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ABSTRACT

Hydrogen fuel is estimated to reduce the gross weight of commer-

cial subsonic transports by 10 to 14 percent, depending upon the design

range and payload. Turbofan engine cycles were selected to meet

FAR 36 sideline and approach noise goals, without suppression. Three

figures-of-merit were calculated: takeoff gross weight, energy consump-

tion, and direct operating cost. The optimum engine cycles were found

to be essentially the same for both fuels. No analysis or discussion of

the development, operational, or safety problems associated with

Sliquid hydrogen is presented.
'I
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SUMMARY

This study examines the use of liquid hydrogen fuel in place of con-

ventional JP fuel for two subsonic commercial transports. One is de-

signed to carry 100 passengers a range of 900 naut. miles, and the

other, 450 passengers for 3500 naut. miles. The fan pressure and

bypass ratio of both were chosen to meet FAR 36 sideline and approach

S noise goals, without suppression. Fan pressure ratio, bypass ratio,

jo and overall pressure ratio were optimized for a baseline turbine rotor

inlet temperature of 28600 R. Three figures-of-merit were considered;N

takeoff gross weight, energy consumption, and direct operating cost.

The technological difficulties of developing and operating cryogenic-

fueled aircraft, cost of ground fueling systems, safety, etc. were not

considered in the study.

The relatively higher heating value of LH2 reduced the takeoff gross

weight by 10% for the shorter-range airplane, and by 14% for the longer-

range airplane. Operating empty weight increased by 2 to 4 percent,

however. For minimum gross weight and for the baseline T 4 = 28600 R,

the optimum cycle for JP was: a FPR of 1. 45, OPR of 25, and BPR of

about 9.3. For LH2 the optimum cycle was: FPR of 1. 5, OPR of 25,

and BPR of 8. 4. The cycle optimized at about the same values for both

missions. One higher value of T 4 = 33600 R was examined with and

without cooling bleed to simulate the rejection of turbine cooling heat

to the hydrogen fuel and thus avoiding air bleed from the compressor.

An additional gross weight improvement of 1 to 2- percent was observed

when there was no bleed. The LH2 airplane hu'd a higher energy con-
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sumption: 5 percent higher than the JP-airplane for the short mission,

and 10 percent for the long mission. Energy consumption tended to de-

crease with lower FPR and higher BPR. The optimum cycles for mini-

mum direct operating cost are the same as for minimum gross weight.

The design range and payload of the longer-range airplane were per-

turbed to determine their effect on the relative comparison between JP

and LH2 . The advantage of hydrogen fuel over JP improved with in-

creasing range and decreasing payload.

INTRODUCTION

Over the past twenty years, liquid hydrogen (LH2 ) has been con-

sidered often as a possible alternative to conventional kerosene or JP

fuels. Early interest in LH2 was aimed primarily at improving military

aircraft performance. More recently, concern over fossil fuel deple-

tion, rising JP prices, and pollution have spurred interest in LH 2 for

commercial aircraft. Its low weight advantage and heat sink capacity

have been examined in supersonic and hypersonic applications (refs. 1-5).

Its use in subsonic aircraft has also been considered (refs. 6 and 7) with

promising results.

The most distinct advantage LH2 has is a heating value 2. 7 times

that of JP. A disadvantage, however, is its low density. For a fixed

amount of available energy, LH2 weighs less but requires 4. 2 times the

volume of JP. The low boiling temperature of LH2 (-4230 F) also re-

quires insulation. These LH2 containment problems obviously diminish

its weight advantage and impose aerodynamic penalties as well.

The objective of the present study was to go beyond a comparison of

LH2 versus JP, and see if the use of hydrogen would result in a signifi-

cantly different optimum engine. For example, it has been suggested

(ref. 8) that by using the cryogenic fuel as a heat sink for turbine cooling

purposes, the compressor bleed air in current designs could be elimi-

nated. This, it is suggested further, might lead to a redesign of the en-

gine (higher T 4 , pressure ratio) and result in major improvement in SFC
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beyond that due to just the higher heating value.

