3 '""

Hydrogen Content (wt % min) 13.5 D1018 -13.49

Volatility
Di t l ation (oc max) -D86 --- .

Initial BP not limited 190
10% 205 2U4
20% not limited 208
50% not limited 218
90% not limited 246
95% - - -
End Point 290 264
Residue (vol % max) 1.5 - 1.0
Loss (vol % max) 1.5 - 0.5

Flash Point (OC min) - 093 70
Density (API @ 150C min-max) 36-58 D1298 40.5
Gravity Specific (kg/l at 150C min-max) 0.788-0.845 D1298 -

Fluidity
Point, (OC max) -46.0 02386 -53

Viscosity (@ -200C, cst max) 8.5 0445 1.5
Temperature (@ 12 cst, °C) - - -35

Combustion
Aniline-Gravity Product (min) 4500 D1405 5271
Net Heat of Combustion (BTU/Ib min) 18300 D240 18491
Smoke Point (mm min) 19.0 U1322 21.0

Corrosion
-~ppe-Strip (2 hr @ 1000C max) 1-b D130 1-a

Stability
awl, breakpoint Temp. (oC) 271

Contaminants
-Existent"Gum (mg/100 max) 7.0 D381 0.1
Particulates (mg/liter max) 1.0 D2276 0.11
WSIM (min) 85 02550 60

Additives

Anti-Icing (vol %) 0.1-0.15 - 0.11
Corrosion Inhibitor (lb/bOOO bbl min-max) 7.5-16.0 - Unknown (Hitec E-515)
Antioxidant (Ib/1OO bbl min-max) 7.5-16.0 - Unknown (Uupont AO-55)

Composition Data Available Yes
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