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1.0 SUMMARY

A computer model representation was made of the DC-10-30 aircraft fuel
system and the fuel, lubrication, bleed air, and generator cooling systems for
the CF6-8B0X engine. This model was derived from engine thermal models for
CF6-80A/AL engines used on the B-767 and A-310. The thermal model was used in
conjunction with General Eleetric Commercial Engine miszion analysis computer
codes to project and simulate actual routes and flight profiles for the
DC-10-30. The flights included nominal and statistical one-day-per-year cold
and hot extremes.

With the DC-10-30 and CF6-80X serving as a baseline, three new advanced
fuel systems were evaluated under the same simulated flight conditions in
order to assess differences in performance. The primary objective of this
work was to determine feasibility and relative degree of compatibility of
these alternative systems with future broadened-property fuels. The fuel
properties determined to be of primary interest were freezing point, thermal
stability and lubricity. An emergency flight condition representing low fuel

regserves was also evaluated.

In addition to system performance considerations, fuel consumption and
economic tradeoffs were also addressed. Component weight, engzgé air bleed
and shaft power extraction, and the effeect of fuel heating were determined in
order to arrive at relative differences in fuel consumption for the different
syatems. These results along with estimates of acquistion cost and
maintenance cost were used in an economic analysis which yielded differences

in economic incentive for ecrch system.

The three advanced systems included means for airerafi tank ﬁeating by
energy extraction from existing engine systems. These hesat sources included
engine lubricating oil, generator oil, and engine compressor bleed air for the
aireraft environmental control system. Fuel recirculation to the tanks was
used for the engine lube and generator oili approach. A& wabter recirculation

loop was used with the bleed air system. The advanced systems also included




alternative fuel pump designs for increased tolerance to low fuel lubricity.
A centrifugal pump was used with the most advanced system. Fuel nozzle
configurations to increase tolerance to low thermal stability fuel properties

included air atomization and alternative nozzle divider valve designs.

The resuts of the study showed that all systems are generally feasible
but vary in degree of compatibility with broadened-property fuels. The
coldest bulk fuel temperature predicted for the main wing tanks was -45° C
{(-49° F) for the baseline design. This is 5° € (9° F) less than the maximum
freezing point Ffor Jet-A fuel indieating the probable use of Jet-B or Jet-Al
by the airline for this flight. These results during the same cold flight
improved to -33.9% € (-29° F) using engine lube o0il heat and -41.7° C (-43° F)
u2ing generator oil heat. Bleed air heat would have resulted in a -32.2° C
(-26° F) tank temperature if the precooler setpoint was 121° C (250° F)., Thus
the bleed air system affords a 12.8° C (23° F) increase in fuel freezing
point. The only significant problem revealed by the study was the use of
engine lube oil heat for fuel freezing protection. Engine oil temperature
might become too cold for proper distribution in the engine. Oversizing the
0il-to-fuel heat exchanger (degrading performance) might be a solution but is

not desirable from a weight standpoint.

Fuel lubricity problems caused by severe hydrotreating could be solved
with the use of new pump gear materials or by changing to centrifugal pumps.
It is highly uncertain, however, that low lubricity will be a fuel problem in
any event.

Thermal stability for the study fuel was estimated to be 220° C (428° F)
minimum (breakpoint) as compared to 245° C (473° F) minimum for Jet-A. This
reduction would increase projected unscheduled component removal (UCR) rate
from 50 per 1.06 hours to 140 per 106 ours using the study fuel. The
worst of the advanced systems nozzle concepts yielded a UCR rate of 41 per
lO6 hours using the study (broadened-property) fuel. Hence from a fuel
nozzle standpoint, it is believed that thermal stability reduction could be

accommodated with a new design.
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ij The emergency flight simulations with low fuel reserves and continuation

of tank heating did not reveal major problems. With relatively simple
%? provisions the fuel tanks would not be subject to overheating.

N The economic results showed that only a small improvement is needed in
g* fuel consumption to offset the initial cost of the most complex system. Using
P fuel as a heat sink for engine bleed air eliminated engine fan bleed cooling
iﬂ {precooling) and resulted in a 0.312 percent improvement in block fuel %
3 consumption for the nominal flight. After consideration of initial investment '
g; and maintenance cost differentials, the net 1982-dollar investment incentive

for this system was $93,669 ($69,254 with study fuels) per engine system over J
F the l5-year life of the aircraft. .
g@ An additional result gained from this program was the épparent benefit of
L system computer modeling. Advanced systems and flight simulations are far too

complex to afford assessment in a gsimple manner. The relative differences are

small. In future work, this type of approach may be of absolute necessity if

s

the best designs and operational decisions are to be made.




2.0 INTRODUCTION

This final reprwt presents the results of a study performed by the
General Electric Company Aireraft Engine Business Group, under NASA Contract
NAS3-23267 for the NASA-Lewis Research Center. The study involved computer
modeling of the fuel system for a wide-body commercial aircraft using high
bypass jet engines. Advanced fuel systems were compared with a baseline
design on the basis of similar flight conditions in order to ascertain

compatibility with fuel properties and economic impact to the aireraft user.

In the future it can be expected that there will be a general reduction
in the availability of petroleum c¢rude sources. This, coupled with a relative
inecrease in aviation transportation and increased competition for
kerosene-type fuel may lead to an incentive for the use of broadened-property
aviation jet fuel. 1In the aircraft and engine fuel system, fuel property
change may influence tank fuel freezing protection, combustor fuel nozzle
deposits related to thermal stability, and engine fuel pump wear resulting
from low lubricity fuel characteristics.

It is recognized that the design evolution of aircraft and engine fuel
systems should anticipate such changes to enable the aviation industry to
provide a reliable and cost-effective product. The objective of this progranm
was therefore to define and analyze a variety of advanced fuel systems which
address these fuel property issues. Performance of the advanced systems
relative to fuel compatibility, aircraft safety and economic benefits was the
key objective.
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3.0 PEBASELINE ATRCRAFT AND ENGINE

3.1 AYRCRAFT

The MacDonnell Douglas DC-10-30 wide-body tri-jet aircraft was chosen for
the study because it represents a size and range which is of particular
interest from the standpoint 9f low temperature fuel.
DC-10~-30 zirecraft.

Figure 1 shows the

The DC-10 fuel system involves fuel transfer from several
Thus,
the combination of prolonged fuel cooldown time and a modern tank-to-engine

tanks to a particular engine during the course of a prolonged flight.

fuel management system provided an excellent baseline for thig study of
advanced systems involving tank heating.

Other particularvs of the DC-10-30 are as follows:

11,112 km 6,000 nmi range
256,284 kg 565,000 lbs max gross take-off weight
45,360 kg 100,000 lbs max payload

277 sesl passenger load

The DC-10-30 fuel system includes eight fuel tank compartments., Triple
or quadruple redundant tank boost pumps for all tanks and all-attitude
suction-feed for wing engines is provided. Figure 2 shows the overall fuel

management system.

For the study, only the No. 1 engine (left wing) was considered.
Referring to the simplified fuel system in Figure 3, fuel is transferred by
boost pumps from the auxiliary (center) tank and No, 2 (tail engine) tank to
tﬁe main outboard tank, then to the main tank. This oceurs at the beginning
of the flight in order to burn off fuel in the center of the aireraft. This
is desirable on large aircraft from the standpoint of wing structural load and
for aerodynamic stability. As the flight progresses, fuel weight distribution
At the end of the flight, fuel is

transferred from the main outboard tanks to the main tanks as shown in

shifts toward the outward fuel tanks.

PRECEDING PAGE BLANK NOT FILMED

PAGE_\lQ _SNTENTIONALLY BLANK

T

Py gl —

L Pt o Ey -

-

RV Py o &




Figure 1,

No. 2
Engine

DC-10 Aircraft.
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Figure 4. This occurs automatically on the DC-10 if the masin tank level is

low enough that it becomes desirable to consolidate all remaining fuel

reserves in the main tanks which are directly feeding the engines. Figure 5

shows sequentially how fuel is transferred and burned during a long-range

flight extended to minimum fuel resecves. Figure 6 shows the flight

engineer's panel and the fuel transfer/burn selections which can be made.

The computer model used for this study included the fuel transfer and

fuei burn aspects discussed previously and shown in the figures. Figure 7

further describes the fuel transfer schedules used in the model.

Advanced System ¢ uses engine compressor bleed air as a heat source for
tank heating. This bleed air is normally used on the DC-10 for wing anti-

icing and for the cabin envirdnmental control system (ECS). Figure 8 shows

the baseline DC-1C¢ prieumatic system associated with this bleed air. Note the

location of the precooler setpoint which affects the amount of heat removed

from the engine bleed air.

3.2 ENGIRE

The General Electric engine currently used on the DC-10-30 is the

CF6-50C. For the study, however, a newer engine, the CF6-80X, was modeled.
The CF6-80X is a potential growth version of the CF$-80 used on the B-767 and

A-310. The -80X engine would have about & percent botter cruise sfe than the

-50C. For the installed engine, standard day sea level static rating would be

ag follows:

249.1 kN 56,000
45.1:1
131.5 kg/s 290

8890.4 kg/h 19,600

1b. thrust
fan bypass
pps core airflow

prh fuel flow

The CF6-80X engine is shown in Figure 9. The engine installaticn on the

DC-10 is shown in Figure 10, The engine fuel system is shown schematically in
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Auxiliary Tank Transfer

@ Used on Cold Fiight Only {Long Range)
¢ Starts at Beginning of Flight

® Rate Equals Engine Burn Rate

® No Change in Other Tank Levels (Full)

® From Aux Equais 98,220 ibs (44,550 kg) (Full) to 400 ibs {181 kg) {Residual)

No. 2 Tank Transfer

® Starts When No. 1 or No. 3 Mains Plus Outboards at 27,000 Ibs {12,250 kg) to
33,770 ibs (15,320 kg)

® Rate of 25,200 pph (3.2 kg/s) to No. 1 and 25,200 pph (3.2 kg/s) to No. 3
® Main Tank Levels Increase — No Change in Outboard Levels {Fuli)

® Stops When No. 2 Tank 500 !bs (227 kg} More Than All Other Tanks Combined

Outboard Transfer

® Starts When Main Tank Level Goes Below 5000 Ibs (2270 kg)
® Rate Equals Engine Burn Rate

® No Changes in Main ngell (<5000 ths) (<2270 kqg)
® Stops When Outboard Goes Below 400 ibs (181 kg) (Residual)

Figure 7. Fuel Transfer Schedule.
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Figures 1l and 12. The fuel system arrangement i typical of General Electric
large commercial engines. The CF6-80 engines (B-~767 and A-310) include fuel
cooling of the integrated drive generator (IDG). Air cooling is provided as
an alternative heat sink for fuel cooling of the IDG ¢il, The arrangement is

shown in Figure 13.

For this study, the engine fuel system components of particular interest
are the fuel pump and fuel nozzles. The gear-type pump is shown in
Figure 14. Although, as mentioned, the CF6-80X was used for the study, it was
decided to use CF6-50 fuel nozzles in the Baseline model. This was done
because good knowledge of field service performance is presently available for
the —56 nozzle thus permitting a more accurate assessment of fuel temperature
effests. The baseline fuel nozzle (CF6-50) and manifold arrangement is shown
in Figures 15 and 16.
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4.0 ADVANCED SYSTEMS

4.1 INTRODUCTION

The system arrangements and component selections for the advanced systems

are keyed to the issue of broadened-property fuels. For the study, three fuel

properties were of primary concern:

1. Freezing Point - tank heating consideration
2. Thermal Stability - fuel nozzle consideration
3. Low Lubricity - fuel pump consideratiom.

The results of the study provide comparisons between three Advanced
Systems (A, B and C) and the Baseline System. Fipure 17 lists the fuel
properties and the approach or method for dealing with these properties. 1In
all cases, tank heating is used to provide fuel freezing protection. Low
lubricity problems would be avoided by either the use of low lubricity
tolerant materials or the use of centrifugal pumps. Thermal stability
problems are addressed by improvements in the fuel nozzle design and by

reducing the fuel temperature supplied to the nozzles.

Figures 18 through .1 show, using a common format, the differences
between the Baseline and the Advanced Systems. The major features of each
system are indicated by these figures. Wote that these systems as formulated
in the study computer models start with the aircraft auxiliary and ¥o. 2 main

tank. System weight comparisons are shown in Figure 22,

4.2 ADVANCED SYSTEM A

In this system, a fuel return line is connected from the engine fuel
control to the cutboard fuel tank of the corresponding engine. WNormally all
control bypass flow returns to the tank. This permits a portion of the pump
heat and engine lube system heat to be transferred to the fuel tanks.

Explicitly, heat from these sources is transferred to the tanks or to the
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Bleed Fan
Fuel Air Bleed
Pump Precooler Valve Total
Baseline 39/17.7 62/28.1 14/6.4 115/52.2
;‘
%i
" System A 39/17.7 62/28.1 14/6.4 115/52.2
| System B 39/17.7 62/28.1 14/6.4 115/52.2
"; System C 29/13.2 — — 157/711.2  186/84.4
\1 Including *!
Start Pump |

Note: These Weight Penalties Increased by 25% in Model to
Account for Additional Engine Mount Weight

Figure 22. Weight Tradeoffs (Dry Weight, Pounds/Kilograms),
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engine combustor in proportion to the ratio of tank return flow to engine'hurn
flow (metered flow). In certain éituations such as _tank temperature exceeding
limits or needing additional fuel icing protection, it becomes necessary to
shut off tank return fiow. This may be done by cockpit- controlled operation
of 2 valve which causes control bypass flow to return to engine pump
interstage (in the normsl manner). The reason for suggesting tank return as a
normal operational mode is to gain the added benefit of reduced fuel
temperature rise in the engine system. This occurs because the fuel
temperature rise associated with pumps and lube heat are now (with tank p
return) chargeable to total pump flow (gear flow) instead of only metered : *
flow. This reduced fuel temperature is advantageous for cooling other systems
and operating at lower nozzle temperatures. Fuel cooling of auxiliary systems

(such as the IDG) results in better sfc by reduction of air cooling (see

Figure 13).

System A uses low AP (air atomizing) nozzles with the divider and check
valves mounted on the engine casing. This low AP nozzle is of a design
gimilar to the nozzles on the General Electric TF34, T700 and CFM56 engines.
These air atomizing designs are shown in Figure 23. From a thermal stability
standpoint, the advantages of these nozzles are: (1) larger injector ports,

(2) more air cooling of the nozzle tip, and (3) lower nozzle AP resulting in

lower pump pressure rise (less pump heat input). Reduction in mozzle AP B

from the Baseline (high AP CF6-5C type) is shown in Figure 24,

For low lubricity considerations, System A uses pump gears made from a -

carbide matrix material. The gears are dimensionally the same as standard
tool steel or nitraloy gears. Various carbide-matrix gears have been and
continue to be evaluated by pump manufacturers. Titanium carbide in an iron
matrix is one posgibility. Tooth bending strength is imparted by the irom.
Titanium carbide is hard and self-lubricating becausze of its hexagonal crystal

structure.
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4.3 ADVANCED SYSTEM B

Advanced System B incorporates a fuel tank_return line which receives
heat input from the generator (IDG) oil system. The engine fuel pump
centrifugal boost stage is oversized to provide additional flow capacity. 1In
effect, the arrangement simply moves the IDG fuel-oil heat exchanger from its
normal location (downstream of the fuel control) to the tank return line. The

air-oil heat exchanger provides cocling if tank temperature exceeds limits.

The same low AP fuel nozzles are used as with System A except that the
divider and check valves are located off the engine casing. Valve locations
are shown in Figure 25. Secondary flow nozzles are used only at power
settings above idle. If the check valves for these nozzles are located on the
engine casing, the combination of static fuel and heat influx from the casing
[315.6° C (600° F) at valve closure during power reduction] could accelerate
coking and affect valve freedom of motion. With these secondary-only valves
on the manifold, fuel flowing in the manifold prevides a heat sink .0 cool the
valve continuously during engine operation. In addition, the manifold

location more effectively isclates the valves from the hot engine casing.

System B uses low-lubricity tolerant pump gear materials the same as

System A.
4.4 ADVANCED SYSTEM C

Advanced System G represents the greatest change from the conventional
design approach. Figure 26 shows a more complete description of the Waste
Heat Recovery System (WHRS) used to heat the fuel tanks. The system uses
engine compressor bleed air as the source of heat for tank fuel freezing
protection, Wormally air is bled from the engine for wing and engine cowl
anti-icing and for cabin environmental control. Before the compressor bleed
air.can be rouied away from the engine (to the wings or ECS) it must be
cooled. Engine fan bleed air is typically used to cool engine compressor

bleed air. A large air-to-air heat exchanger (precooler) is used for this
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purpoée. The arrangement can be seen in Figures 8 and 10. 1In the interest of
reduced fuel consumption {lower sfe) the trend is toward less engine bleed
extraction for the ECS by means of cabin air recirculation ecystems. Studies
are alse in process to eliminate fan bleed (and the preccoler) by using
selective bleed ports on the engine. 1Ideally, the bleed air would be taken
from the stage of the engine that most efficiently and effectively provides
the desired pressure (cabin pressurization needs) and tempersture (cabin
cooling or heating). If tank fuel heating were not an issue (fuel freszing
point remasined low), these multi-port bleed systems and ocner advanced
concepts may be preferable to a Waste Heat Recovery System. It should be
pointed out, however, that a workable system has yet to be developed which : {

meets these objectives (elimination of fan bleed and precooler).