Two subsonic missions were considered in the study. Takeoff gross

weight (TOGW), direct operating cost (DOC), and energy consumption

were compared for JP and LH2 versions of the aircraft. Design range

and payload were perturbed slightly from one of the missions to observe

their effect on TOGW. Engines were selected to meet FAR 36 sideline

and approach noise goals without the aid of acoustic suppression. Fan

pressure ratios (FPR) and bypass ratios (BPR) were selected to make

core jet velocities approach duct jet velocities. An overall pressure

ratio of 25 was chosen as a baseline, but two higher values were also

considered at one FPR. Turbine rotor inlet temperature (T 4 ) was

initially held fixed at 28600 R. One higher T 4 (33600 R) was also run

to examine the benefit of eliminating cooling bleed air from the LH2

cycle.

ANALYSIS

Mission

Two missions were selected to compare the use of JP and LH2 sub-

sonically. One was a short-range mission of 900 naut. miles, carrying

100 passengers, baggage, and cargo (payload = 25 000 lb). The other

was a long-range mission of 3500 naut. miles and carrying 450 passen-

gers, baggage, and cargo (payload = 177 500). Cruise Mach number was

0. 78 in both cases, and cruise altitude was chosen to maximize the

Brequet range factor. The flight path is shown interms of Mach num-

ber and altitude in figure 1. ATA domestic reserves, providing for a

one-hour hold at cruise altitude and a 200 naut. mile diversion to an

alternate airport, were included. It was attempted, as a first cut, to

meet FAR 36 sideline and approach noise goals without including sup-

pression.
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Airframe

For the short-range mission, the two-engine airplane configuration

shown in figure 2 was selected. For a twin-engine airplane of this size,

large-diameter, high BPR engines mounted beneath the wings can pose

a ground clearance problem. Reference 12 states that under these con-

ditions, there are weight and height advantages to placing the engines in

the rear of the fuselage. The JP airplane carries its fuel in the wing

and the LH 2 airplane carries it in a full diameter fuselage tank aft of

the passenger compartment.

The long-range airplane, shown in figure 3, is a wing-mounted,

four-engine configuration based largely on the 747. The JP version of

this airplane carries its fuel in the wing. The LH2 version required

extending the upper lobe all the va y back to the tail and some rearrang-

ing of the galleys. The upper deck lounge was eliminated and the seat-

ing was changed from 9 across to 10 across. Figure 4 shows fuselage

cross-sections for the long-range LH2 airplane. For both hydrogen-

fueled airplanes, the fuselage length was varied to match the fuel

volume to the fuel load that would give the required range. It should be

noted that the fuel tank arrangement for the hydrogen airplanes used in

this analytical investigation is not necessarily representative of an ulti-

mate arrangement in a practical airplane. The assumed configuration

does provide for a representative fuselage volume that would be required

with a hydrogen-fueled airplane.

Weights. - The structural, fixed equipment, standard and operational

item weight correlations came from a proprietary source. The form of

the equationsis in some cases similar to those found in reference 13. The

wing weight correlation from reference 13 is shown in figure 5. The term

(1 - Wx/W) in the wing weight equation is important, for it implies that

when the fuel is removed from the wing, the wing becomes heavier. This

is a result of the added stiffness that must be built in to make up for the

lost bending relief. The LH2 wing can therefore be heavier than its JP

counterpart, even though it is smaller. Some of the geometric and other
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parameters assumed for the weight calculation are shown in table II.

These were based mainly on characteristics of currently flying aircraft

of similar size and configuration. For the short-range aircraft, these

were the 737 and DC-9 type aircraft; the model for the long-range air-

craft was the 747. Much of the data for these airplanes came from ref-

erences 14 through 16.

Hydrogen-fuel tankage dimensions and weights. - To obtain better

surface/volume ratio for insulation, and to obtain more easily the large

volume required by LH2 , the hydrogen fuel tanks were placed entirely

within the fuselage. Tank pressurization to eliminate boiloff during

climb can also be more easily implemented with cylindrical fuselage

tanks, rather than with irregular-shaped wing tanks. To calculate the

fuel tank volume and insulation requirements, a first-order estimate

of the expected boiloff was performed. The boiloff due to heat flow

through the tank walls depends on the amount and type of insulation

applied. The heat flow per unit area into the fuel can be expressed as

K AT At
th

where

K thermal conductivity of insulation, Btu-in. /ft 2 /hr/oR

AT temperature difference across insulation, OR

At time interval, hr

th thickness of insulation, in.

The weight of boiloff fuel per unit area due to heat flow into the tank is

then just equal to

Qin
(Wf)b. o. O_.
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where Qv is the heat of vaporization of LH2 , Btu/lb. The weight of

insulation per unit area is

Pin. th

in. 12

where Pin. is the density of insulation, lb/ft2 . There is a tradeoff to

be made between heat boiloff fuel and insulation weight. Writing the sum

of these, differentiating, and setting to zero, the thickness for minimum

weight turns out to be

12K AT At
thminK =min. wt. in. (Z

Insulation was assumed to be polyurethane foam, properties of which are

.shown in table III. The insulation thickness for the short- and long-range

missions was calculated to be about 2. 75 and 5. 0 in., respectively.. Heat

boiloff amounted to approximately 5 percent of total fuel andiwas accounted

for in the flight calculations by degrading SFC. The boiloff could, at the

cost of some added complexity, be burned in the engines, or used for cool-

ing, but neither option was assumed in the study. The tanks were

assumed designed for a high enough AP that there was no pressure

boiloff with increasing altitude. For the cruise altitudes of this study

(approx. 30 000 ft), the tank design of reference 6 was found to be ade-

quate for this assumption. The safety factor would be somewhat lower

than for the design application of reference 6, however. The tank weights

were based on a "smear" thickness of 0. 1 in. (this is an effective thick-

ness, including stiffeners and baffles). The actual skin thickness is only

about one-half the "smear" thickness. This approach results in about

twice the tank weight compared to the equation used in reference 2. The

short-range-airplane tank was 10 feet in diameter!. The long-range had

8 and 10 foot diameter tanks located as shown in the cross-sectional
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view in figure 4. Allowance of 6 to 9 inches was made around the tanks

to allow for the insulation, attachments, etc. To keep the required

fuselage extension for the long-range airplane down to a minimum, the

upper lounge was eliminated, galleys were rearranged (same total vol-

ume), and the seating arrangement was changed from 9 to 10 across.

JP airplanes typically have some excess fuel capacity at the

max. payload/max. TOGW condition. This provides the option of adding

fuel at the expense of reduced payload to permit some longer range

missions. Because of the volume difficulties associated with LH2 , the

hydrogen airplane was designed with no excess fuel capacity. This is

a slight disadvantage for the LH2 airplane, as its flexibility for varied

range operations is not as great.

Aerodynamics. - The aerodynamics of the airplanes in this study

were based on drag polars obtained from industry for several current

subsonic airplanes. The cruise L/D for the short-range airplane was

about 13. For the long-range airplane, it was about 20. It was assumed

that the drag polars could be described by the parabolic equation

CCD = CD +
CD = CD ( L L) CL) (1)

min (C

CL - CL

where

CL lift coefficient

CD drag coefficient

CDmin minimum drag coefficient

CDi induced drag coefficient

CL lift coefficient where CDmin occurs
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Schedules of CDmin Di -L CL , and with Mach number

were then determined. The reference set of these coefficients is shown

plotted against Mach number in figures 6 and 7. Since the relative areas

of wings, fuselage, etc. will change by going from JP to LH2 , the drag

polars represented by these coefficients must be adjusted to account for

these area changes. A component drag build-up is required for this

adjustment. The airframe was taken to be made up of wing, body,

horizontal tail, vertical tail, and engine nacelles. The minimum drag'

can be written as the sum of friction and pressure drags

CDmin Sq = CD fSwq + CD pSwq (2)

where

S w  wing planform area, ft 2

q dynamic pressure, lb/ft2

CD total friction drag coefficient

CDp pressure drag coefficient

Writing the friction drag in terms of the components, and dividing

through by Swq, an expression for CDmin results:

CD =2(C Cvt + Cfht h + CfnN-n + Cfb CD (3)

min w Sw w w

where

Cf component friction coefficient

S area, ft2

N number of engines
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Subscripts

w wing

vt vertical tail

ht horizontal tail

n nacelle

b body

The skin friction coefficients can be calculated from the Prandtl-

Schlichting equation

Cf = 0. 455(log Re) - 2 .58 (4)

where Re is Reynold's number for the component. This equation gives

the skin friction coefficient for incompressible turbulent flow over one

surface of a flat plate. To account for compressibility effects, these

coefficients were then corrected by a factor which was a function of

Mach number and altitude. Calculating the component friction coeffi-

cients and using typical component areas for the reference airplanes

(short- and long-range), equation (3) was solved to obtain a reference

CD versus Mach number schedule. This reference CD and the
p p

CL, CD L- CL) were assumed not to change with variation in

relative component dimensions. The CD min, however, was allowed to

vary with area ratios according to equation (3). The skin friction coeffi-
cients change also because of characteristic length changes in the Reyn-
old's number term of equation (4).

Engines

The engines used in the study were separate-flow, two-spool turbo-
fans. Current engine weight and performance technology were assumed.
The engines were all designed at sea level static, and design turbine-
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rotor-inlet temperature was initially held fixed at 28600 R. Overall

pressure ratio, fan pressure ratio, and bypass ratio were varied. For

fan and overall pressure ratio combinations requiring a compressor

pressure ratio greater than 16, booster stages were added to the fan

spool. At a fan pressure ratio of 1. 6, three overall pressure ratios

were examined: 25, 30, and 35. At an overall pressure ratio of 25,

three fan pressure ratios were considered: 1. 5, 1. 6, and 1.7. One

higher T 4 (33600 R) was considered at an OPR of 30 and FPR of 1. 6.

Design point for all engines was at sea level static, standard day.

Design and off-design performance was calculated using the GENENG

computer program of reference 17. To get the specific fuel consump-

tion of the LH2 engines, SFC was taken to vary inversely with heating

value. This approach has been shown in reference 18 to involve negli-

gible error. A summary of component characteristics at sea level and

cruise conditions is given in table IV for a representative engine used in

this study. The data are for the short-range JP case, for which the

sea level static airflow was 574 lb/sec per engine. The amount of T 4

cutback at cruise is dependent upon the gross weight, the L/D, and

the engine size as determined by the sea level static thrust to weight

ratio. The minimum T 4 cutback was 1000 R. A range of bypass ratios

was examined for each FPR that cut core jet noise down to about the level

of duct jet noise, since that source is established mainly by the fan pres-

sure ratio. Fan and compressor design efficiencies were varied with de-

sign pressure ratio according to the schedules shown in figures 8 and 9.

The fan schedule is the result of simply plotting some existing and study fans,

and noting a definite trend. When this approach was tried with compres-

sors, there was so much scatter that no trend could be observed, and a

different method was used. The relationship between pressure ratio,

polytropic efficiency, and adiabatic efficiency was plotted and a value of

0. 89 polytropic efficiency was picked as representative of current state-

of-the-art. The resulting schedule is indicated on figure 9. Turbine

cooling bleed requirements were estimated as functions of turbine stages,

turbine inlet temperature, etc., according to the method outlined in ref-
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stators were 22100 and 23100 R, respectively. The number of LP tur-

bine stages was approximated roughly as a function of bypass ratio.

The bare engine weight was estimated using the correlations in refer-

ence 20. A 1. 1 installation factor was applied to account for inlet,

nozzles, and other installation items. Physical differences between a

JP and LH2 engine are minor, as indicated in reference 21. The LH2

engine has a somewhat more complicated fuel system, but it also has

the possibility of a shorter combustor. The magnitude of these differ-

ences was taken to be small, so that the engine weights and dimensions

were assumed to be independent of fuel type, as was done in refer-

ence 18.

Precise calculation of the required thrust for an airplane involves

a complicated examination of takeoff and landing characteristics with

and without engine failures for selected field 4Aeft#hs ogether with

attention to climb and cruise performance. To simplify this procedure,

a purely empirical approach was adopted in which a correlation was

sought for the takeoff thrust/weight ratio of existing airplanes (fig. 10).