Given the situation where both sfc and fuel freezing point are
significant issues, the WHRS is of particular interest. 1In this system, as
shown in Figure 26, the precooler is eliminated, Either (or both) engine fuel
and tank fuel provide the heat sink for compressor bleed air cooling. There
are numerable ways such a system can be put together. For this study, an .
arrangement was chesen which provides a high degree of design flexibility. ; i
The jet engine is always viewed as a3 multi-application product. Consequently, e | b
installation differences between different aircraft is a prime Eonsideration. i
Bleed 3ir lines- are typically large in diasmeter and not route&win close
proximity to the engine fuel system. Consequently, a liquid transport system B

is desired to transfer heat from the engine bleed location to the engine

fuel. The desirability of a transport system (as opposed to direct heat
transfer) is reinforced by aircraft tank heating and cabin air conditioning
considerations. Routing additional fuel lines to and from the tanks is to be
avoided if possible, The possibility of fuel leakage into the eabin air
system is also undesirable. Both of these safety issues are addressed by use

of a liquid transport loop.

The system incorporates a water/snti-freeze heat transfer loop. The
anti-freeze may be Dowfrost which is used in aircraft food chillers and is

non-toxic in the event of a leak to cabin air. An electric motor pump
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circulstes the water between heat exchangers located at engine compressor
bleed ports, engine fusl and tank fuel. Water loop bypass valves

automatically control the distribution of heat to either engine or tank fuel

and also control the temperature of the blesd air. A fuel recirculation
arrangement located near the fuel tanks provides heat transfer between tank
fuel and the water. The water system is statically pressurized by engine

compressor discharge air (CDP) so as to prevent water boiling at low ambient

Ly W

pressures.

Advanced System C uses a single remotely located rfuel nozzle flow divider
valve., The arrangement is shown in Figure 27. The valve would be designed to

distribute flow to the nozzles (injectors) as a function of upstream supply ﬂ

i ocdi R L

pressure. This valve would be thermally isolated from the hot casing and

would operate at a higher force margin than the typical nozzle divider/check

T

g Lin

valve. Hence, frsm 2 thermal stavility point of view, the arrangement is
attractive. Low AP nczzles are also used. A disadvantage of the

arrangement iz he need for as many as 30 separats fuel delivery tubes luading

R e

from the valve to the nozzles.

R0

System £ uses 2 high speed centrifugal fuel pump and a throttling-type E

fuel control system. This is similar to the afterburner system on military

ik

engines. A separate low-speed boost pump is uged to pressurize the inlet to

the high pressure pump. The arrangement is shown in Figure 28, Engine

ool

—

2 starting is accomplished by use of a separate electric-motor-diiven ?"J

centrifugal pump. The entire arrangement is conventional from a component
standpoint and similar to existing centrifugal systems used on jet engines
{Concorde 88T, for example). The particular advantages of a centrifugal pump
3 system are inherent low-lubricity tolerance and low fuel temperature rise at
idle flow rates. The fuel control can be either hydromechanical or
electronic. The throttling valve (see Figure 28) reduces pump discharge

- pressure to the value needed to hold a constant AP across the metering

- valve., For the study these valves were assumed to be a flat-plate shear type
: in order to increase tolerance to low-lubricity fuels. Flat plate {shear

valves) can be easily made from hard carbide materials incorporating

-

-

self-lubricating characteristices similar to low-lubricity tolerant gear

L.

pumps. Reference 2 discusses these valves in more detail,

ESTES

41

=




f‘.&‘

(A7)

Fuel
Delivery

A Z NN 30 Fuel
N ] » ) Delivery Tubes
AN O000O0|Y
d N
N | I-(-'—- Bleed
{1 o000 00
N L ™\
N S

Figure 27. Remote Nozzle Divider Valve,

T



W

£y

ST T T T T T T e e e ] R G e
Electric _
Stari Pump Throttling
Valve
ME:
AP—I
T
O Metering
3 Valve
8 G/B
Dri Drive
Engine 5000 rpm gy 0 25,000 rpm
Boost Centrifugal 5
Pump Pump
f
‘

Figure 28,

g 2

Centrifugal Fuel Pump {Gearbox Driven).




—

e

caienres bR ok GRTCTAT O T

5.0 FUEL_PROPERTIES

5.1 FUEL_PROPERTY CONTROL

Figure 29 shows how the properties of aviation grade fuel are
controlled., 1In the past there has been a wide acceptable crude selection in
the form of petroleum. This wide availability has been coupled with a
relatively low airline fuel demand. Selection of the crude source has
permitted the desired end result in terms of properties which include
aromatics, thermal stability, heating value and viscosity. Ordinary straight
distillation processes at the refinery lead to control of boiling range with
corresponding control of freezing point and flash point. Aairline demand for
kerosene-type fuels such as Jet-A has provided a generally good market
distribution of the total available crude product. Consequently, market cost
factors (competing demand for end product) and actuzl cost factors (cost to

produce aviation spec fuel) have been in harmony.

In the future, it can be expected that tl.zre will be a general reduction
in the total availability of acceptable crude sources (petroleum) as compared
to the past situation. This trend has been evident for several yesrs and can
be tnoted by the heavier, higher aromatic fuels such as those derived from the
Alaskan Slope. Figure 30 shows generally what can be expected -in the future.
It is irrelevant to the study as to when this situation may develop. An
aviation fuel property issur may emerge under world economic conditions that
reflect the rate of growth (increase in GWP) which has generally existed
during the past three decades. Coupled with this increase in economic growth
may also be an increase in airline travel as a percentage of the total demand
on transportation energy. These conditions (1) reduced selective crude
sources, (2) economic growth, and (3) increased airline demand for fuel may

lead to a3 situation where fuel properties have a more deciding influence on
fuel cost.

Over the spectrum of potential crude sources there is a general trend

away from property control by crude selection. The result is a need for
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additional and more complex processing in order to. arrive at the desired end
result. For exzmple, low lubricity is not presently a significant property
igsue. Severe hydrotreating removes impurities and hence the natural
lubricity of these impurities. At present, however, there are few modern
refineries using severe hydrotreating. 1In cases where aircraft Eugl pump
failures have occurred because of a lack of fuel lubricity, the problem has
been solved by additives such as corrosion inhibiters. Eventually, actual
cost factors associated with the production of spec-grade aviation fuel must
increase, This is because the aviation grade fuel will no longer be a simple
matter of crude selection and simple distillation proecessing. Adding to an
increase in actual cost may be an increase in market cost. This comes about
as the demand for kerosene fuel increases. The higher fuel effieciency of
diesel engines in automobiles leads to their desirability. 1In a free market
environment, both airlines and automobiles may be competing for essentially
the same kerosene product. This would of course be a dramatic change from the

past harmonious relationship between kerosene demand and gasoline demand.

Enough is known about future fuels to recognize that a choice may
ultimately be made bhetween rigidly defined aviation fuel properties and
broadening of these properties. Table 1 shows an assessment of aviation fuel
property change which might occur under assumed conditions of world economie
growth. Table 2 shows present specification limits for Jet-A and Jet-B
fuels. Also shown are limits for the study fuel. These study fuel property
values are given here only as a matter of reference. They assume an increase
of about 50 percent in aviation fuel yield from the crude sources listed in
Table 1l over the next 15 to 20 years. It is irrelevant to the results of this
study whether fuel properties change to this degree or only slightly from
present-day values. The systems evaluated by this study afford various
degrees of property change. Airline operational procedures also are a factor

in equating the performance of a system tn its fuel property compatibility.
If one assumes that fuel properties will change or that lowering of

relative fuel cost would make a property change desirable, the next question

igs how to accommodate the change from the standpoint of the airline business.
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TABLE 1. ESTIMATED FUEL PROCESSING REQUIREMENTS

' Lower
Freezing | Thermal Flash Aromatic Heating A
Source Point | Stability | Pofat [Viscosity| Content | Lubricity| Value
Petroleus Crudes (average) . B
1980 - 1990 ! 0 0 0 1 1] 0
1930 - 2000 2 1 0 1 2 L 2
N Synthetic Crudes
© - Tar Sands (1980 - ) 3 1 ] ] 3 2 3
- Shale {1985 - } 2 2 0 2 2 3 2
- Coal (1990 - ) 3 1 -2 -1 2 § 3 4

Processing Code:

0 - Similar to 1970 Crude - Meets Current Jet-A Specification.

1 - Worse Than 1970, - But Fxpected io Meet Specification Without
Addi¥onal Processing

2 - Additional Processing Probably Needed to Meet Specification with
Adequate Availability

3/4 - Significant Additional Processing Required o Meet Specification
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Jet-A

Jet-B

rreezing
Point
°F/{°C)

-40 Max
(-40)

-58 Max
(-50)

Study Fuel* -17 Max

(-27)

TABLE 2.

Thermal
Stability
°F/(°C)

473 Min
(245)

473 Min
(245)

428 Min
(220)

Flash
Point
°F/(°C)

100 Min
(38)

N/A

80 Min
(27)

FUEL PROPERTY SPECTFICATION LIMITS

Viscosity
at -20° C
CS

8.0 Max

N/A

10.5 Max

Aromatics
Content
Vol. %

25 Max

25 Max

35 Max

* Estimated 50% increase in Yield

Lower
Heating
Valve
BTU/Ib
(kJ/kg)

18,400 Min
(42,800)

18,400 Min
(42,800)

18,300 Min
(42,570)
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Table 3 lists several options available to the aireraft user. Ideally, fuel
properties and the costs of meeting these property limits is precisely matched
against airline profitability and passenger safety. Otherwise, money is being
lost, or accidents are too frequent. Assuming this ideal relatiomnship to now
exist, each of the fuel properties listed in Table 3 will (if changed) cause a
neéd for a corresponding change in order to preserve this idealized balance.
Under these assumptions, flight crew action is inappropriate feor any property
change. Increased maintenance can only be applied to the economic side of the
issue (not the safety consideration) if the result is a direct change to
aircraft performance or reliability. Taat is, if an increase in maintenance
is necessary to accommodate satisfactory aircraft performance or reliability,
and therefore not jeopardize safety, only economics are affected. Operational
planning influences boyh economics and safety if freezing point is increased

or heating value is decreased.

Freezing point, thermai stability and lubricity are the pruperties from
Table * which are most meaningfully addregssed from an aircraft/engine fuel
system standpoint. The other properties are involved more with the engine
combustor (viscosity, aromatic content, and heating value) or fuel handling
safety (flashpoint). 1In the study, freezing point was ronsidered from two
points of view: (1) operational consideration and (2) design consideration.
Thetmal stability was considered both from a design and maintenance

standpoint. Lubricity was consideted only from a design standpoint.

5.2 OPERATIONAIL, CONSIDERATION OF FREEZING POINT

Figure 31 shows how fuel frezzing point is addressed by the airline. The
airline captain responsible for the safety of the airecraft does not know what
the exact freezing point* of the fuel is during any particular flight. He
knows, however, the fuel type and its specification limits. He alsc knows and
has available the aireraft flight manual which describes any limitations
associated with cold fuel operation. He assumes based on his flight

engineer's observation of fuel tank temperaturs (ucually one measure of bull

*Temperature at which last waxy solids melt when the fuel is heated.
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Flash Point
Viscosity
Aromatic Content

Heating Value

Lubricity

TABLE 3.

X

X

APPROACH TO FUEL PROPERTY ISSUES

Operational
vesign Maintenance Planning__
— X
)( —_—
)( —_
{
— X

Flight Crew
Action




—— . . - - ——

Pre-Flight Planning (Airline Practice)

: ® Route Fuel Selection Fuel Loading 7

¢ Time of Year | ——pm-! o Jet-A s ® Fuel Will -
| e Experience o Jet-At Stay Above a
| ® Jel-B FP+ 5° F (3° C) j
i ® Seasonal Adjusted -

Freezing Point

1 @ In-Flight Control (Not Done)
| Monitor Fuel . ) Fuel Loading
Temperature — o Divert Flight Path g

o Raise Speed ¢ Any Fuel
@ Transfer Fuel

!
t

[
-f;
:
3
E
|
;
:
)
i
j
¥

Figure 31. Freezing Point Operational Options.




temperature in one tank) that all fuel is available except that which is
consumed as the flight progresses. Typically, the aircraft flight manual will
permit operation to the fuel specification maximum freezing point plus 3° C
(5° F). With present day fuel properties, it would be a rare occurrence to
reach this limit. Figure 32 goes further to show airline practice with
respect to fuel freezing point. By using a grade of fuel (Jet-Al or Jet-B)
with a lower freezing point, the airline is able to stay clear of potential

fuel freezing problems.

In the future, this situation may change. Such change may be predicated
on economic factors such as fuel cost relative to fuel properties. The

following factors can be considered:

® Increased probability of freezing point influence during certain
Flights,

] Meaningful cost trade-off for fuel selectionm.

L More advanced computer techniques available for en route weather

forecasting and fuel temperature forecasting.

The factor involving en route forecasting was used in this study to
predict what might happen in terms of fuel tank temperature. Figure 33 shows .
the approach to operational planning that an airline might use in the future.

For this study, the analytical approach was as follows:

1. A flight forecasting technique was developed in a manner which might
be similar to that used by an airline. The objective of the

forecast was to obtain fuel tank temperature.

2. The baseline aircraft and engine was flown by computer simulation

through the forecast air temperature and route structure.

3. Each Advanced system was in turn flown through the same forecast
flight.
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6.0 METHOD OF ANALYSIS AND FLIGHT DEFINITIONS

6.1 THERMAL MODEL

A computer model was formulated Lo represent the baseline aireraft and
engine. Uzing common formulations as appropriate, additional models were
prepared for the advanced systems. These models were extensions of the
General Electric CF6-80 engine-family heat model used to predict engine fuel,
lubrication and generator oil temperatures. In the CF6-80 application, the
validity of the model has been verified by engine ground and flight test data
such as for the Boeing 767/General Electric CF6-80A. The models follow
thermodynamic lst-Law expression of the energy continuit& throughout the
aireraft and engine fuel systems and thermodynamically interconnected oil ant
air gystems.

Figure 34 for the baseline model shows a simplified deseription of the
model. Fuel from the aircraft auxiliary or number 2 tank (inboard tanks) is
pumped toc the msin engine outboard tank. The temperature of these supply
tanks changes as the flight progresses. Heat (Q) is added by the tank fuel
transfer pump. 1In the cutbeard tank heat (QA) is transferred to air flowing
aver the wing. Fuel flows from the outboard tank overfill valve to the main
tank. More heat transfer occurs to air over the main tank wing-area. Engine
meter flow (WFE) is pumped through a main tank boost pump to the engine. The
mass of fuel in the main tank (M) decreases. In the engine, fuel is pumped
through the engine lube system heat s¥thanger. Excess pump flow is throttled
with corremsponding temperature increase (Q). IDG heat is added to the metered
fuel and then More throtiling znd temperature rise oecurs at the fuel
nozzles.

Figures 35, 36 and 37 show the typical arrangement for fuel return to the
aircraft tanks. In order to suppress the cooldown rate of the outboard tank,
tank return is made to the outhoard. This results essentially in a
recirculation loop from the main tank to the engine fuel system to the
outboard tank then back to the main tank.
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Figure 38 shows the basic tﬁermodynamic considerations involved with the
various fuel tanks. Fuel mass may be either constant or changing at different
times during the flight. Total thermal envwrgy (total BTU of thermal energy in
tank) and specific energy (BTU per pound of fuel in tank) are accounted for in
the model. Figure 39 shows the cém@onent energy exXchanges which occur in the
system. Total thermal energy of the flowing fuel is bookkept in the maaner
shown. HNote that throttling results in an increase in total thermal energy
since pressure energy is expended in the constant enthalpy process.

Figure 40 shows the heat transfer mechanism occurring in the tanks.
Minor effects such as radiation are not included. Fuel in the tank exchanges
thermal energy with air outside the wing by the process of forced convection
in the wing boundary layer air film. Air film convection is predominant over
other heat transfer modes in the tank (liquid to tank walls for éxample). The
tank wall and the fuel bulk temperature are identical in the model. The air

i,

temperature involved with the heat transfer process is the wing boundary layer
temperature which is the recovecry temperature (TR). Wote that recovery
temperature is lower than total temperature since stagnatioan ocecurs only at
the leading edge of the wing. Air heat transfer properties are calculated

from the air film temperature which is a function of wall (metal) temperature
and recovery temperature.

s oL

Table 4 lists the steps used to calculate the tank-to-air heat transfer

T

rate. Fuel volume affects the heat transfer area by means of both wetted .

internal surface areas and conduction through the tank stringers.