The lower curve shows the trend for low BPR engines such as the

JT3D, -8D class of engines. The upper curve shows the JT9D, CF6

class engines. The figure reflects the effect that number of engines

has on the engine-out requirements of the airplane. With fewer engines,

the loss of an engine represents a larger loss of thrust percentage-

wise, and so the maximum installed thrust per engine has to be greater.

The bypass variation is a result of the greater thrust lapse that the

higher BPR engines experience with altitude.

Extrapolating the higher BPR curve out to 2 engines, a takeoff

thrust/weight of 0. 33 was chosen for the short-range airplane. A take-

off thrust/weight of 0.25 was picked for the long-range, 4-engine air-

plane. This choice resulted in most of the airplanes having enough

thrust to reach optimum cruise altitude. The few that did not were

within several percent of the maximum Brequet factor anyway.
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Noise. - Noise was calculated both at sideline and approach. The

standard SAE method (ref. 22) was used to calculate jet noise of the hot

stream. For the duct or cold stream, a modification to the SAE method

was made to get better agreement with published data such as in refer-

ence 23. Noise measurement experience with airplanes flying under

actual conditions has produced the following approximate corrections to

convert PNdB to EPNdB: for sideline noise, EPNdB = PNdB; for ap-

proach, EPNdB = PNdB - 5dB. Sideline noise is calculated at lift-off

(approx. Mach 0. 2) along a 0. 25 n. mi. sideline for the 2-engine air-

plane, and along a 0.35 n. mi. sideline for the 4-engine airplane. For

sideline noise, the engines operate at maximum thrust (T 4 = 28600 R).

On approach, noise is calculated 1 n. mi. from the end of the runway

and with a 30 glide slope. Under these conditions, the aircraft is at an

altitude of 368 ft at that point. The engine thrust was cut back to about

33 percent for the approach noise calculations. Fan machinery noise

was estimated from an empirical equation supplied by Dr. F. Montegani

of the LeRC V/STOL and Noise Division. This formula is shown in

graphical form in figure 11 and is based largely on empirical data such

as in reference 24. The curve shown in the figure was adjusted for

thrust level, distance, and air attenuation for each engine and airplane.

No suppression was assumed throughout the study, but the fan noise is

based on designs (tip speeds, rotor-stator spacings, etc. ) that yield

low noise.

Direct operating cost. - A better figure of merit for a commercial

transport than gross weight, is an economic one - such as direct operat-

ing cost (DOC). DOC was calculated for each engine assuming an air-

frame cost of $75/lb and an engine cost of $110/lb. The standard ATA

formulas of reference 25 were used. The DOC is a function of TOGW

and fuel price, among other things. The relative standings of the two

airplanes will be greatly affected by their relative fuel cost. Two price

levels of JP were assumed, 20 and 30 cents per gallon. Today's fuel

costs depend on many factors and vary according to airline and location.

Thirty cents per gallon is higher than what domestics are paying for
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fuel, but lower than what the international flights are paying.

Costs of LH2 are highly speculative, ranging in on reference (26) from

11. 7 to 43. 5 cents per pound, depending upon the method used to produce

it. One of the values used here, 10 cents per pound, was taken from 1ref-

erence 27 and is based on steam-reformed natural gas. One higher value,

15 cents per pound, was also run. Expressed in energy units, the two

values of fuel prices were $1. 67 and $2. 00 per million Btu for JP; and

$2.00 and $3.00 per million Btu for LH 2 . A break-even curve was de-

rived to show which DOC (JP or LH 2 ) would be higher for any other values

of fuel cost.

RESULTS AND DISCUSSION

A weight breakdown of representative JP and LH 2 airplanes is shown

in figure 12 for both missions. The hydrogen airplane achieved about a

10 percent reduction in gross weight on the short mission, and about 14

percent over the longer-range mission. This improvement in gross

weight is less than that shown in some other LH 2 studies (e. g., roughly

half of that shown in ref. 8). While tail and landing gear weights decreased

for the LH2 airplane, the body weight increased. The wing weight goes up

for the long-range airplane, and down for the short-range airplane

(tables V and VI). The wing loading for each airplane was kept constant

at the value shown in table II. In the case of the long-range airplane, the

JP fuel fraction is large enough that when we go to LH 2 and put the fuel in

the fuselage, the bending relief factor makes the wing design heavier, even

though it will be smaller in area. The effect of this factor on gross weight

and operating empty weight was examined by running one LH2 case with a

JP-type wing. That is, a wing that was designed to carry an amount of JP

fuel appropriate for that mission. This dummy fuel weight was not in-

cluded in the gross weight of the hydrogen airplane and the LH2 fuel was

still assumed to be in the fuselage. Under these conditions, the improve-

ment in gross weight from JP to LH2 rose from 14 to 22 percent and caused
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the LH2 operating empty weight to be 8 percent lower than for JP. This

result would indicate that placing the LH2 in or on the wing might be a

preferable configuration from the weight standpoint, although it would

impose a greater aerodynamic penalty (e. g., ref. 8).

The takeoff gross weight variation with fan pressure ratio and

bypass ratio is shown in figures 13 and 14 for the two aircraft. The gross

weights show little sensitivity to fan pressure ratio, although there is a

trend more readily seen in the short-range case to go to higher FPR.

The approach and sideline noise are indicated in the figures above and

below the curves, respectively. FAR 36 specifies a sideline noise goal

of 95 EPNdB and an approach noise goal of 103 EPNdB for a 100 000 lb

gross weight aircraft. By crossplotting and extrapolating slightly beyond

the range of FPR's examined, the cycle that minimizes TOGW and meets

this noise constraint for T 4 = 28600 R and OPR = 25 was: FPR = 1.45,

BPR = 9. 5 for the JP airplane, and FPR = 1. 5, BPR = 8. 4 for the LH2
airplane. These numbers are for the short-range airplane. For the

long-range airplane, FAR 36 specifies a noise goal of 108 EPNdB both

for approach and sideline. The best cycles in this case were: FPR =

1. 46, BPR = 9. 2 for JP and FPR = 1. 5, BPR = 8. 4 for LH2 . Because

of lower gross weight, and therefore lower engine airflow and noise,

the LH2 engines optimize at slightly higher FPR and lower BPR, which

is the direction that they would optimize to without noise constraints.

The best cycles for the short- and long-range missions, are, for all

practical purposes, the same.

Figures 15 and 16 show the sensitivity of the gross weights to

overall pressure ratio. The OPR was increased from the baseline

value of 25 to 30 and 35. It can be deduced from the figures that the

percentage improvement in gross weight between LH 2 and JP stays

unchanged as OPR varies, and, in fact, there is no advantage in going to

higher overall pressure ratios for a T 4 of 28600 R - either with JP or

LH
2 .

One case of higher T 4 was run to examine the performance ad-

vantage of eliminating compressor bleed by somehow employing the LH2
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heat sink capacity. The engine weights were not penalized for this in-

crease in T 4 . Figure 17 shows the results for a FPR of 1. 6, OPR of

30, and T 4 of 33600 R. The higher T 4 improves the thrust/weight

of the engine by about 11 percent. However, at this T 4 , turbine cool-

ing requirements using uncooled compressor bleed air for full-film

cooling go from about 4 to 12 percent. (This, and all subsequent ref-

erence to cooling bleed air, should be taken to mean chargeable bleed.)

The SFC losses due to this additional bleed cancel the benefit to be

expected from the lower engine weight, and the TUGW is not reduced.

However, it may be possible to reject heat to the fuel and substantially

reduce or possibly even eliminate compressor bleed for turbine cooling.

As an extreme case, the cooling air was assumed to be eliminated

altogether with no other penalties imposed. The consequent reduction

in TOGW was only about 1 to 21 percent. As far as noise is concerned

at this higher T 4 , the 12 percent bleed cases have about the same noise

levels as T 4 = 28600 R because the BPR was increased. The sideline

noise for the zero bleed case, though, is about 10 dB higher and would

require even higher BPR. Since the TOGW curves become relatively

flat with increasing BPR, however, the conclusion drawn regarding the

benefit of higher T 4 would be unchanged.