A TAT I R Y
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o

The thermal model calculates temperatures, pressures, flows, heat

transfer rates, and siec effects at one-minute intervals throughout the

flight, Tank temperature determination is crucial to the aceuracy of the

ST AT Y

results since virtually all other systems conditions are influenced by the

engine fuel inlet temperature. Figure 41 shows how the tank temperature is |
determined. Tank fuel temperature (TZ) is the temparature of the bulk fuel : |
at the end of each one-minute interval. Wote that bookkeeping of total 1

thermal energy (EZ) and fuel mass (Hz) form the basic thermodynamic
statement of accountability.
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Figure 38.

Fuel Mass Constant

Temp Increase/Decrease

Total Energy Increase/Decrease
Specific Energy increase/Decrease

Fuel Mass Decrease
Temp Constant

Total Energy Decrease
Specific Energy Constant

Fuel Mass Increase

Temp Increase/Decrease

Total Energy Increase

Specific Energy Incrzase/Decrease

Basic Thermodynamic Considerations for Tanks.
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Basic Thermodynamic Considerat
E = Total Thermal Energy (BTU)

® !
2

o W, =W,
e P2>P1

® Eg=Eq+HP-
AP (GPM)/1714

@ W2=W1
® Py <Py
e E2=E1+

AP (GPM)/i714

ions for Components.
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Aircraft Flight .
V = A/C Speed

Ta = Tstatic

Stringers

Tw=TF
LY
Air Film . Tp* = {(Tyw, TR)

i

i

Recovery Temperature Ty = (1 + 0.18 Mp) Tgatic

Figure 40. Tank Heat Transfer to Air.




TABLE 4. TANK HSEAT TRANSFER TG AIR

@ Define:

©® Inboard or Cutbeard Tank - For Tank Slenderness
® 100% Fuel Volume - Tank Capacity ft?

® Wing Cord at Tank - For Air Reynolds Number

- @ Find:

& Actual Fuel Volume (Level) - ft

e Fuel Tank Wetted Area - Function of % Vol.,
inboard/Outboard, A/C Size

® Area Increas? for Stringer Contact With Unwetted Area - Ky

® Air Film Temperature and Air Film Coefficient - U

@ Qpjy = UAKY (Tg - TR)




L9

For One-Minute Interval Time @ To Time @
Total Energy in Tank = M (AT + BT?/2)

Energy Added/Removed By Flow = W (AT + BT?%/2)
Energy Added/Removed By Heat Transfer = Q
Total Energy E3 = Eq - Z[W(AT + BT%/2)] - Q
Mass Mg = M4 - ZW

Specific Energy E, =Ea/Mj

Temperature T = -A £\ A2 + 2BE’
B

Figure 41. Tank Temperature Determination.




—ape Tt S e ~ - | @1

6.2 MISSION DEFINITIONS

In order to evaluate the differences between the baseline and advanced
systems, it was necessary to simulate four flight missions of the DC-10-30

aireraft. These missions were:

1. A one-day-per-year long-range cold environment flight originating
from a cold airport which results in the coldest fuel in the
aircraft wing tanks during cruise. The proximity of the temperature
of tank fuel to fuel freezing point shows the effect of this fuel

property on aircraft operational capability.

2. A one-day-per-year short-range hot environment flight originating
from a hot airport which results in the hottest fuel in the aircraft
wing tanks at the initiation of idle desecent. This results in the
hottest fuel normally in the engine fuel and lubrication systems.
Fuel thermal stability would influence the effect of these hot fuel

temperatures on fuel injector coking.

3. A nominal (50 percent probability) flight at nominal environmental
and airport temperatures. This flight serves as the primary basis
for assessing economic factors and sfc when system aﬁg component
changes are considered for resolution of the problems presonted by

fuel properties.
4. An emergency condition with low fuel reserves. This analysis was
needed to assess the likelihood of excessive tank temperature caused

by the tank heating system.

All of the mission analysis work was performed using computer models.
Figure 42 shows the analysis flowchart. Tables S5 and 6 list the procedures.
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Misslon Definition

Choose Depariure Airports for
Cold, Noeminal and Hot Missions
- Boeing "Alrport Temperalures”
Manual
Choose Clly Peirs for DC10-30
Operailon Considering Frequency
and Length of Flights
- Caommercial Forecasting Routs
Structure Analysis Pragram
Provide AT Ambient from ISA and
Headwlinds at Altitude for Season
and Probabillty
- Boeing "Windlemp" Program
Flight Profile: Altitude, Mach No.,
Thirust Rating
~ Douglas Alrcrafi
Pario: ;nance Manval

2l

Run Eogine Cycle Deck

» Installed Thrust and SFC
o Engine Cycle Dala: Fuel
Fiow, Speeds, Engine Aaro
Dala, Etc.
- Performence and Conlrol
Syst. Eng'g CF6-80X
Cycle Neck

Run DC10-30 Therma! Model

® Aircrafl ang Engine Fuel and
Lube Temps. Flows, Prezaures

& Fuel Properties

® ASFC

3 ¥

!

Engine/Aircrait Infegration

ATime, aFuel Burn, aDletance
Between Profile Paints, Power Sels,
Fue! Loads/Reserves (IFR)
- "CABMAL" Program Using
- DAC Manual for Alrcrai?
Weighis, Geometry,
Aerodynamics, and Flight Prolile
Collate Dat= and Distrlbute Mission
Poinis in One Minute Intervals
lor Thjerma! Model Input

Component Economics
Analysis
3 Acquigition
o Aellabllity Costs
& Maintanance @ Alirline
e Cosis Opersling
Costs

Figure 42. Analysis Flowchart.
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TABLE 5. DEFINING FLIGHTS

Define Fuel Loading Temperature

e From GE/TBC CF6-80/767 Requirements
® One-Day-Per-Year Hot = 100° F (38° C), Nominal = 60° F (16° C)
One-Day-Per-Year Cold = 0° F (-18° C)

List Possibie Departure Airporis Using TBC "Airport Temperatures”

e Cold 160 Listings -20 0 -78° F (-29 t0 -£1° C) Winter Lows
® Nominal 50 Listings Most Frequent City-Pairs
® Hot 100 Listings >115° F (46° C) Summer Highs

List DC10-30 Airline Departures Using "Airline Route Structure
Analysis Program”

® August 1981 Route Data
& Screen For Flight Length and Destination Airport
@ List Possible City-Pairs

Cross-Check Departure Airports with City-Pairs
@ List Possibie Flights
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TABLE 5. DEFINING FLIGHTS (CONCLUDED)

3 [Define Cruise Conditions Based on DC10-30 Flight Manual
e Altitudes ana Air Speeds

6 Define Altitude Temperatures and Head Winds Using
TBC "Windtemp"” Program

@ Average Values at Cruise Altitudes
® One-Day-Per-Year and Nomina! Probabilities

7 Selected Flights
® Actual DC10-30 Scheduled Flight

& Actual Routing

® Probable Fuel Loading Temp

® Departure Airpcit Temp Consistent with Fuel Temp
@ Actual Flight Profife

® Probable Air Temp and MHead Winds




| By

(44

&

® ©

&

TABLE 6. OBTAINING CYCLE DATA.

Known:
@ Cruising Altitude
® Cruising Allitude Temperatures
® Cruise Air Speeds

o Stili Air Miles

Define Remainder of Flight Profile From DC16-30 Flight Manual

® Taxi, Takeoff, Climb, Step-Climb, Descent, Approach, Land, Taxi

Define Altitude Temperature Profile Based on Departure, Cruise, Destination
Temperatures

Find Fuel Burn From Commercial Aircraft Mission Analysis (CAMAL} Program

Define Takeoff Fuel Load and Payload Based on Fuel Burn, FAR Reserves,
and Landing Weight Limits

Run Engine Cycle Deck - Store in Memory Bank ior Thermal Mode! Access
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6.2.1 AIRPORT TEMPERATURES

The first step was to identify world-wide airports from which the
aircraft might be departing. Boeing "Airport Temperatu;es" {(Reference 5) was
used to establish a list of departure airports which would have a likelihood
of cold, nomira!, or hot fuel loading temperatures to be used in the study.
Figure 43 shows, for example, the surface temperature at Helsinki, Finland.
Using coldest zero-probability surface temperatures, more than 160 cold-day
departure airports were identified. Helsinki has a -33.9° ¢ (-29° ¥) February
low temperature. Other locations had temperatures ranging from -28.9° C
(-20° F) to -61.1° ¢ (-78° F) (Upper Canada during January). Surface
temperatures at 50% probability were also listed to arrive at a likely choice
of departure airports for cold flights with cold on-loaded fuel. Similar
departure airport lists were constructed for rominal and hot departure
airports using both zero and 50% probabilities, The nominal flight with 50
licsted airperts considered the me. - frequent flighi routes. For the hot
flight, Phoenix to Las Vegas was chosen. Phoenix has a 47.8° € (118° F) high
temperature. Eighteen DC-10-30 airports have highs in excess of 43.3° C
{110* F). Over 100 world-wide airports have highs above 46.1° C (115° F).

6.2.2 COMMERCTAL FORECASTING ROGUTE STRUCTURE ANALYSTS {CFRSA)

The next step was tc deteryine for all the departure airports which ones
operate DC-19-30 aircraft. Figure 44 shows airline route guide data for
August 1, 1981, for flights originating from Gatwick airport, London,
England. This officizl airline operation data is updated in t»= GE CFRSA
program every three months. Gatwick was one of the departure airports on the
list for nominal flights. DC-10-30 flights were identified using CFRSA and
the departure airport listings for cold, nominal and hot surface air
temperatures. Screening of airport city-pairs was also based on flight

length. Az shown in Pigure 44, CFRSA uses great circle statute milas.

73

+ raany




V7R

SURPACE RELI1ABILITY TEMPERATURE IN DREGACES FAMRENMEIT FOR G°vEN SAODARSLITIES OF NOT BEING FRCEFDRD

Al REC JaN FEB 1t LT LPR may wr L1 JuN JUL UG iar SEP ocr nov aqgr ms ANN
May AIYEA  CANADA LATITUDE &DSWN LONGITUDE 1546w ELEVATION $43 AIRPOAT COLE YWY
o -6C -62 -59 -61 -53 -a0 -12 ~4%1 -62 1] 9 10 i 4 -1% -4 -4t -4 ~812
L1 -1 02 -9 -9 1 23 41 12 z LR 69 St 46 a? 13 10 0 43 2¢
14 6 1 5 £ 15 34 53 37 Fi) .1¢} 68 34 64 L1 &5 i0 1) 54 0
] 12 7 1"t " HA 39 57 L] r [1] Tt 1] 1] (D] S 25 43 59 - a7
2% 13 13 24 14 12 ag 8 82 13 e LL b a0 a3 33 [ 10 (3]
oD 54 a9 5¢ 111 60 14 92 52 kR 95 96 23 114 69 92 59 92 96 96
Dt 2 -2 2 ' B ] 33 50 32 17 61 b 1] 56 1] 5% a0 1 | 1? 52 14
HELENA  MONTANA . USA LaTITUDE  &4Q36N LOGNGITUOE $1155m RELEVATION N7 4 AFORY CODE MLb
4] -19 -47 -36 -42 -10 1 17 -10 -43 M b1 a2 2 2 H -19 -19 -3 ~42
49 1% 3 24 21 n a4 L3} 432 12 59 &8 68 64 g a8 kK 4% 53 a4
e 1] 2 3z 12 a0 %3 L1 LY 44 i1.] 1% Ta 13 68 54 a0 b1:] 65 k1]
:1} 17 32 1 36 44 37 -1 37 %0 72 13 77 15 ad 1] aa 61 T0 87
a5 45 a0 45 45 57 .1 2 L1 61 80 a3 as 84 17 (1] $1 n 19 ra
1006 (33 &2 68 L] 13 [:1.1 0 90 90 0o 102 193 103 98 8a 70 95 103 102
agw Tt Je 20 34 32 2 58 65 Sa LE] n 04 02 79 tA) 39 42 57 1] 56
Q MELBINKY, FINLAND LATIYTUDE @DVeN VOHAI TUOE 03458E FLEVATION w7 AIRPOATY CODE  MOL
1) - -17 ~29 -29 -18 0 0 -8 -9 b ¥ 38 iz 32 % ra -2 -4 -4 -19
50 28 2 0 2] 23 a6 a7 16 b)) 87 81 59 9. 51 Lh 13 43 LR a0
% 12 1} 28 2 n 4] 54 4% 4\ 1] 57 64 [-11 56 L1 37 a9 99 40
LM kL] a0 19 3t 3 a7 58 114 48 87 70 67 1] 59 (1] 19 5] 83 1)
9% 0 % 15 16 40 %1 &4 33 56 n H ] 71 re 064 53 a2 L) "0 1]
1090 ar a7 43 49 54 m at al R ay 88 a& a9 n %] 31 ]y a9 g
aga't 3% 7 16 23 k] a1 54 a2 16 fia 67 1] 6% 26 g i3 a8 56 ak

“10T--§JRST QUARTEA DEC-JAN-PED |
T INF==RIRRY WALF YEAR DEC--May

= Al AVTREGT DAILY Al tet)

Figure 43. Airport Temperatures,



SL

AIRLINE ROUTE STRUCTURE ANALYSIES - REPORT ARSJOS

FLIGHE ATINGRARY ANALYSYS

NI E TP PLIENTY PR CUEER

+Gd LONDON, THGLAND,

B.H. D-QATVECK ARPT

BRTR-RL-EY 55 -Gi-ai™
REPORT DATE 12-08-@1

Figure 44,

Airline Route Structure Analysis Program.
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6.2.3 ENVIRONMENTAL ANALYSIS

The Boeing "Windtemp” program (Reference 6) was then used to complete the
screening on the basis of cruising altitude environmental temperature and
geographical routing. Figure 45 shows the list of cold flight DC-10-30
aireraft city-pairs which were analyzed using Wirdtemp. All results in the
Windtemp computer program are computed in terms of nominal or 50%
probabilities based on accumilation of world-wide weatber reporting. For
three winter months the average temperatures at 39,000 feet over the great
cirele route between Helsinki and Seattle is ISA (Internmational Standard
Atmospluere} minus 3.8° € “7° F), or -56.1° C -~ 3.8° € = -60° C (-69° F -7° F =
~76° F). The standard deviation from this value based on original data is +
5° € (9° F). Ascsuming normal statistical distribution, two standard
deviations would be sppropriate for one-day-per-year. Hence, the average
route temperature at 39K is -80° C -2{(5® C) = -70° C (~76" F -2(9° ¥) =
-94° F).

It is important te note that this iz the altitude "average” static
temperature. This value was arrived at in Windtemp using 200 nautical mile
temperature nodes between Helinski and Seattle. At 39K, the outside air
temperature will vary from this average, both warmer and colder.

—

Numerous factors affect tank cooldown rate:

Ambient temperature

Hach number

Initial fuel loading temperature

Fuel tank location

Fuel transfer rate and schedules

Tank size, shape, and internal design
Fuel quantity

Wing shape

Altitude step changes

Direction of flight
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Selected
City-Pair
Hel-Sea

o Cold Flights

¢ Possible DC10-30 City-Pairs
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Figure 45, Windtemp Input,
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Wheﬁ these factors are considered along with the fact that the aircraft type
and airline routing do not necessarily correspond to a worst case transport
aireraft scenario, it is evident that results such as these are “typical,” not
"worst case.” Hence in a "typical" sense, the objective became one of
comparative results, not absolute results. In other words, if it were
possible to show by analysis that the fuel in the left outboard reserve tank
of the DC-10-30 flying from Helinski to Seattle reached exactly -40° C

(-40° F) at exactly 2 hours after takeoff exactly once each year, this result
would depend on precise statistical analysis of all relevant factors and even
then would not represent the one-day-per-year or worst case for the airline
industry. Consequently, a significant issue i: the coldest fuel temperature
which can be reached based on the possibility of cold ambient exXposure
somewhere along the route. For this reason, the city-pair or route average
ambient temperature used to analyze other aspects of commercial aircraft
mission analysis was also a logical choice for the analysis of tank cooldown
rate and tank temperaturs. This method was in fazt the o¢nlv one available
which would consider a large number of mission options and provide consistency

in the method of arnziysis.

‘The Windtemp program also provided route-average headwinds and
tailwinds. Winds were computed in the same manner as temperatures using 200
nautical-mile node points along the route to find the statistizgl city-pair
average wind component. Wind was then added to or subtracted from great
circle distance to find the air miles used to determine flight time and fuel

burn.
6.2.4 AIRCRAFT AND ENGINE AMALVSIS

Before the thermal medel could be run, it was necessary to determine the
exact flight profile and engine power settings and then obtain the engine
eycle data, This involved consideration and analysis of a number of factors
and the utilization of the Commercial Airecraft Mission Analysis (CAMAL)

program,
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Fuel loading was determined based cn intercontinental or domestic IFR
fuel reserve requirements and takeoff/landing gross weight limits. The
DC-10-30 flight manual and cruise conditions frem Windtemp (altitude,
temperature, windsj were used to construct the flight profile. During descent
or climb transients, engine power setting adjustments were calculated at 0.5
to 2.0 minute intervals. These points were later fitted to constant

one-minute intervals used in the thermal model.

Tables 7 and 8 show the flight selection results. Figures 46 and 47 show
geographical locations for these flights. With the excepiion of the not
flight (Phoenix to Las Vegas), these are actual DC-10-30 ticket guide routes.
The hot flight was assumed to be representative of a short hop for a wide-body
jet although the DC-10-30 is not routed for this particular flight.

6.2.5 EMERGENCY CONDITION WITH LOW FUEL RESERVES

To consider this issue, it was ansimed that all of the systems would
continue to transfer heat to the fuel tanks in spite of whatever tank
temperature occurred. The result would indicate the need for diverting heat

input from the airecraft tanks.

The flight scenario assumed that the bC-10-3D approaches ;gbenix te land
with 37.8° ¢ (100" F) temperature fuel in all tanks. For this emergency, fuel
reserves are below minimum but still adequate to abort the Phoenix Landing and
divert to Las Vegas. This is well within the design/performance intent of the
aircraft. Fuel has already been transferred from the outboard tanks to the
maeins as the aireraft approaches Phoenix. There is only 400 pounds of fuel in
the outboard tanks. All engines are drawing fuel from the mains and tank
heating is being returned to the outboard and then to the mains as is

necessary for the operation of the advanced system.
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Fiight

Cliy Pair

Delta T Amb from ISA/Probabitity

Winds at 50% Probability

Greal Clrcle Distance

Equivalent Still Al Distance

Cruise Altitudes(s)

fReserve Fuel Requirements

Payload

{(Knolg)

(Nim)

{NM)

(1t)

TABLE 7.

Nominal

Gatwick, London o
Kennedy, New York
(LGW --- JFK)

+2° F (+1° C)/50%
-37 (-69 km/hr)

3005 (5570 km)

3275 (6070 km)

35K’ (10.7 km) dnlila)
Crulse Step Climb to
39K’ (11.9 ki)

FAR international

60% of Max

SELECTED FLIGHTS.

Cold

Helsinki, Finland to
Sealtie, Washingion
{HEL --- Sea)

-25° F (-14° C)/
1 Day Par Year

-13 {-24)

4140 (7670)

4263 (7900)

35K’ (10.7) Inttlal
Crulse Step Climb to
38K’ (11.9 km)

FAR International

60% of Max

Hot

Phoenix, Arizona to
Las Vegas, Nevada
{PHY ——— LAS)

+34° F (+18° C)/

1 Day Per Year

+3 {+8)

222 (411)

220 {408)

20K’ (6.1 km}

Max Fuel Load Passihie
Without Exceeding Liax
Landing Weight

40% of M2y
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Flight

City-Pair

Max Alt

Monih

iSA Temp

AT Amb (50% Prob)

2 g {One Day Per Year)

Alt Temp

TABLE 8. FLIGHT TEMPERATURES.

Nominal

LGW —— JFK

39K’ (11.9 km)
Jan
-69° F {-56° C)

+2° F (+1° C)

1
)

-67° F (-55° C)

Cold

HEL —— SEA

39K’ (11.9 km)
Annual
-69° F {-56° C)

-7° F (-4° C)

-18° F {(-10° C})

-94° F (-70° C)

Hot

PHX — WAS

20K’ (6.1 km)
July
-6° F (-21° C)

+4° F (+2° C)

+30° F (+17° C)

+28° F (-2° C)
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1-Day/Vear
Cold Flight
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Nominal and Cold Flights.

50% Probable
Nominal Flight
London to New York
7:25 Hrs.

3005 N M. (5565 km)
35-39 Crulse
{10.7-11.8 km)
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Hot Flight
Phoenix to
Las Vegas
0:57 Hrs.
222 N MI. {44 km)
20K Crulse {6.09 km)

Figure 47,
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7.0 ACCURACY OF RESULTS

7.1 INTRODUCTION

This section of this report discusses aceuracy of the mission analysis
and thermal model results. Comparison is made to previous work sponscored by
NASA-Lewis conecerning aiceraft fuel tank temperatures.

7.2 FLIGHT AMBIENT TEMPERATUEE EFFECT

In the present study, minimum altitude ambient static temper=ture for the
cold flight was determined to be -70° ¢ (-24° F) st 11,887 m (39,000 feet).
In & previous NASA-Lewis sponsored study reported in NASA CR-135198
(Reference 4), the air temperature during a similar cold flight (over polar
regiun} was essentially as shown in Figure 48. 1In this figure, the
temperature (Tamb) was assumed to occur in the step fashion as shown. The
change was more gradual as reported in CR-135198. Hote that the coldest
temperature of -72.2° C (-98° F) occurs at 322 minutes into the flight. The
corresponding air recovery temperature (TR) which influences tank
temperature is also shown in Figure 48. For these air temperatures, the bulk
fuel temperature of the main and osucboard tanks were calculated to be those
shown in Figures 49 and 50. It is significant to note that EofJall practical
purposes the tank fuel temperature reaches air recovery temperature. In other
words, it is reasonable to assume from an overational point of view, that
knowledge of ambient static temperature and aircraft Mach number (basis for
recovery temperature) are all that is needed for determination of worst-case
(coldest) tank temperature. As to whether or not worst-case statie air
temperature is -72.2° C (-98° F) or -70° C (-94° F) during the flight is
probably a matter of conjecture. Consequently, the results which will be
discussed later in this repcrt should be considered general in nature since
absolute values of aireraft tank temperature are defined and valid only to the
extent of the assumptions made in the course of anzlysis, i.e., absolute

answers do not exist.
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1

7.3 ENERGY CHECK

Figure 51 illustrates the thermal e¢nergy balance used to check the
validity of the thermal model. Shown bh:ire are energy transfers (Qair' HP,
) which add or remove thermal energy to or from the

Qube’ 1pe’ %BLD
flowing thermodynamic system. Figure 52 shows the accountability of these
enetgy transfers with respect to one-minute-interval changes in the energy
level of the system (E of the system). This is simply a statement of
continuity with respect to energy change in the fuel tanks. Change in tank
fuel mass (fuel weight) is included in the values of E1 and Ez. Figure 53
shows results of this energy check for a typical flight. What appears as a
single line is actually two lines falling on top of each other. One is the
summation of energy transfers (Q, HP, etc.) during the one-minute interval.

The other is the change (E) of the tank. IWote that thesr calculations were

performed after the system thermal balance was completed ind hence are not an

identity to the basic method of calculation.

A second means for checking the analysis involved the energy exchange

across the engine fuel pump and heat exchanger. This is shown in Figures 54

and 55. Heat input (Q loss and Q lube) were calculated external to the fuel

system, Then the results of this energy summation were compared to the energy

equivalent to the fuel temperature which resulted from iterative-analysis.
Figure 55 shows the agreement between results. It was concluded therefore

that the thermal nodel results were accurate in terms of formulationm.
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8.0 RESULTS OF FLIGHT STUDIES

w

8.1 INTRODUCTION

L] -

g: Three DC-10-30 flights were evalusted by conmputer analysis. These flight
& simulations were designated Cold, Nominal and Hot. The flights were
N duplicated for the baseline and three advancad systems. With the extensive

! modeling used for the study, it was possible to generate a great deal of }

T sl e

computer plotted data. Only a portion of this data has been included with 1
this report. The selection of these data is intended to illustrate general
feasibility of the alternative systems. Special computer runs were made to

-t

determine fuel residence time in the engine system and to assess emergency

low~-fuel ree’.~ve conditions.

8.2 FLIGHT DEFINITION RESULTS

Figures 56 through 70 define the flights in terms of distance, time, ,,%
altitude, air speed, engine thrust and engine metered fuel flow. These T '
definitions are the same for all of the systems studied. 1In all cases, the P
flight starts when the aircraft begins its taxi-out for takeoff and ends with ‘ ﬁ
taxi-in. Engine fuel burn is accumulated in the computer routine so that :
total block-to-block fuel burn is known for each f£light and each system. The
computer calculates all parameters at one-ninute intervals during the flight.
During both the cold and nominal flights, the aireraft climbs and lewvels off
- at 10,668 m (35,000 feet). Later in the flight it makes a step-climb to
[ 11,887 m (39,000 feet). For the hot flight (Phoenix to Las Vegas), the cruise
altitude is 6,096 m (20,000 feet).

¢ et W

.y

8.3 FUEL TANK TEMPERATURES

Fuel tank temperature is of particuiar concern from the standpoint of

fuel freezing. In the advanced systems which all iavolve tank heating, hot

N T

fuel could also be a concern. Later in this report the question of low fuel

reserves and excessive tank heating is discussed.
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Ambient sir temperatﬁre and aireraft Mach Number determine the air total
temperature and the wing boundary layer recovery temperature. These results
are shewn in Figures 71 through 73. Figure 71 shows that the recovery
temperature (TR). which is the heat sink temperature for tank cooling, is
about 2.8° C (5° F) colder than total (stagnation) temperature (Tz): The
coldest value for TR is -45.6” C (-50° F) at 11,887 m (39,000 feet) and 0.82
Mach number. At zero air speed and the mame altitude and statistical
probability, the tank heat sink temperature is -70° C (-94° F) (Tamb)'
Consequently, a 27.2° C (49° F) spread in temperature exists between static
(Tamb) and total (Tz) temperature. This suggests that the analytical
cholice for the heat sink temperature (TE for this study) and aircraft speed

have decided influence on the results.

buring the nominal flight the results shown in Figure 72 are Tamb of
~55.6° C (-68° F), TR of -29,4° ¢ (-21° F) and T2 of -26° C (~15%° F).
Assuming the validity of these absolute results, Jet-A fuel with a -40° C
{(-40° F) maximum freezing point should experience little difficulty in a
-29° € {-21" F) heat sink environment. The hot flight yields a 17.2° G
(63° F) recovery temperature. In total, these results indicate that from a
one-day-per-year cold to one-day-per-yesr hot extreme, the DC-10-30 aireraft
flies in a tank temperature heat sink enviroument varying from -45.5° C
{-50° F) to 17° C (63° F). The nominal flight sees -29.4° C (-21° F).
Statistically this suggests a probability toward cold temperatures in the
~17.8° ¢ (0° F) to -40° ¢ (~40° F) range.

Tank cooling is a far more complicated issue than air temperature and
fuel level in an aircraft such as the DC-10. Fuel management has a decided
effect on the cooldown rate. In order to appreciate this, note the results
" shown in Figures 74 and 75. ¥igure 74 shows for the long-range cold flight
how the different tank lavels vary. The number 1 outboard tank level does not
change until the end of the flight. This is not 2 static condition, however,
since fuel from the auxiliary or number 2 tank flows to the outboard main
before flowing to the main tank which feeds the engine. Rate of tank cooldown

is strongly influenced by tank effective heat transfer area. This variation

111

4
o
1
F

e ke Lk i k] e




Temperature, ° C

-60

rantil S
[I

e

0 700 800 %00

60

PLTGO6

emperatures.

(1]
+

: d -
rx;.rhgicMm; i =
! . :
e s il TR
i : : X Lo.p .a L
il i .il.T.H.I_ P
; A S S
: ...TT-'.
e -
! o S W =]

0

Time, minutes

T
il
Ly

i

4

Cold Flight Air

Figure 71,

o

e
4, ‘aanjeiadws

112

ob-

L

98-

(=]

e I
- SR g R, - F
e B8
f e e T
TP Ll
b e B
o @ T@ T
g P S
il JUI I DU N e N
e E TS
| B i R N
A PR &
D I A A
' - A
[ 258 N
. m ,-:WMMQ o
i “” “ H H w
“ TIPS S M T
g1

9.163
0772182



-

Temperature, ° C

60 40 20 0

g -

[ o

JO DUY EE UG- o7 RPN Y

T H e
[ % : e
T r e e T i e B A Ca et TR SO0 M oot o G S B v - e
H d i L - e
;b 1 Ly L *
S i ; m t ;
N ] R T n . ™ H
, — — T m : T , .
[N ! E IR TR DR i i . S R
H T 7 T " 0 T i g -
- N N T LN = T ; :
. . B : . T T n - R
FI [ H oLt i NI : i T T Tt T T
HEE H ¥ T 1t z T, ™3 * - b m
Y i e : - 1 : i ; P "
T T ¥ T T f - i L
e e : : : : Eee T e
— - T - : | : L
EE R H I 1 ) N T T : H - 1
- - & - H
: : . . i . : . T ! j R :
S e AN RN AR W-. i N A
F] p R i N : : B YT " -
R e o [ B e SE-is MR m . b -
i vy i e~ L e
; ._ld_s A I m s
[ TS MR U g Lk Ao 3 J...T:w.- do e i e Wil l.. T mI-A
T Y i i [+ R H T .\‘\ LN -
: B SRy —nt L i A S H PNIELA A L S
SRS, : : ﬁm g B
. ! N H B I.Inh B
; ; 1 : B

- B - RO T R

¥ ; ; i : : T .
; T i i ‘ p N TETTYTE T
o TSRy o S T M e : I AP AR M O P i -_ i .
i ; . H ; By 3
: ik FR ol EI I i R

H H e “ R R A s R

7 T * T Tt ! i

Y PR : . : : e
= : : — o) G [
. = . - - e el
« S i e - - - I A ; . PR
(0% o = : s . ;
(YR A A i N N v T ” N
e S o . . H - 5 s
- m i i o
- - v
o) o : . - R S T - DA
T ; ¥ T / : - ™o T
T...H.I FNE S : H ; : e
? b } ' ¥ L g -

09l

02t 08 0w
4 o ‘samesadwisy

113

0

450

408

360

300

200

150

140

50

PLTO0?

Time, minutes

14,9486
nNz?2781 /82

Nominal Flight Air Temperatures.

Figure 72.



ki s ek L

Temperature, ° C

B - corEEETe

10

0

s l.l;?l\ . 6
et - o L I P PRI . Pt
3 o =
: ; =
L. + ] Ill..l' - —— - — — ll T - - s l|~<.|~ - - e e B .-.!,“ L
- IR JUCTIR AR Wt PRI P SRS [ -t M . . s a
T ; - N
LT T : ¥ Do L - o
T - T T | g } -
1t LI T bb 1 IR T [ I
(] 3 ol Tt ] m :
i {4 i P ) i ;
i 1 H g

H i 1 i : [ :
I B :r |t P ! i i i : : .
T ! L1t : T~ : (I :
¥ t + : H B . } H st
T G p 7 f ? 7 i =
. ; : [ B [ ; ~
N f [ i : T ; i
: : : : ; 4 o :
— = + = 3 e R
T i i3 i L I 1 Y
Pt B . . i ]G i | 17
: : E] + § E)
i i T H :
i i f T ! [
i [ i B
- : : :

60

P RIS

Amblent, Tpoo | 7110 ]

minutes

Hot Flight Air Temperatures,

40

Time,

Figure 73.

..... , o~ Sk
- T e TR
.... y -
‘ ]
-

f?;FWWWLhM

12.827
G?/el1/82

021

001 08 09
4, ‘samesedwial

oF

et




Py : _'_Ff&mawl-‘f(!wmieuw Ly THE TR TR R L L ARt 0t o e B AL Sl S b DR A o "
Wt R Lo e e e s e i g . L I
‘! M e aTr e ey Tre el e e v : e RN
Tt — vy e, pasig g P20 | LA [ SR | ol " [ e Y o —— rm I T ——
[, — B . i o i N + I3 ¥ [ B @ 't ] @ % . H .

NO.1M: OB

=]
| N

' AReERERLUENTE *
e R
N - ’ '.I" " x' o dega b fin ko] ol ifa -

E o | : .Qi." B ' N i NN N .
e o
! - S0 N - . =N ~ oo
f ) IS N N N ) ) I ) A - 1
i o
f NN TR RN N — O
' ..... ERWE N T .
i o
| T . T
! B NENEER] K.
P - - e | - - -+
| x u ; ..
. § £ I O o f e fre 4 g - fom: -] o

60

01 X swesboj)

ot . .-
= L 20 O I
’ u, £ -~ I S
; T L e s
! o o
[ < it L N AENNEN
‘ o - - - o S - o fre] = e - ]~
I S . - o] ~ edom L[ =
| N . I R s
o Y —
a REEN EEN
e

— f— -

o
i] 400 500

9,163
07/21/82 Time, minutes PLT007

Figure 74. Cold Flight Tank Fuel Level.




TP LT Tatncit Aol Ty UL

o7t

Ftz x 10"

R Y A L T B e emendl bt o bmpatnon o

100

80

&0

SI0ON

40

RN
!
s -

L=)

c

i1.547
0?/21/82

n
vy

1o¢

400
Time, minutes PLTO2]

Figure 75. Cold Flight No. 1 Main Tank Heat Transfer Avea.

M i : | . 4 - '7 . f-‘-\
- R L . - e e B T A -




r————

B 1

faenrrr—y T"'""—"r. ‘Mj Aty

F—" e r——
Py {

e T

H ey ] forPmnety
AT [ IS, - ! ’ -
[

n™

for the number 1 main tank is shown in Figure 75. The shape of this curve is
indicative of fuel management activities during the flight, Similar results
for the nominal and hot flights are shown in Figures 76 and 77.