The next two figures, 18 and 19, compare the JP and LH2 airplanes

in terms of energy consumption. Overall, the energy consumption drops

for the larger airplane, reflecting its better cruise L/D. Energy con-

sumption is 5 to 10 percent higher for the hydrogen airplane, though,

indicating that the decreases in its gross weight did not sufficiently

offset aerodynamic penalties. If optimized for low energy consumption,

the FPR tends toward lower values, rather than higher, as when opti-

mized for gross weight. As FPR drops, BPR would increase to keep

core jet velocity down.

The DOC results are shown in figures 20 and 21. The variation of

DOC with FPR over the range 1. 5 to 1. 7 is practically negligible. Since

the minimum's of these curves occur at the same BPR's as the gross

weight curves, the same optimum cycles based on gross weight and
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meeting FAR 36 noise constraints would serve equally well for minimiz-

ing DOC. Direct operating cost depends, of course, greatly on the fuel

prices assumed. The sensitivity of DOC to fuel price can be seen para-

metrically in figures 20 and 21. The relative DOC between JP and LH2

will be entirely dependent on the fuel prices assumed for both. Fig-

ure 22, therefore, shows the DOC break-even prices of JP and LH2

fuel for one of the study airplanes.

Figure 23 shows the sensitivity of the LH2 gross weight improve-

ment with variations of design range and payload. For the 450-

passenger airplane, the range was decreased to 3000 and 2500 n. mi.

Then, for a 3000 n. mi. range, the number of passengers was de-

creased to 400 and 350. The benefit of switching to LH2 is seen to in-

crease with range and decrease with number of passengers. Increasing

range increases the fuel fraction, and the greater the fuel fraction, the

greater is the effect of switching to an alternate fuel. Increasing the

payload for a fixed range has the opposite effect since more of the air-

craft gross weight is now fixed, and the fuel fraction decreases slightly.

CONCLUDING REMARKS

The results of this study indicate that hydrogen fuel could decrease

takeoff gross weight of commercial subsonic transports by 10 to 14 per-

cent, depending upon the design range and payload. The gross weight

advantage of going to LH2 increases with increasing range and decreas-

ing payload. Designed to meet FAR 36 sideline and approach noise goals,

the optimum engine cycles are the same for long- and short-range mis-

sions. Designed for the same payload and range, and using the same

cycle, the LH2 airplane would achieve slightly lower noise goals because

of its smaller size. The LH2 engines optimize at slightly lower BPR ,

and higher FPR. The optimum engine cycles based on minimum takeoff

gross weight are the same as those based on minimum DOC. Minimiz-

ing energy consumption tends toward lower FPR and higher BPR. The

advantage of eliminating compressor bleed air for turbine cooling by
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rejecting the heat to hydrogen fuel gives the LH2 airplane only an addi-

tional 1 to 2- percent improvement in gross weight. No further engine

benefit could be identified for hydrogen other than that due to the heat-

ing value advantage.

The above relative comparisons between JP and LH2 could signi-

ficantly change when considerations which were not in this study are

included. Safety, availability, handling, future price, and scarcity of

JP fuel would all have to be weighed. This preliminary study does

suggest, however, that the engine cycles for a LH2 -fueled subsonic

transport will be basically the same as the conventional turbofans used

for JP aircraft.
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T-BLE I.- FUEL PROPERTIES
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BOILING PIN1T, "F 350 -423

SPECirFIC HEA, , BTU/LsB/o 0.47 1.75
HEAT OF VAPoR4oAION - 11.

Qv, S1/LB.
HEAT 51K CAPAC eT 300 4otZ

Brtu/LA. (700oF ( looo*F
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TrALE lEE. - A1RPLWAE CH-AATEISTIC5

100 PAss. 450 P~ss.

5wON.Ml. 35OON~j,

PLIGH-r CRE-w2 3
vW.., LoADIO~GJLB3/TZ- 100 130

WimGAspecr RATn1OJ/R, 5. -7.0

LfJG 5AJEEPBC14 @ / CJOIZD, D)EG. 2s.

RUSELAE WIDTH-4, FT 12.5 ~~

LAmiJwDIANG W- K)ro 70 90 0
)L-lmA-TE LOAD PACTORJ N 3.1'5 3.'75

UA 1EO FTH 90ST/ W E I GNr 0.33 0.25
f P 12.5 5.