Figures 78 through 81 show the resulting fuel tank temperatures during
the cold flight with the Baseline system.

As might be expected, the outboard tank is the fastest to cool down.
This is seen in Figure 81 where at 178 minutes into the flight, the bulk fuel
temperature has reached -42.2° ¢ (-44° F). This is within less than 1.1° C

{(2° F) of the recovery heat sink temperature, T_. For all practical

purposes, the bulk fuel has reached its lowest iemperature within the first
third of the flight. The outboard tank appears at first to be of primary

concern from a low fuel temperature standpoint. This is not necessarily the
cagse when considering the performance of the Advanced systems and reinforces

the point that fuel management has a decided influence on tank temperatures.

Figures 82 through 87 show how the advanced systems affect tank

temperature during the cold flight. At this point it is necessary to point

. out that these results were obtained assuming no change to the DC-10-30

electrical or pneumatic (ECS) systems. For System B using IDG heat, the
electrical lecad is 68 KVA (75 percent load on a 90 KVA generaﬁgg). Additional
electrical load could be demanded with corresponding increase in heat
available to the fuel tanks. ECS air bleed is without wing or cowl anti-~ice
and at the standard 223.3° C (434° F) precooler setpoint for the DC-10-30
design. This means that for System C only a smsll portion of the available
engine bleed heat is being utilized. This is shown in Figures 88 and 89.
Bleed flow would more than double with wing anti-ice which would increase the
available heat. A4s shown in Figure 89, very little temperature drop occurs
from 8th stage bleed which is used for the study to the nominal setpoint of
243.3° € (434° F). Consequently, it should not be concluded from these
resuits that System € lacks tank heating capability. 1In fact, a lower
setpoint than 223.3° C (434° F), switch to 1l4th stage (compressor discharge)

or more bleed air demand would provide additional tank heating capability

117

(&)

o

aas o

M e e i

P



Kilograms x 10°

450

400

350

300

250

200

150

100

50

PLTOO0B

Time, minutes

15.504
072/24/82

Nominal Flight Tank Fuel Levels.

Figure 76.



Kilograms x 10°

24 20 16 12 8 4 0

90

PLTOOY

80

70

- e e
J—— H H i H g
: : : . v — T
: : i T
g - , - i
. A ER hd : . — B S
j : R [ p . ) :
T : i f O i3 H 1 ; H N it
1. £ i : 1 ! [l L i A f i T i ;
H H EE H YT T H
: i : T L T
4 = h C T
T ] H i § 3 i i H
H B i i T f
T i 1 : : . 3
1 T G
T i i : 1 s 1 [ i
i i FE I i
T H ; ,
- : H T T
4 1 Pt T +
T H ¥ Tk i ;
4 L i i f H
i B Al f H '
H [ T B T
i T T ¥ -
i [ i
T H f T
L 3 [ i ] i §
N H 5 T i H T
- . : : PN
[ i1 : : A
B HE i : i :
? P T i 7
i 3 . _ i ;
i

60

50

Hot Flight Tank Fuel Levels.

HOT BASE

40

Time, minutes

NO, 2

0B

Figure 77.

30

113

20

NO

o

FUEL

10

12.827
o7/21/82

00¥ 00€ 002 001
200 X 87

<
D
=]
)
u

119



lo0

Temperature, ° C

0 -10 -20

-50

| , i

S00

L N ! T . N ]
. , o : - ; . ety ] - b
: ; : SN SNSRI ICH I T i . ,
i 1 I DAV R N I i ;-
; T T LR FR Rl H E . i B -
: e R 3 s H ] L 1 ' : L
! : il I ) i Tty L [
[ : i EF 1 FCHRRE
i i T i1 ¥ i ..ﬁ
i ! ] B
L +
I .5
4

rgili]

. ™1 B :
H T i )¢ H B
: i H i : i
: * : : !
' .
H
[
i [
H H H
i i H

600

ao

5

400

300

Eoa .
roc k ! P
v f - N
I )
o i
[ 1
i -
i i
i
i g
. i y
i i i it
=" Fa
L I )
[ :
H N
H i
:. i H
A
i G
: IR
: P
i
[
N
HIERE
)
I

coLD C

200

TR

140

TAUX

4. ‘aanjessdwiz ),

120

PLTO12

Time, minutes

9.163
07/21/82

Cold Flight Auxiliary Tank Temperature (For All Systems).

Figure 78.



Temperature, ° C

10 0 -10 -20 -30 -40 -50

R H s L 4 | T ——
O 7 H v T f K © 3 o
A T i (REAF L Y i T O
il i i F SR I P i o -
R ] T Yy T =4
: [ i A [ -
n T D T 1 -
VLI S T ¥ ¥ T n a.
H A H A
1 ] [ ) it W M
N t H - + )
i ; { [N T T 7 I ] @
H : I i H [l i 1 L !
1 : k i i ! i i
(=]
(=)
~
o
(=]

[

500

Time, minutes

400

300

COLD BASE

=]
=
a¥]
T
(.
a4 : e : =
=R ; : -
K ., ; Tl 1
g A L Y >
U — — : T 5>
RS T m il e
0. f uH. ..... ; ._ e~
=z - =T i : 7 5 “w
]
09 o¥ <

4, ‘asmesadusa ]

121

Main Tank Temperature.

2

Baseline - Cold Flight No.

Figure 79.



Temperature,° C
10 0 - -10 -20 -30 -40 -50

900

* : o . 1 : ; TIET I :
i Tl 1 - . H T p -
. 4 .- mu Do i w B —__ n : .—1.1. m m,
L i Pl ] i i R
.- “.. 3 4” ”m“ M_V B m N
: - i
; Tt =iy ] ~— 7 — [ ) !
T N W i i ] ] [ a. ,
H Y G H T 1
1 = T T : ; t } =
* i * il ] i m
K i § P i
[ 4 T : i '
f f i ;
T H n n .
i 3 HI T f T .
! : | M"“ B M _.. [ i)
: Y [EREN R i T M
I L : i : i ¥ i = o
HIl 1 1 R 1 [ 1 ey H [ =} ]
M M + . ¥ f) ' 1 H 3 [ 34
1 1 i B Q i
P i o . ¥
el T 1 i =5 ¢
Fr [ H [ ;
Pt 2L fil : B~ .
I BN ! : : :
i D i ) H -.M H
N i ; s £ ) .
BREREN) S A : T e B
; i : =
”_ [ i M“” =
| A H T —
NN i
[ i - .
I : : C
o O
=T T Fg = .
A
R, 5 = .
H : H
i E ® L
B m et F
AL Py . : ;
T L) -1 :
: — Wm = M ;
1 T = Q - .
I At
N IR | i
CHNF I I 0 0 -
] LI I L A L) H _
U W O Rt i :
A MR = :
e L =) @ i
n + & - L
ok S R ° 3 _W
- Fosed : : |
H ! ; H : |
< ; : ; 4 - ; . 7
[ L H B - 3 1 . 0
] 7 T E ; : & - |
£ j i i i R H H v “ ,
: : + ; :
D.w i ! - : : L] o " L
- i L3 : : 3 i . = =
] ] : ! n B ! B L] .w.b
Y [ [ H H 3 .
o : : T ; - R i
-4 _ fmiorin e . : W“
o i : T 4
[ : i ' H L -
! I + PR H “_ M
e Y o / i [~ ! -
i P o [ -
(] 3 : ) Riln o [y
<l : R [ o
Pa— H . H g 1 ?/ .
i ; : i T : o - H
Lox gl : i . ; : oy o
™~ N y w Iy r.
e T R B H PoFod _nm “W
. =
99 02 ot - 09- 2

4, ‘eamesaduia]

122 d

W, - T e T T B T P TR T R R I A e e i BT S SRR R - e )



. -

Temperature, ° C .

300

w 10 0 -10 -20 -30 -40 -50
]

1 T et [k R R §oor - gt TR R 4+ !
SR O ST T IS : : M - 2
A - (3 T n . J [ ] & -
R T PR I ' FE : :
N [ T N = i
.t g T y [ 7
T ] ; : N SR =
I i Fil K] RIS VRO T R ot N R I a.
A I i ! I LIS AEEERENET S L HIERE 0 MTRFIEIDAN =
. T § [N} T HE) [ T P i ¥ o
it i N i [ . i ) 1) i
1 T £ [ T ~mw.ml.]8
-t N T T : N .
5" i s i i H T | 1 H .
] L 3 s ¥ T T T T m ;
M i ! ; Lol _mm ! i L i : L a2 )
. H 3 i 0 § 7 i 4t
i ! i H H a 1
T T [ I 1 ; i ' "
- 7 [ [ [ i [ [} M a
m IR B . : T R R T ~ <%
o) T T < H T T H m
i : Pl ] T * 1 A E
% i ELATR BTN : i [N : : S
|!m|.m., I AL I Vi NENEEAN i T TTT [ ad
HE PR T T " L
- o, -1 . i ] + f [ = b
I [T v Ty p HEREE 1
bosct bodn e ; e ¢ e m.nm B
i ] " o : : o :
- . : .S =] ;
! A 0 M !
: 2
¥}
=
o
i

: A S
- : : FEEEENR; | S
. R B A
: 2 IRV A | DRI o S (i — |
, i . fi [ = 0 .
[ N
- 1 -
- ol = =
T NN [ o
I [ ¥ ) R L =
i : s E 50
. FA A S A LR » —
m e o 2 R
SE =
- m qH<g =
i < o
O R = - Q
e .. . E _
_ : NN I U . -
: = v
; A s = s N
; P £ a ¢
: i T m ® H
§ = ! ol i
MI - I B ) B =
S xR :
o . - : e
o W ! i 13
_ aNsERE T g At s @
i ; - 2 N h =
- | I i ) o s A [=%]
K t i1 i ! t I N | LD ’ e
o i i “fEi i f
- M £ L
' © 1 ! NG 3 i
. ” 1 A 1]
Lo - ! ] A [~}
a4 _ — : e
s - : i -
| : : g u
R i ! H i n S
| - b SPRENY : T H T - -
v? i m 78
N b — s N
; H . S B & T —e
— 29 ot Q-

4, ‘ainjesaduisy




. H s
- =
m * -
: 4
-t
(=]
T t
—d
a
[—]
=
= -
m Pl :
3 - S
- [T ; 3
2 [ e ,
,, ot 2 b : <o !
L F - . D
,. P L H P
: n i
w pbd
3 T )
3 o
” 1
v f
| = ,

0

6

LTy

L L ST UPREA

System A - Cold Flight No. 2 Main Tank Temperature.

i
m
=)

mm o @ :

-1, w 2 3
, = ,
- [ )
i -— ) ;

- d
: g S
i - T .
. od
= [~ 2 ,.._
; c E

b '

ai .

X1 L X

il = =

£t =] R

B m

- H
ol |
% 1

€ H

* ; o . U.

! Tt w

4 v

B L -] [}]

w. O @ ¥ ~

- I

: I “ & ,w

: (o) 2 o -

5 Op =

i ! .

W.w .... L

. R (] é.p

- E

=
h oaf” & B
Q- o~ =3
- ﬂm
o . o I
=21 el —] “

<
A0

4, ‘duniesadwia |




Temperature, ° C

"_
. -10 -20 -30 -40 -50

900

0

0

8

0

0

?

]

60

abarlnd pEres s p e AU AR

oo

Time

4

300

0

0

2

0

0

1

4o ‘@amesadway

125

PLTO16

minutes

11.029
o72/21/82

1 Outboard Tank Temperature.

System A - Cold Flight No.

Figure 83.

Jd




. "~ Temperature,° C

10 o -10 -20 -30 -40 -50
| L _ - 1

-

) P SN, (PN O 1 IR [
e T 1T T e =T T G T I ; N o
- B . T : Ty I R L Y o
; - P i : T [ BT T P T -
- i T - i I T 1 : TSI L [2~]
" : : : : R ] ' [ Lt
, ] " PR A T I - T ad
HEIENR I [ NE v ! i i 3 : i [N a
i ! i T T I : i i Pl
- B R ! 1 1 1 11 w
[ LI A : i ®
i i ¥ H & H i
i : : ifi T i 7 i +
R T Ty H ] b
T H ¥ N i I T
i 1 TSR I B )
: ! PN i I
t L] ot : T
i [ i IR ) !
+ LB M
Y

700

R =]
un.. 0
- 9
Ha i
_ :
T f
L NN
: T M%
AR aw °35
: - - £
: ! RN il m
R T [ ! o™
P R LI [-1)
H i N A HENN N I~
P N et L E 3 H -
TR Ty . d s M) —nl
R N N : ¢ H
R FONPEN N K
L NN TR R
. T i s et :
] F R RN MW ! qt
i Tot LIS B : ;
. RPN TV SR M i ; o)
T RN [ A . f ey
= O S S, n @
I N : RN :
: T : ! k= R A :
H T i i - il ] ;3§ b B
i [ W it : “”a _mm :
H ¥ 1 I e frmimar £
R REURAREERRNC panEn :
O ; Nt ) I : P ] - i =]
I i H i Hil I H - o
g il i f ot i : : Pl H : [ . T
B T b E v f & % N N i i I
SR e P e
t ] s Li i i Pk 13 3 :
i N i ! Tt T: 1
Pt ! P b : it ey
1% ¥ B N S L
8 4 HLAE : T ol
e : N EEE A EP s =
i . el F [—1
] i i 3 i N N i i t b : —
i ! [ I I L
. f H ¥ ) ra b\;.‘ P FlE E
Sl : & @
—y - it 1 0
YR i R N B -
N : il . I : o
b " : T o
it i I P W : o
B oLy N Poio. i R __,_. MR -

g 02- ob- 09-
9, ‘anipladuiag

126

P v o s i B T PR e H e o ———

1 Main Tank Temperature.

System B - Cold Flight No.

Figure 84.

.




4 ‘ == pe—— - : | - TR o L
DI Y s B o R e S o Bt St I ARSI - it S i S s St St SR oo B o T

; T ERN
H . [N
!‘ ] | - e e l
: : NuN RN
[»]
AN » ] o P N L I L 1. . . A
IERE - BRERNNRNEN 4
Lol - B I D ] [ e ] o L . - “q
! Sl O A Y o ]
MR | 1o N e i AN R ;
b o -4 - AL )
; i - e o o B [
i R A . 3 2 - . —l—‘
v R ! 14 N Tre
. h i.' - - -

—
»
:
:
.
I & i
1
:
:
i
=
;
I
i F
"xl;
:
i
;
.
:
]
1
.
:
——
i
,
‘
: R RN
(o e
,
%
!
:
;
:
£
9 , ‘aumesadway

Temperature, °F
0
1
i
I
0z-

| " i .
(%] .. - " . - oA o . . " - . I . fe
J ~ ks N I IO A Ot I S LB " - - .
R Noc. 1 0B T . N o N -
[ = Iy W N - N wf e - N I T WAL T R P N o
[41] )
3 e L S O " J, L - L _ dAdl o w
e AN RN : ek : : T e B
0 R 0 DA o ‘ T NRNE R
o ! 1o - SN RS N B O 1 ' g
< : : -
boffdn ] 3 - - I . ENN IREEEA . AR RN KA o
1. m - e - o i
. L - ARRENR
- » Ly o RN SN Ao '
! ] - . i [ T 0 ] ] - n
i - ! e i - b e FE , - O

100 200 300 400 500 600 700 800 900
g2 Time, minuizs PLT016

Figure 85. System B - Cold Flight No. 1 Outboard Tank Temperature.




500

ght No.

. {
Temperaturs, * C .
i
- 10 ] . =10 -20 -30 -40 -50
| | ! ] 1 =
[ L ] . . Lo
I S I - - y _- ®
DN . -
T - "
SIS I - -, S = - ) | "
R el it | - - ! & |
-~ - - - - : M i
. X C el = o - @
: A S R B S £ s : . y
* - e e 3 P - |_‘n - o . t
_ - (SRR WSS N SN SRR (NG AU S - ]
_ N Z . - e b e i ] [
O - U SRUINCIOE RPN — o =
- - — 2 2
T - 0 h . I T TR AR [ Q
i wl - IR SN i . -
. . i ' W K
,‘ f : v " L o
3 | S AREEUR S (PO A S _ | m - w.
m S - = - -t e e .
3 S Sl AN AT -
2 ! , - L » 0 = :
- . P N - i
- F
- o =
mw
Wk _

Time, minutes

400

: "-"='\"f.‘:'ew—\\1;&\'\"?-{1511{"“;{;?‘:?.*!3'!"’!‘
System £ - Cold F)

. N - ..
(=]
. m )
i Q- - -
: o (= o
w | - P= m
L N e u .
& Q & &0
F e
f © | & o ‘
¥ T -t !
_ = !
- ; ]
2 e L ®
{ | & =
w e — oo

-
[

3.163
o7/2ls82

THAIN

A

o
0

09-

u——

4, ‘adnjesadway

ST W e

!

128

kA



Temperature, ° C

10 -10 -20 -0 -40 -50
] [ [ | | S
e ﬁ;iW? I L — o
FR s ¥ s oo
S et . b ! C
[ T i R TR, P
. ; _ 2
-
]
- =
=
o o~
- =
=
L -0
b
X o
=
.. [¥y]
-
o
(=]
-
=
=]
By
z
[=]
© e o
o g 8 =4
i o E: o
o Ehal-E
rEs g
&
"
az}-; R @
_..I _” H : w
M~
o,
=
0% ¢ 02- 09-=

4. ‘@injesadwe)

—
[ ]
(V]

PLTOL4

Time, minutes

9.163
07/21/82

1 Outbepard Tank Temperature.

System C - Cold Flight No.

Figure 87.



Kilograms / Second T

900

PLTO024

0

0

8

200

00

6

hedatebierm emdatdar o o

¥

500

0

Time, minutes

40

+Cold Flight ECS Bleed Air Filow.

R Tty

300
Figure 88.

7l
4 o
i
: : =
H . < ‘
£l & m
A ) ;
{
S Q ..
: = ;
{
- Q- i
. Ot =
" ok o :
: O m< -t
fl i : a0
£ - U
i § 23 - a
: o I~
o

‘“[,;-

-k
130 ”M >
1




Temperature, ° C
600 . 500 400 300 200 1.00 0
! 1 !

S00

PLTOO4

800

7200

600

R I Rl e st e R S R e o
[ . . ; bee = ) - d -]

ok - o STE el o 3

e orae . S RN N } .

; 0 I A T B LR AP S ae I o i _

- e, ! s .

, e E—
= s
SRR i R R BT R ORI DRSS MR
_ — -+
FR T Ty e

a B [ e
NGICACAERS FRRPOParS) PRPUY BEOSUSS RS S VSO S B S
- - T Gl S T

n 1

. [} ' .
e e e e e = ——aa Rt
1..l..|.. e — f..,i. - “...... - AN T 2 N “ ; . H —

SR bt e e ,w.._".;.!.:....: fn.” = ...... _ - v s _..

i Y

|

i
H
b

i
]
1

s *

|

+
30

:
[ |
H
I
.

!

~gth Stage (Mid) | |

T 1
I I
N i :
.
!

COLD _C

A

1.

13

494° P

TE2ZS

T ; T I i - o A
A i ! : H i f :

- —
- : i o

500
Time, minules

400

0

200
System C — Cold Flight ECS Bleed Air Temperatures and Precooler Setpoint.

R 2
‘-Precooler Discharge

Assumed for New Alrcraft
] t

11| *434° F for DC-10-30 Reduced o 250° F

TSETS

i0g0
Figure 89.

8.267
072/23/82

021 00t 08 0% ot 02
LOLXd, ‘aumjesadwa ]

131

%



since the available heat is a function of the flow rate and temperature

- difference. To illustrate this peint, additional computer runs were made for

the cold flight using a 121.1° ¢ (250° F) precooler setpoint which ‘increased
the temperature difference and thus the available heat. These results are
shown in Figures 90 and 91. Although not specifically evaluated for the
DC-10-30, a 121.1° C (250° F) air supply to the ECS is considered acceptable
for cabin heating. Table 9 summarizes the cold flight tank heating analysis,

Tank fuel temperature results for the hot flight are shown in Figures 92
thrnugh 9. Tables 10 and 11 summarize significant results for nominal and '
hot flights.

8.4 ENGINE TEMPERATURES

Several engine fluid system temperatures are of interest. Again, it must
be pointed ocut that the present study did not attempt to refine system control
perameters. The objective in terms of numerical results was to model each
system on the basis of existing parameters, associated with the DC-10-30 and
the CF6-80X. Ly

Fuel system ice protection is an issue which must be addressed so long as i
;nti—icing inhibitor is not required by the fuel specification.--This is
presently the case with commercial grade jet fuels. Figure 100 shows the Tﬂ
baseline results during the one-day-per-year cold flight. Main filter inlet oy
temperature is the main concern from the standpoint of fuel iring. It is the
first fine-micron filter in the fuel system and could block in the presence of
water (or ice) at temperatures helow 0° € (32° F). Although filter bypass is
provided on all General Electric engines, the customary design requirement is
to assure that ice blockage does not occur. WNote that the filter temperature
is well above 0° C (32° F) during the baseline cold flight. On the CFé6 family
of engines, fuel heating is provided by engine lube system heat rejection.

Figure 101 shows the corresponding baseline oil temperatures which are above
the 32.2° ¢ (90° F) limit desired during steady state operation. Figures 102
through 108 show corresponding cold flight results for the advanced systems. -y
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Cel

TABLE 9. COLD FLIGHT TANK TEMPERATURES
MINIMUM DURING FLIGHT - ©OF (OC)

Baseline System
A
No. 2 Main -49 (-45) *
No. 1 Main -49 (-45) -29 (-34)
No.iOQutboard -49 (-45) -18 (-28)

Fuel Loading Temperature = 0° F (-18° C)

Spec Max Freezing Point +5° F (+3° C)
Jet-B = -53 (-47)
Jet-A = -35 (-37;
Study Fuei = -12 {-24) {

* No Advanced Systeimis on No. 2 Englne
** System C With 250° F (121° C) Precooler Setpoint

System System
B ctt

-43 (-42) -26 (-32)

-32 {-36) -10 {-23)

Minimum Alr Temperature
TAamp = -94 (-70)
Tr = -50 (-46)
Tp = -45 (-43)
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TABLE 10. NOMINAL FLIGHT TANK TEMPERATURES
MINTMUM DURING FLIGHT - ©F (9°C),

Baseline System System System
A 8 C
Ne. 2 Main -19 (-28) . . .
No. 1 Main -19 (-28) +8 (-13) -12 (-24) -18 {-28)
No.lOuiboard  -2¢ (-28) +26 (-3) 0 (-18) -18 (-28)

Fuel Loading Temperature = 60° F (16° C)

Spec Max Freezing Point +5° F (+3° C)
Jel-B = -53 (-47)
Jet-A = -35 (-37)
Study Fuel = -12 (-24)

Minimum Air Temperiure
TAmb = -68  (-56)

T = -2 (-29)

T2 =-15 (-26)

“No Advanced Systems on No. 2 Engine

t
.~ ﬂk_'_'L_‘.L.L-_.._‘u_._._..if R R T - P

Bty S A b o S A b b Ll il A A L L 0 b




—
£
u

[ — ————ay ro——rr—— Py p—— — ——
I = ! L _

TABLE 1. HOT FLTGHT TANK TEMPERATURES
MINIMUM DURING FLIGHT - OF (OC).

Baseline System
A
hNo. 2 Main +89 (32) .
No. 1 Main +83 (28) +87 (31)
No.iQutboard  +79 (26) +98 (37)

Fuel! Loading Temperature = 100° F (38)

Spec Max Freezing Poini +5° F (+3° C)
Jei-B = -53 {-47)
Jet-A = -35 {-37}
Study Fuel = -12 (-24)

*No Advanced Systems on No. 2 Engine

System

+84 (29)

+89 (32)

System

+86 (30)

+92 (33)

Minimum Air Temperiure
Tamb = +21 (-6)

TR = +62 (17)

Toa = +67 (19)
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Fuel and lube oil temperatures of particular interest are shown in Table 12,
From an ice protection and engine lube temperature standpoint, all of the
5' results are acceptable except for Advanced System A. With System A, the fuel
flow to the engine corresponds to engine gear pump fiow wnd this is tco high a
= flow rate for the available lube system heat. The resolution to this problem
g iz simple, however, in that return of coritrol bypass flow to main pump
- interstage would produce the same cold fiight results as the baseline. This
option, however, ralses an issue concerning the choice between tank heatirg
and engine fuel ice protection. Both cannot be satisfied at the same time.
;” The acceptability of the situation and particularly whether engine lube
temperature levels are acceptable with this tank heating approach needs
further consideration. Wote that the low o0il temperature result would occur 4

with System A regardless of the means for fuel ice protection.

13

With respect to hot fluid temperatures in the engine systems, the engine

- pump iniet, main fuel control, fuzl nozzles and scavenge oil are the primary

T

e

conecerns. Figures 109 through 116 show these results for both nominal and hot
flights, Tables 13, 14, 15, and 16 summarize the key results. As a
cross-section of normal flight conditions (nominal and one-day-per-year

extreme), the results are acceptable in all regards. Systems B and & show

higher fuel nozzle temperatures than those for the baseline but this could be

ooy

resolved by control mode optimizatioen. Advanced System B includes an

th

air-to-oil heat exchanger; but this heat exchanger was not activated (.. ing

P G g

P -

these flight simulations. Its use during descent would lower nozzle * 

R SR b LS T HA SRR L L Ll r e LU TR Ao e D R
[ep—_—

: temperatures without significant effect on sfc. System C has the capability
{ to place more heat into the fuel tank than elected for this study. A 135° C
(275° F) setpoint for switching heat from engine meter fuel to tank fuel was
assumed in the model.

TP HATOA AT Ty
[

I To further consider the issue of hot fuel in the engine system, special

R T

runs were made to determine fuel residence time during the nominal and hot

] flights. Figure 117 shows a breakdown by zones of che Baseline system. The

e Ty

computer model was modified to calculate average fuel temperature and thermal

[ residence time in four zones of the airframe fuel feed system and engine,

SR CATTT R v TR Y
I
[y L S VO
—

T

Sauhidie 1
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TABLE 12. FUEL AND ENGINE LUBE OIL TEMPERATURE MINIMUMS

DURING FLIGHT - °F {(°().

@ Main Fuel Filter Inlet Temperature
® [ce Protection Limit = 32° F (0° C)

Baseline System System
A B

Cold Flight 65 (18) -1{-18)

96T

62 (17)

Nominal Flight 118 (48) 35 (2) 116 (47)

Hot Flight 157 (69) 97 (36) 155 (68)

TR T ) AL ER - Tl
I A I Tt i RO

System
C

58 (14)
102 (39)

152 (67)
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TABLE 12. FUEL AND ENGINE LUBE OIL TEMPERATURE MINTMUMS
DURING FLIGHT - °F (°C) (Concluded).

¢ Engine Lube Oil Temperature
o Baseline Normal Minimum = 90° F (32° C)

3 ~ Baseline System System
\1 o A B
* | Cold Flight 96 (36) 17 {-8) 95 (35)
- Nominal Flight 133 (56) 48 (9) 130 (54}
Hee Flight 177 (81) 103 (39) 175 (79)
!
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System
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89 (32)
123 (51)
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System A - Nominal Flight Engine Fuel Temperatures.
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Cold Flight
Nominal Flight

Hot Flight
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TABLE 13. MAIN FUEL PUMP INLET TEMPERATURE
MAXIMUM DURING FLIGHT - OF (9C).

Basefine System System
A ' B
12 {-11) 24 (-4) 6 (-14)
72 (22) 62 (17) 62 (17)
111 (44) 101 (38) 102 (39}

Mode] Spec Limit
Jet-A = 140° F (60° C)
Jet-B = 120° F (49° C)

R U SN

System
C

7 (-14)

62 (17)

102(39)

I R R T T b _ "




: TABLE 14. FUEL CONTROL (MEC) FUEL TEMPERATURE

MAXIMUM DURING FLIGHT - PF (2C).
Baseline . System System System
A B (ol
| Cold Flight 200 (93) 40 (4) 186 (86) 147 (69)
- Nominal Flight 230 (110) g2 (33) 216 (102) 170 (77)
i

Hot Flight 262 (128) 132 (56) 250 (121) 214 (101)

D ULy

Baseline Normal Maximum = 300° F (149° C)




897

TABLE 15. NOZZLE FUEL INLET TEMPERATURE
MAXIMUM DURING FLIGHT --OF {(°C).

Baseline System System System
A B C
~ Cold Flight 172 (78) . 90 (32) 186 (86) 152 (67)
Nominal Flight 208 (98) 122 (50) 216 (102) 243 (117)
Hot Flight 243 (117) 160 (71) 252 (122) 273" {134)

Baseline Nozzle Liinit
Jet-A =300° F (14%° C)
Sliudy Fuel = 255° F {124° C)
3

*ECS Bleed Air Heat Switches to Tank Hx at 275° F (135° C)
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TABLE i6. ENGINE SCAVENGE Ofl, TEMPERATURE
MAXIMUM DURING FLIGHT - OF {oC).

Baseline System System
A B

Cold Flight 216 (102) 77 (25) 215 (102)

Nominal Flight 253 (123) 241 (116) 252 (122)

691

Hot Fiight 287 (142) 274 (134) 286 (141)

Baseline Limits

Normal Max = 275° F (135° C)
| Red Line = 350° F  (177° C)

.
woade, - = -t

System
C

212 (100}
248 (120)

282 (139)
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Zone 1 ig from the No. 1 tank aft beoost pump through the engine boest
impeller. Zone 2 is from the bocst impeller discharge through the fuel
controi (MEC) bypass valve, The calculations for Zone 2 include the average
numbsr of times the fuel recirculates in the pump gear stage. 2one 3 is from
che MEC bypass valve to the IDG fuel/oil cooler. Finally, Zone & is through
the remainder of the fuel system and fuel nozzle. Note that these are bulk
fuel temperatures. 1In the fuel nozzle, for example, the surface fuel film

temperature would be higher. ‘ihe fluid volume for each zZone iz as follows:

Zone Volume - m3 _(ft3)
1 0.03 (0.94)
z 0,0014 (0.05) gear + .0Q7 {0.24) bypass
3 0.003 (0.10) .
4 0.002 (0.07)

Based on volume, residence time was calculated from volumetric fuel flow.

The results for the Baseline nominal fiight are shown in Figures 118

through 121. For the Baseline hot flight the results are shown in Figures 122

through 125. Figure 1194, ete., provides an expanded scale for residence
time. Discrete fuel temperatures and flight profile definitions may be
obtained from the results presented previously. It is somewhat surprising to
note the long period sf time it takes for the fuel to move through the
system. For example, Figure 122 for Zone 1 hot flight shuws that ducing
takeoff it takes 8 seconds for the fuel to reach the engine gear pump after
leaving the tank aft boost pump. During idle descent, it takes 220 seconds,
almost 3 minutes. 1In addition to fuel thermal stability considerations, these

model results also suggest other areas of interest such as:

® Engine start/relight time from a drained system.

& Quantity of fuel drainage after shutdown.
e Fuel spillage after closing the emergency fuel shutoff valva.

& Engine run time with an incorrectly positioned fuel feed wvalve.
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¢ Fuel interruption time with a laége slug of air or vapor in the
engine feed line. ’

Extremely high fuel tank temperature could present problems such as
engine or tank boost pump cavitation (excessive release of air or vapor from
hot fuel at low pressure). 1In a tank heating system this would be most likely
to occur with low tank reserves (low level of fuel heat sink). ‘The results of
:he emergency flight scenario described in paragraph 6.2.5 are shown in
Figures 126 through 137 and are tabulated as follows:

Main Cutboard
Advanced Flight © ‘Pank Level Tank Engine Inlet
System Time (Min} kg {Pounds) T °c (* F Temp °C _(° F)
A 6 1383 (3050) 57.2 (135) 42.8 (109)
B 40 227 (500) 53.3 (128) 45.6 (114)
c 18 771 (1700) 17.8 (172) 50 {122)

At these times in the computer runs, it became impossible to maintain
iterative continuity. Ho attempt was made to change the computer '
formulations. The message is clear, however.

1. All systems show fair tolerance to excessive tank heating under
simulated emergency conditions,

2. in spite of this tolerance, provisions should be included with each
system to permit tank heating thermal relief.

The system provisions previously shown in Figures 19 through 21 provide
the nzcessary emergency capabilities. For System A, fuel recirculation can be
routed back to the engine pump and the system will function the same as the
Baseline. For System B, an air/oil cooler is provided and will adequately
cool the tank recirculation fuel as desired. For System C, engine bleed air

can be reduced or shut off while all the heat is transferred to =2agine fuel
flow and none to the tank.
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14; 9.0 SYSTEM EFFECT ON FUEL CONSUMPT1ON i
‘;[ 9.1 INTRODUCTION

§ : Selection of an Advanced System for compatibility with broadened-property
E[E fuel cannot be realistically made without consideration of the impact on

: engine fuel consumption. Consequently, the flight simulation models included
] g change in fuel consumption. Consequently, the flight simulation models

included change in fuel consumption relative to the Baseline System. Fuel |

%‘
;ri consumption would be affected by the following: 1
- ] weight.
. d
e ] Power extraction to drive the fuel pump. :
o ] Fan bleed air extraction for ECS precooling.

For interpretation of the results which follow, a brief description of

the terminology used is offered here.

% Asfe =

where % Asfe is the percent change in specific fuel consumption; Asfc is
the change in sfc associated with the particular parameter of concern (weight,

| r‘ HP,... ete.) and sfc is the specific fuel consumption for the engine.

A Block Fuel (Lbs)
i % 4 Block Fuel = Total Block Fuel (Lbs)

where %A Block Fuel is the percent change in block fuel; A Block Fuel is
E the change in fuel burned associated with the parameter of ccncern and Total

Block Fuel is the total block fuel used for the nominal flight.