CRUSE ID N~11.5 IT.o

TABLE lIE-TNSULATION 4PROPERp-nES

POL'(?UfZET1ANF-

-rHERMAL c0NocCTiviTY' k~O-zo
M V- N A/H R/ OR

PejJsr"I( LB/ pT3 2.o



TABL-E W. CYCLE PARiJMEJTERs OF A REPREENJTATPE

DESI4 CAgUISE

SEA LE-VEL MVAC" 0.16
STATIC. 3-3,000

INLET PRESU REC.OVEIZY 0,98 0S

F44 PRE$5URE RATIO I.(o IAGG
C.OMPRESSOIZ pR~ESSUR~E RATIO IS. 16. I

BYPASS RATIO 7.3 74
FAN ADABATic- EF-FICIENCY' o.%54 o,661

COMPRESSOR ADIABA-TnC EFFiCIE&CYZ 0,544 0.8515

7U~tF R0D IN~LET Temp., OR 200 Zs'O
COMBUSTOR~ aP/Plw 0.02 0.OZ
COMB(JSTOa EFFICIEJCY 0.99 0.55
RAN~ DUCT aPIF~imo 0.0 .
aDLINGJ 5LEED, %y COREgLo~v 3.6E ,

% To HP -URIJE 94 94

761-o LP TuRBwJ (o 6
W,? TLJRBINJE ADIABA-11C. EMFCI&XY 0.%0 0.50
LI' TVRSbJE AD)IABATIC E7l-IClEWZY 0.155 0.55
COIRE WZZU.~E 6?/Pim 0.02. 0.02

DUt~x NOE LE VELOCITY COEFFJCUEr 0.9" 0, g

COW NMZLE VE-L.OCrr CDEF~eciJt 0.98 0.58



TABLE Y. WEGk-T Rr EAKDOVVN * FZR IC- PASS

AIRPLANE. (FPR= .5, OPR=25, BPR= 8.8)

JP LH2

WEIGHT, LB %G2oSS WT WJEIGHT) LB %/ G~oS W

WiJG 10124 o0.o0 9906 10.90

TAIL 2477 2.45 2181 2.40
BODY 199.75 12.(5 1356 14 .53

LAND, GEAR 3533 3.89 3710 4.0o

OTHER SnTUCT. IGZ 1,( ,_ 1320 1.446

IbTAL 5TRUCTURE SZ105 30.Gd 306I 33.6G

PROPULSION * 762 -7.54 854g 9.40

FI(ED EQUIPMENT I G4 16.0 162-3 7.e5
OPERATIONAL ITEMS 3735 3 .9 3554 3.91

OPERATING EMPTY wr. 58635 57.97 55903 (4 .92

FUEL 17505 17.31 7117 7.63

PA 'LOAD 25000 24 .lZ 25000 27.50

TA1K.OFF GROSs WT 101140 too00oo 9099 100.00

l INCLUDES INSULATED FUEL TANKS FRol HYDROGEN AIRPLANE.



'P LFE I. WEIGHT BREAKDOwN FOR ,4 O- PA5S.

AIRPLAWE , (FP= 1.5, OPR=25, BPR= 8,)

JP LHz

WEIGrT, LB %OGIoS WT, WEIGHT, LB ly oG~OS6 WT

WING z(o610 12.45 9571 61 15.51

TAIL 13034 1.78 1 1274 1.0O

BODY 73628 I(0. o 14904 12.14

LAND.GEAR 5056 4.17 217 (7 4 .58

OTHER STRUCT. I1666 .5 981Z- 1.57

-roTAL. STRUC.TUI.E 2Zi((54 30.29 22 470 34 .2Z

PROPULSION 4450S .08 545(, 6.1

FI'XED EQUIPMENT (4600 S.o30 7 1005 11.34

OPERA-TIONAL ITEMS I5595 2. 13 15305 2.44

OPE 1ATING EMPlT WT. 349822 41.60 3367752 58,"I

FUEL. 204541 127.95 1082 12.95

PA LOAD 1-7500 24.25 IT SOO 26.34

TAv.KEFF GROSs w. -316053 oo .o0o 2(.334 oo .oo

I INCLUDES INSULATED FUEL TANKS FOR HYIROGE AIRPILA E.
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