§ ‘_:‘ji? T 6 it A £ o e Al K7 T R o oA T i kb e s S ) i@}; :
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With respect to combustor fuel preheating, the energy available at the
fuel nozzle per pound of block fuel was determined for all systems. The
difference between the results for the baseline and the advanced systems was

then divided by the heating value of the fuel to provide the %A Block Fuel.

9.2 RESULTS

Flight prafile plots were made showing the above-mentioned effects for
each system. The effect of system weight on specific fuel consumption (%
Asfe) is shown in Figures 138 and 139. System C weight of 185 pounds
asgsumes a3 complete system without a fan air precooler. The Baseline and
Advanced Systems A and B all weigh about 52.1 kg (115 pounds). These weight
effects were calculated in the model by assuming a proportionality between
engine component weight and aircraft fuel weight in terms of adjusted engine
thrust. Change in engine power setting (fuel flow) for constant air speed and
altitude was known from the initial engine flight profile computer runs.
Likewise, change in fuel flow was known for aireraft altitude change. These
same derivatives were used and multiplied by 1.25 to account for aircraft
structural weight needed to carry the engine outboard on the wing. This

approach ig different than that customarily used and which does not account

- for the precise flight profile and is predicated on constant thrust rather

than constant aircraft speed. Although the difference is minor-considering
the small effect of weight (for this study) on sfe, the study approach is
believed to he more valid.

Fuel pamp staft power has a minor effect on sfc for a high fan bypass
engine because of the large power associated with the low pressure turbine
(which drives the fan). The high pressure turbine is directly affected by
punip power since it drives the engine accessory gearbox. Figures 140 through
143 show pump power and its effect on sfe. Only System C using a centrifugal

pump had measureable influence on sfe.

ECS bleed flow was scheduled for nominal DC-10-30 conditions during the
nominal flight. The compressor bleed schedule is shown in Pigure 144.

Corresponding sfc penalty for fan air precooling is shown in Figure 145,
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Although sfc is a popular measure of comparison, it is usually applied
only to cruise conditions. A more meaningful.result is the absolute chaﬁge in
fuel flow (pounds per minute). Pigures 146 through 149 summarize the fuel
consumption results of all systems. Using these one-minute-interval results
the computer model accumulated the total flight fuel change (block-to-block).
These results are shown in Tables 17, 18 and 19. These tabulated results show
how the fuel burn increase or decrease is accomplished. Table 17 is the
direct effect of pump shaft power, fan bleed (precooler), and system weight.
Table 18 is for the effect of fuel heating. These results show the
flight-average BTU/1b of thermal energy imparted to engine metered fuel by the
system. The increase in thermal energy such as for System C results in a
decrease in fuel consumption. Table 19 shows the net fuel consumption effect
of each system. The values listed in the right-hand column are the most
mearningful in terms of the system merit relative to fuel consumption. WNote
that only Advanced System C offers an improvement (-0.342 percent block fuel
consumption) over the Bageline System.
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TABLE 17, NOMINAL FLIGHT %A BLOCK FUEL FOR PUMP POWER,
FAN BLEED, AND WEIGHT (1.0SS5) PER ENGINE.

Block ABlock % 4 Block
Pounds{kg) Pounds (kg) Fuel
i 169 (77
Baseline {77) Ref Ret
System A 170 (77) +1(+0.5) +0.003
System B 162 (73) -7 (-3) -0.019
System C 88 (40) -81 (-37) -0.222

Flight Block Fuel = 36,420 Pounds (16520kg) per Engine
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TABLE 18. NOMINAL FLIGHT %A BLOCK FUEL FOR COMBUSTOR

FUEL PREHEATING (GAIN) PER ENGINE.

Btu/Lb

(kd / Kg)
Baseline 229* {533)
System A 187 (435)
System B 212 (493)
System C

251 {584)

‘Based on Enthalpy = 0 at 0° R {0° K)

Flight Block Fuel = 36,420 Pounds (16520 kg) per Engine

A Btu/Lb

{akd / kg)
Ret

-42 {-98)
-17 (-40)

+22 (+51)

%Block Fue]

T

Ref

+0.228

+0.092

-0.120
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TABLE 19. NOMINAL FLIGHT ZA BLOCK FUEL NET INCLUDING
LOSS AND FUEL HEATING GAIN PER ENGINE.

%ABlock:Fuel % ABlock Fuel

Loss

Baseline Ref

System A +0.228

System B +0.092
System C -0.120

Flight Block Fuel = 36,420 Pounds {16520 kg)

¥
1
'

Gain

Ref

+0.003

-0.019

-0.222

% ABlock Fuel

Net

Ret

+0.221

+0.073

~0.342

per Engine
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10.0 ECONOMIC ANALYSIS

10.1 INTRODUCTION

A computer program was formulated to evaluate the investment incentive to
the airline for each Advanced System. The basic objective is involved with
managerial decision making. Bueiness investments have two distinguishing
characteristics: First, they often involve depreciable assets, and the return
(saving to company) which the assets provide must be sufficient to recoup the
original investment itself as well as to provide a satisfactory yield on the
investment. Second, investments are generally long term in nature,
necessitating recognition of the time-value of money.  Fresent Value and Rate
of Return on Investment are the two generally accepted methods for determining

the incentive for an investment.

Pregsent Value is simply a measure of the total savings snticipated over
the life of the investment at the time the investment is made. This value
(savings) less the investment cost is the net investment incentive or, in
other words, the anticipated profit before taxes. Rate of Return (ROR)
indicates the anticipated annual percentage profit on the investment which
would normally be 10 percent on cash-savings. Both methods were considered in

the analysis.

In this case where savings are negative, the Present Value method still
provides an indication for economie decision making - the more positive (least

negative) Present Value is chosen. ROR, however, has no meaning in this case.

The treatment of tax credits and depreciation was as follows:

An initial tax credit of seven percent (7%) of the investment cost was
taken at the end of the base year of the economic analysis, the year the
investment is made. Sinee corporate tax on U.8. income is approximately 50%,
this tax depreciation allowance is equivalent to a credit of 50% of each

year's depreciation. The double-declining balance depreciation method was

217
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used for the first two years and the sum-of-the-year's-digits method for the
remaining years until the tenth year from purchase. This provided the largest

present value of tax savings early in the life of the asset.

The economic analysis is a key basis for comparison of the results of
this Advanced Fuel System study. Fuel property change, if it were to occur,
may be gradual, Consequently, as it turns out, each of the Advanced Systems
A, B and ¢ cffers a solution to the fundamental issue of broadened-property

‘fuel. Although performance results do vary for each system, the degree of

property change could permit use of any of the Advanced Systems, The results
can thecvefore be treated on an economic basis becsuse all systems are
aceceptable for airline use within their respective limits of fuel properties.
With appropriate design feature such as a means for fuel cooling with low
reserve, each system is viewed to be scceptable from the standpoint of safety
and airline operational considerations.

The DC-10-30 was chosen for the study because it is a long-range aireraft
likely to be influenced by the fuel freezing point issue. Also, the DC-10
fuel system with its wing tip tanks is of sufficient modern design to yield a
broad solution from the aireraft design standpoint. In the economic study,
departure from the DC-10-30 definition was, however, necessary. It was
necessary to assume the more general case of a wide-body 1ong—fénge airecraft
expected to have a fleet life of 15 years. This presents then an airline
management decision to purchase such an aircraft (with an Advanced System) so
as to achieve broadened-property fuel compatibility over the anticipated
1S-year aireraft use time.

Thus, it was assumed thst Advanced Systems would be applicable to new
aircraft and engines and subsequently have a service life of 15 years. As
shown in Table 20, the cconomic influerices used for the study included initizl
equipment cost, maintenance cost, and fuel consumption. Thege factors for
each system were determined using cold, hot and nominal flight results

combined with individual engineering assassments.
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TABLE 20. ECONOMIC INFLUENCES.

Baseline
Maintenance
¢ Fuel Nozzle Coking Only
e Unscheduled Removals
~ (Events/M—Hrs.)
Jet-A 50
Future Fuel 140
Fuel Burn
» A% Block Fuel *

Equipment Cost
* At Airline Cost Level
for 3-Engine Aircraft *

e For New Aircraft

* Baseline is Reference

System
A

+0.231

—~ $1260

P T R T N R P T Ov

System

15
4

+0.073

— $2760

System

13
37

~0.342

$167,610
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Initial equipment costs were estimated from actual (baseline} component
production costs wherever possible. These costs were used for Baseline System
components and comparable Advanced System components. The basis for all cther
equipment costs is: present production costs for similar parts, previous
studies of advanced components, and experience resources of the General
Electric Company and its vendors. The resulting costs in (982 dollars are
shown in Table 21.

Maintenance costs were based solely on engine fuel nozzle coking rates.
These removal rates, as shown in Table 22, were estimated based on relative
life estimates for each of the fuel systens for operation on the baseline and
study limit fuels. Relative life was estimated using a coevelation for TF-39
flow divider valve failure as a function of fuel temperature and fuel
breakpoint temperature (See Reference 7). Failure was defined as a 10%
increase in valye hysteresis. The TF-39 data correlation was used becazuse of
the engines for which data were available, the TF-39 is most similar in seale
and design to the CF6-80. Relative life estimates and corresponding

unscheduled removal rates are presented in Table 22.
The correlation equation for fuel nozzle life is of the form

(Cl + g2 TBP - T

Life = Kf exp F
10

where:

3
1l

Fuel breakpoint temperature, K

BP

TF = Fuel temperature at valve, K

Kf = Constant to account for valve force level

Cl, €2 = Correlation constants equal to 229.9¥ and 0,407,

respectively, for the TF-39

The minimum fuel breakpoint temperature from the program fuel property

specification limits (Table 2) was used for each fuel. Maximum fuel inlet

220

- irm

L

P AT L T T




erepl 12

.

DL D

.

A R T L
e rf?m-ud.'r,a.? DN

L —
Ll

FoiEy
A

e

o —

1

128 e~

Lt

B —l—l:|

TABLE 21. SYSTEM COST 70 AIRLINE PER ENGINE.

COMPONENT

Main Engine Control
Main Fuel Pump

Fuel Manifold

Fuel Feeder Tubes
Fuel Nozzles

Main Engine Control

Low Lubricity Main Fuel Pump
Fuel Manifold

Fuel Feeder Tubes

Fuel Nozzles

Manual Switch & Wiring
Plumbing, Clamps, Etc.

Main Engine Control

Low Lubricity Main Fuel Pump
Fuel Mainfold

Fuel Feeder Tubes

Fuel Nozzles

Plumbing, Clamps, Etc.

Main Engine Control

Fuel Control Mod Kit

Boost Pump

Centrifugal Pump

Gearbox Adapter

400 Hz Electrically Driven Start Pump
Electrical Relay & Control

Fuel Distributor

Feeder Tubes

Fuel Nozzles

Adv. Waste Heat Recovery System

Air/Water HX

Tank Fuel/Water HX

No. 1 HX Control Valve
Engine Fuel/Water HX

No. 2 HX Control Valve
Water Pumps & Electrical
Accumulator

Temp & Press Sensors

— - e e A L - A s m—

SYSTEM

Baseline
Baseline
Baseline
Baseline

e s i s R i i =

o | oo oo

OOOOOO0OO0O0O00O0

OO0
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COST

54,050.
11,200.
6,570.
8,120.
40,780.

54,050,
11,430.
9,160.
8,120.
34,040.
500.
3,000.

54,050.
11,430.
9,160.

8,120..

34,040,

3,000.

54,050.
14,690,
4,320,
12,530.
5,180.
2,590,
860.
12,270.
23,840,
28,860,

7,500.
2,250.
3,000.
2,250.
3,000.
6,000,
1,500.

500.

.

TOTAL

§120,720.

$120, 300.

$119,800,

o mh,
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TABLE 21. SYSTEM COST TO AIRLINE PER ENGINE (CONCLUDED).
COMPONENT SYSTEM cosT TOTAL
Water Loop Plumbing c 3,000.
Fuel Tank Return Piumbing C 6,250,
Electrical Controis & Readouts C 7,500.
Water/Dowfrost Mixture C 900. a
$202,840. : ‘
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TABLE 22. LIFE ESTIMATES

Fuel Fuel

» K¢ - Value Breakpoint Temperature Relative Removals per
Sysiem Fuel Force Constant K {(°F) K (°F) Lite 108 hr
] Baseline Baseline 1 518 (473) 388 {238) 1.0 5 ;
; | Study Limit 1 493 (428) 0.36 140
1 A Baseline 1 518(473) 323 (122) 644 1
o Study Limit 1 493 (428) 236 1
iy 5 Baseline 1 518 (473) 376 (216) 3.45 15
} Study Limit 1 493 (428) 1.26 a1 ]
i c Baseline 5 518(473) 391 (243) 3.87 13
. Study Limit 5 493 (428) 1.41 a7 :
|
y
i k|
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temperatures calculated for the nominal flight (Table 15) were used as 'I'F

for all of the advanced systems, where the valves were mounted on the fuel
manifold. For the baseline system, where the valves were mounted in the
nozzle, an additional 17K (30°F) fuel temperature increase was assumed to
account for fuel heating in the nozzle. The constant Kf was taken to be 1.0
for the baseline and concepts A and B, which have cne valve per nozzle, For
concept G, which uses a single valve to feed all 30 of the fuel nozzles, a
larger valve was assumed. When fuel valve piston atea is increased, spring
force must be increased proportionally to obtain the same flow
characteristics. However, the perimeter of the piston, where contact with the
wall and fuel residue on the wall provides the resistance force that causer
valve hysteresis, is proportional to the square root of the piston area. For
System C, it was estimated that the piston ares- {and spring forece) would be
increased by a factor of 25, while the wetted perimeter of the piston {(and
registance foree) would be increased by a factor of 5. Therefore, the ratio
of spring force to resistance force would also be increased hy a factor of 3,
thereby decreasing the llkelihood of hysteresis. This effect was reflected in

the relative life correlation by setting Ke = S for System C.

The unscheduled remcval rate was taken to be inversely proportional to
relative life. Removals were then adjusted to obtain a level of 51
unscheduled removals per million hours for the baseline system on baseline

fuel which is the estimated value for the CF6-80A engine.

It should be noted that the abeove estimates involve extrapolation of data
obtained in accelerated fuel nozzle fouling tests. Because of this
extrapolation and required assumptions on fuel heating in the nozzle mounted
valve and the effect of valve force levels, there is considerable uncertainty

in the unscheduled removal estimates given in Table 22,
Fuel consumption differences are for the nominal flight and include all

factors such as weight, engine air bleed and fuel heating (to engine
combustor).
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All calculations were based cn constant 1982 dollars. Results were
calculated for Jet-A and a future broad property fuel at a cost of $1.056 per
gallon.

The argument can be made that Jet-A fuel properties derived from
alternate crudes or future heavy petroleum crudes may increase the cost of thé
airline fuel. These cost increases relative to present Jet-A would result
from increases in refinery process costs and/or increases in market costs
{(competitive demand for kerosene fuels). These cost differentials cannot be
determined from this Advanced Fuel System study. However, two opposite points
of view to this question were addregssed. Thege are, what it would cost the
airline to modify the aircraft to achieve present day (Jet-A) compatibility
with various future broadened-property fuels and what fuel cost reduction
would be required to justify the Advanced System.

Fundamentally, the economic study shows:

1. The airline economic advantage or disadvantage for use of System A,
B, or ¢ based on the assumption that Jet-A fuel is always available

and no property change or fuel-economic changes take placé over the
next ten years.

2. The airline economic break-evenr point for use of System A, B, or C
assuming a fuel differential cost advantage for using broadened-
property fuel. 1In other words, a lower cost for broadened-property
fuel such that the particular Systems A, B or C yields the same
present-day economy to the airline after choosing the system. For
this result the Present Value of each system, which is an economic
statement of the anticipated éavings of the system over 15 years,
could equal the present (immediate) cash outlay for the system. The
airline who chooses the lowest initial cost system and retains fuel
property compatibility over 15 years might be assumed to have made
the best choice. However, a different system offering other

advantages such as better sfec may, in fact, be the best choice since
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Present Value may be higher relative to the initial cost
investment. Ultimately, the decicsion rests on the validity of the
econonic analysis and confidence in the fuel price; i.e., property
change and fuel cost differentizl.

-

10.2 RESULTS

Advanced System airline cost differentials calculated for new aircraft
and engines are shown in Table 21. The sirline differential purchase cost is
the difference between the cost of the Advanced System of interest and the
Baseline System. These costs were derived from the airline costs shown in
Table 20. Tt should be noted that the airline purchase cost of System C is
modified to reflect the reduction in cost assoceciated with deletion of the
equipment no longer needed (based on the assumption that this is a new
airceraft). The reduction in :ost iz $26,250 and corresponds to the deletion
of the air precooler, cold air ducts and control valve, electrical controls
and readouts. The differential maintenance costs (Table 23 and Table 24) show

the increase in fuel nozzle maintenance required when Jet-A and the study fuel

‘are used in the different systems. Differential percent block fuel consists

of block fuel burn -effects for pump power, fan bleed, system weight, and
combustor fuel preheating for each system (relative to the Baseline System).

This information was entered in the economic computer model. The results
for each engine are shown in the computer printouts of Figures 150 through
156. Figure 152 includes alphabetical labels on each item as ceference for

the brief description that follows:

It Deseription
A Years of aireraft service life.
B Airline expected rate of return in percent, based on constant
dollars.
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TABLE 23. ECONOMIC TRADEOFFS -~ FUTURE FUEL.

System A System B System C

Increased Initial Investment - 1,260 - 2,760 167,610
Annual Increased DOC
® Maintenance -47,640 -4,140 - 2,280
® Fuel (1.06/Gal) 25,5986 8,088 -37,896
] Net Increased DOC -22,044 3,948 -40,176
; 3 Present 1982 Value
(15 Years — 10% ROR) 167,148 -31,182 375,372
“ Net 1982 Investment
Incentive 168,408 -28,422 207,762
Recovery of Investment
® Number of Years | 3
® . Investment % ROR : 31.8

Values at Airline Cost and 1982 Dollars for 3-Engines




[ I a7 O

8Le

TABLE 24.

EISLL R A il e S

ECONOMIC TRADEOFFS - JET-A FUEL.

’

System A System: B System C

Increased Initial investment - 1,260 - 2,760 167,610
Annual Increased DOC

@ Mainienance -16,800 -12,390 -11,910

¢ Fuel (1.06/Gal) - 25,596 8,088 -37,896
Net Increased DOC 8,796 4,302 -49,806
Present 1982 Value

{15 Years — 10% ROR) -67,422 31,566 448,617
Net 1982 Invezfment

Iincentive -66,162 34,326 281,007
Recovery of Investment |

® Number of Years 3

® Investment % ROR 38.4

Values at Airline Cost and 1982 Dollars for 3-Engines
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' ECENOMIC FACTORS FER SYSTEM A
i TRBTEST 11T ALL DOLLARSFTOEZ UBLLARY
- (2) AT AIRLINE COST LEVEL FOR NEW AIRCRAFT ANC ENGINES
: {3) ALL COMPARISONS RELATIVE TS BASELINE SYSTEM
[; AIRCRAFT CONSTANT DOLLAR INCREASED  ANTICIPATED
LIFE MIN ATTRACTIVE INLTIAL FUEL
TRS RATE OF RETOURM  INVESTHMENT TYPE
% os y
- 15 10.0 : -420. JET A i
CCCRLLCRCC SRR ANNUAL UIRECT OPERATING LOST (NCHREASES S r 0057255355555 7%
-~ INCR, MAINTENANCE FUEL FACTORS INCR. TOTAL
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ER=1-1¢1 e 1.905 o9Jd, 2932,
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. PRESENT - VALUE -METHAD i
YEAR INITIAL  IN]TIAL TAX TAX DEP SYSTEM PRESENT E
K INVESTMENT CREDIT ALL OWANCE ooc VALUE
: INCREASE I NCREASE INCREASE INCREASE INCREASE ,
B :
BASE -420. . -420, ’ N
. 1 -29, -4z, 2932, -2730. i
?\ 2 0. -34. 29332. -2451.
g, — o 3T o= oo TZEES. ;
4 0, ~26. 2932. -2020. ¢
s 0. -22. 2932, -1834, B
g- & 0. -19. 2932, -1665. :
g 7 T =TE 7537 “T57E" -
2 8 0. -11, 2932, -1373, Leo
2] 0. -7 2832, -1247, o
- 10 5. -4 2932. -1132,
Q =TT 5, T, LR TTOEE
g, 12 0. 0. 2932, -934.
13 0. 0. 2e3z. -gag,
14 0. 0 2032. -772.
i“ -3 o8 o] 7537, =70z,
r
= FOR 15 YEAR LIFE
mw PRESEN 1982 VALUE dF INVESTMENT CASH FLOW
:i OVER TBTAL AlRCRAFT LIFE: -22474,
;D
NET 1982 INVESTMENT INCENTIVE: -22084,
IR
B
v
%. .
% Figure 150. System A Economic Factors Per Engine - Jet A.
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. ECONOMIC FACTORS FOR SYSTEM B

s 5
(2) AT AIRLINE COST LEVEL FOR NEW AIRCRAFT ANC ENGINES
(3) ALL COMPARISONS RELATIVE TO BASELINE SYSTEM

AlRCRAFT CONSTANT DGLLAR INCREASED ANTICIPATED \
LIFE MmN ATTRACTIVE INITLAL FUEL
TRYESTHMENT TYFE
a 0%
13 10.0 -920. JET A
INCR, MAINTENANCE FUEL FACTORS INCR, TOTAL
cosT FUEL PRICE INCR. FUEL BiLL ooe
X D% $/GAL DS 0s
=330, T- U5 2606, LR $ T
: A At it a - aa-2ia sy i g el sl NSENESSSEEEEEEE]
~ PRESEMT-VALUE-METHAD
— EE RSN N AT C eSS RS S S S0 S USS oS ENCSE R ECSSSSCS S oENEEsCES
YEAR INITIAL INITIAL TAX TAX DEP SYSTEM PRESENT
. IMVESTMENT CREDIT ALLOWANCE pac VALUE
? ' INCREASE INCREASE I NCREASE INCREASE INCREASE
Lo BASE -920. -920.
E 1 ~84. ~g2, ~1434. 1161,
' 2 Q. -74, -1434. 1124,
T d. -B5. T3 TOZE.
4 g. -57. -1434, 840,
: 8 o. - -1434a. 86Q.
¥ & c. -a1, -1434, 786,
e 7 o =33, ~T83%" ErAEY
E 8 o. -25, -1434, 657,
- 9 o. -186. -1434, 601,
10 0. -8, -1434. 550.
TT [ o ~T434. 5037,
) 0. 0. ~1434a, 457,
12 0. 0. -1434. 415,
) 14 0. 0. ~1434. 378.
: TS T. 7. =T334 343
FOR 1S YEAR LIFE B
~ PRESENT 1982 VALUE OF TNVESTMENT CASH FLOW
GVER TOTAL AIRCRAFT LIFE: 10522, -
NET 1982 INVESTMENT INCENTIVE: 11442, -
- 1
°1
T Figure 151. System B Economic Factors Per Engine - Jet A. "
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ECONOMIC FACTORS FOR SYSTEM C

C =T88d DOLLARS ‘
{2) AT AIRLINE COST LEVEL FOR NEW AIRCRAFT AND ENGINES i

{3) ALL COMPARISONS RELATIVE TO BASELINE SYSTEM
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RECOVERY OF [NVESTMENT
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Figure 152. System C Economic Factors Per Engine - Jet A.
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ECONOMIC FACTORS FOR SYSTEM A

T NUTES. 17 ALC DOLCLCARS=1982 DOLLARS
(2) AT AIRLINE COST LEVEL FOR NEW AIRCRAFT ANL ENGINES
{3) ALL COMPARISONS RELATIVE TO BASELINE SYSTEM
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Figure 153. System A Economic Factors Per Engine - Study Fuel.
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ECONOMIC FACTORS FOR SYSTEM B

; = 3
(2) AT AIRLINE COST LEVEL FOR NEW AIRCRAFT AND ENGINES
(3} ALL COMPARISONS RELATIVE TO BASELINE SYSTEM
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Figure 154. System B Economic Factors Per Engine - Study Fuel.
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Figure 155. System C Economic Factors Per Engine -~ Study Fuel.
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+ Figure 136. System B Economic Factors Per Engine - Study Fuel.
3} Fuel Cost for Zero Investment Incentive.
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Incrsase in required airline investment cost relative to
Bageline (for Advanced System).

Anticipated fuel type (for aircraft service life).

Increase in maintenance cost portion of direct operating costs
(COC) relative to Baseline.

Fuel cost per gallon (held constant over study period).

Increase in fuel bill portion of direct operating costs
relative to Baseline. Calculated from annual delta fuel burn
meltiplied by fuel cost.

Increase in system direct operating costs (DOC) relative to
Baseline. Algebraic sum of maintenance and fuel bill increase

in cost.

The initial tax credit taken in the first year at seven (7)

percent of the increase in initial airline investment.

Annual tax depreciation allowance —- DoublefbecIining-
Balance-Method is used for first two years; Sum-of-the-
Years-Digits Method used from third to tenth year —- based on
50 percent of initial investment increase relative to baseline

because corporate taxes are approximately 50 percent,

Annual value {(in 1982 dollars) of the net cash flows (savings)
promised by the system at the min sttractive rate of return (B
above) -- based on initial investment increase relative to

Baseline.

Present 1982 dollar value of investment cash flows over the

15-year aircraft life —- the sum of the annual values (K).
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The net value in 1982 dollars provided by the system -- L wminus
C -- indicates dollars promisaed by system over and above the

initial investment cost increase relative to the Baseline.

Cutstanding investment during the year based on the initizal

investment increase relative to the Baseline.

Annual net ¢ash in-flow -- sum of tax credit I, tax
depreciation allowanece J, and system direct operating costs H

for year —— this in-flow is made up of the two following parts:

Part one of ths annual net cash in-flow (0) -- represents the
interest return at 10 percent on the investment —- decreases
each year becsuse the amount of the unrecovered investment

decreases esach year.

Part two of the annual net cash in-flow (0) -- represents the
amount of the investment recovered during the year -- ¢ minus P.

The unreceverad investment at the end of the year — ¥ minus Q.

Year during which -the investment is recovered (uarscovered

investment goes to zero).

The Time-Adjusted Rate of Return -- if, instead of purchasing
the fuel system, the dollars of the initial investment relative
to the Baseline are invested, then this is the discount rate
which provides the same annual cash in-flows as those the

gystem promises.

Comparison of Figures 150 through 152 provides an- indication of the
system's relative value when operating with Jet-A fuel at $1.06 per gallon, a
10 percent rate of return, l5-year service life, and constant 1982 dollars.

For System A (Figure 150), the present value is (-)$22,474 indicating z cost
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increase (to the airline) over the l5-year period. This cost increase is a
result of the annual differential cash outflow effected by the increase in
engine fuel consumption. This cost is listed under the heading “Incr. Fuel
Bill.” The Wet 1982 Investment Incentive is (-)322,054. In contrast,

System B (Figure 151) shows a savings to the airline of $10,522 over the
15-year period. Here, the annusl fuel cost (cash outflow) is more than offset
by the maintenance cost savings; and results show a positive net cash flow
(negative incrzase) and a Net 1982 Investment Incentive of $11,442. Under
similar conditions, System C (Figure 152) presents the best choice. The
Present Value of the cash flows is $149,539, and the Net 1982 Investment
Incentive ig $93,669 even though this system is the only system that presents
an initial investment cost ($55,870) relative to the Baseline System. The

annual fuel savings provide the means of obtaining s favorable annual cash
in-flow which, when summed with the maintenance cost differential, initial tax
credit, and tax depreciation allowance, provide a favorable position relative -
to the other systems. System ¢ provides recovery of the differential initial

investment during the third year. The Time-Adjusted-Rate of Return Analysis

indicates a 38.4 percent rate of return is required to match the annual cash

flows inherent in this system (compared with 10 percent in comstant dollars ]
desired for airline investments).

Figures 153 through 155 show the various system results for the sane o
conditions as above, except the study fuel is used at $1.06 per gallen. -
System A (Figure 153) now provides a positive Present Value of $55,716 and 2
positive Net 1982 Investment Incentive of $56,136 because of the good
maintenance cost differential. Conversely, System B (Figure 154) now lias both
a negative Present Value (-$10,394) and Wet 1982 Investment Incentive
(-%$9,474) resulting from additional maintenance needs when the study fuel is
used. 7Tn other words, the maintenance savings (the maintenance costs are
still less than the baseline) are insufficient to offset the fuel cost o
relative to the Baseline System. System C (Figure 155) again is the preferred -
system with a3 $125,124 Prezsent Value, $69,254 Net 1982 Investment Incentive, T3
recovery of the differential investment in the fourth year, and a .
Time-Adjusted-Rate of Return of 31.8 percent.
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Figure 156 lists the results of incrementing the study fuel price to find
the fuel price that is required to bring the Net 1982 Investment Incentive to

" zero for System B. This then is the fuel price for which the system generates

cash flows over the l3-year life tbat, when Present Valued, equal the
differential initial investment. The fuel price is found t¢ be $C.57 per
gallon -- not a likely cost expectation. This system, therefore, is not a
feasible economic choice, This same analysis was not necessary for either
System A or System C since they have already shown a favorable advantage
compared to the Baseline System operating om the study fuel.

The economic results for the aireraft system (three engines) generally
show significant dollar influence as the result of maintenance and fuel
consumption (Sece Table 23 and 24). In the case of System A, a $168,000
profitability is projected for airline operation on future fuel. This comes
about largely because of lower fuel supply temperature to the nozzles. For
System C, block fuel savings of 0.342 percent offsets the higher initial
investment of $167,000 and goes on to yield a $277,000 to $281,000
profitability. A problem one may have with these results is their dependency
on the accuracy of the overall study. However, these results do suggest that
future fuel compatability can be achieved without economic penslty so long as

early planning and anticipation is made by the aireraft/engine manufacturer.
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11.0 CONCLUSIONS ) i

- aau

Computer model representation of the DC-10-30 aircraft and CF6-80X engine
resulted in simulated flight results affecting the alrcraft and engine fuel
systems. Flight simulations inecluded nominal, cold, hot and emergency (low
fuel reserve) conditions. These flight simulation vesults coupled with an
analysis of equipment and operational cost factors yielded cost incentive
comparisons. Collectively these results provided a comparison between a
baseline (conventional) fuel system and three advanced fuel systems operating i
on breoadened-property fuel. The most significant conclusions to be draem from i

this study are as follows:

1. Using a combination of statistical weather data and DC-10-30 route

s meaf

structure computer analysis, the coldest (one-day-per-year) cruise
ambient temperature was found to be -70° C (-94° F). For this long
flight from Helsinki *o Seattle, tank bulk fuel temperature reached
-42° C (-44° F) [within 1.1° € (2° F) of wing boundary layer
recovery temperature] during the first thicd of the flight (178
minutes after gate departure). These results suggest that from a

Loriin i

practical airline operational standpoint, recovery temperatuie may
be used as a guide for the prediction of the onset of fuel freezing ' k
in the tanks. Using computer techniques similar to those employed
in tnis =tudy, it may be possible in the future for an airline to
predict fuel tank temperature for a particular flight. 7Tn this

case, selection of fuel type could be more selective and afford a
more econcmical match between fuel properties and a.rcraft design

capability.

2. With advanced systems employing means for tank heating, the coldest

bulk fuel temperature was:

(aj Using engine lube heat -33.8° C (-29° F)
(b) Using generator lube heat -41.7° ¢C {(-43° F)
{c) Using ECS bleed air precooling heat -32.2° C (~26° F)
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* Each of these systems, therefore, provides improvement in aireraft

tanks freezing protection. Each would permit airline operation with

a broadened-property fuel.

Use of engine lubrication system heat as a means for tank fuel
freezing protection should be carefully considered from the
standpoint of engine oil temperature. Simple means for direct heat
transfer can result in o0il temperatures lower than those desired for
proper oil distribution in the engine. This same cold oil problem

may occur with generators or other lubrication systems.

Conflict may exist betw2en heat sources used for engine fuel icing
protection (such as engine lube oil heat) and means for tank
heating. The study did not conclude that these heat sources would
exist as a iogical consequence of future aireraft/engine systems
jdesign. Tank heating capability will have to be planned well in
advance of iks implementation.

Low lubricity fuel problems, if they occcur, can probably be solved
by proper choice of fusl pump materials. Centrifugal pumps would
not be subject to low lubricity influence. The study did not reveal

any difficulties associated with pump selection.

Several advanced design concepts are available to improve combustor
fuel nozzle and divider valve tolerance to lower fuel thermal
stability. The study fuel with a thermal breakpoint 43° F less than
Jet-A could be accommodated without increase in component removal
rate. In the broadest sense, it may be concluded that proper and
deliberate attention to the total fuel system (including pump
selection) would afford adequate compatibility with lower thermal
stability fuels.

Economic results were as expected in that sfc is the driving

factor. The most complex and -initially most expensive advanced
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system using ECS bleed air was the most attractive from the airline
life-cycle~cost standpoint. This was the only éystem yielding a
reduction in fuel consumption. This conclusion does, however,
depend on the assumption that engine bleed and air-to-air precooling

continues in future aircraft/engine designs.

Of all the broadened fuel property issues addressed by this study,
tank heating for fuel freezing protection is the most formidable
problem. The study showed, however, that excessive fuel tank
temperature even with low (emergency) fuel reserves could be
avoided. Consequently, the major issue (heating a cold tank)
appears to be the driving factor.

It is expected that the performance and economiz techniques
developed as & result of this study will provide significant
benefits in future consideration of aircraft/engine system design.
The complexities of fuel property interaction with aircraft/engine

systems does not affcrd simplistic congideration.
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