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ABSTRACT

A liquid hydrogen fuel option for subsonic air transports is evolving through
NASA studies.	 In addition to continued air transport design studies,
elements of this option include: 	 (1) economical production of hydrogen;
(2) efficient liquefaction of hydrogen; (3) materials for long service life

LH2 fuel tanks; (4) insulation materials; (5) LH2 fuel service and installa-

tions at major air terminals; (6) assessment of LH2 hazards; and (7) the
engineering definition of an 1.112 fuel system for a large subsonic passenger

air transport. As the one measure in the aircraft fuel conservation program
which is independent of hydrocarbon fuels for operation of aircraft, the

liquid hydrogen option continues to show promise for the future.

I'lTRODUCTION

Although the appeal and the potential of liquid hyd rogen as an aerospace fuel

is firmly established, the use of liquid hydrogen ii commercial air trans-

portation is as yet uncertain. It is generally accepted that liquid hydrogen

will he the fuel of the future for air transportation. For the future hyper-

sonic transport, cruising within the earth's atmosphere, there is no alternate

to liquid hydrogen. Insofar as the next generation of supersonic transports

is concerned, the issue of liquid hydrogen as an alternate fuel has been

considered, but so far the em phasis of research is on the advanced supersonic

transport (AST) using jet fuel. For the subsonic transports, liquid hydrogen

is an option to the continued use of aviation fuels derived from natural crude

petrolzum or to synthetic jet fuels and to liquid methane produced from coal.

Elements of a NASA program to develop liquid hydrogen technology for subsonic

commercial air transports assumed to enter service in the 1990 to 1995 time

period are listed in Table 1. Since the program's beginning late in 1973,
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a number of studies were completed. The purpose of the studies and some of
the signif i cant results obtained will he presented.

THE HYDROGEN OPTION

In air transportation, a generally expressed view is that hydrogen is the fuel

of the future, usually meaning after the start of the 21st century. The fact

that this threshold in time will be crossed in less than 23 years is not
comfo r ting to the research and development community Which recognizes that any

new major technical development requires from, 10 to 15 years or more to pro-

duce a product for commercial use or consumption. This span of years becomes

especially meaningful when referenced to the annual production of oil. The
actual and projected domestic oil as determined by ERDA (ref. 1) is shown in

figure 1. These are data as of the end of 1974.

Alaskan North Slope Oil has not begun to flow in 1976 and it may be 1978

before the pipeline will flow at the expected 318,000M 3 (two million barrels)

per day. Similarly, there is as yet no production of oil through enhanced
recovery.

Even more disturbing is the relationship of air transport cycle to the

projected domestic oil production. This relationship for , current and some

candidate future air transports is shown in figure 2, and for emphasis is
superimposed on the plot generated by EPDA. The air transport cycle is

defined here as 5 or more years of research and development (R&D) after

project go-ahead; 20 years of useful life after initial entry into commercial
service; plus 10 years of production (P) of the basic design.

All of the future airplanes shown in figure 2 were studied and some have had
the benefit of substantial periods of supporting research and technology.

What is evident from fiqure 2 is that even if work on these future airplanes

were to start in 1977, the prospects of any entering service much before 1990

is dim, and the prospects for using natural crude petroleum for air transpor-

tation become increasingly unattractive with the passage of time.

Although a comparatively minor consumer of petroleum energy (about 5 percent

in the U.S.) the Well being and growth of air transportation depend upon

availability of aviation fuels throughout the world (ref. 2). Coal, so

frequently cited as the source of alternate fuels, is not available in most
parts of the world. The use of indigenous raw materials to produce alternate

fuels, then, is an important consideration. The choice of alternate fuel,

howe,er, is further conditioned b y the requirement, especially for inter-

national operations, of universal unanimity on which alternate fuel will
serve future worldwide air transportation.

Each of the alternate fuels has major problems. In the case of synthetic

fuels, there is no synthetic fuel industry in the Western hemisphere. Once

established, the synthetic crude will be in demand for a variety of products,
including fuels for electric power generation, heating, and transportation.
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Aviation fuel, a highly refined product at the end of a long chain of refining
processes, is not likely to account for much more than the present 5 percent
share of a barrel of crude. 	 ^r

Liquid methane has about 16 percent more energy per unit weight than jet fuel.
Methane in the form of the less pure pipeline natural gas was tested in jet

engines with acceptable results. Natural gas is a relatively common fuel
for industrial gas turbine;. Methane can be made from coal, vegetation

(biomass), and waste products. As a popular., clean-burning fuel, the J.S. or
any nation will be hard pressed to supply natural gas, or methane, for its

basic needs. Air transportation will be just one of several basic needs and
will have to compete with the other needs for its share of the total produc-
tion of synthetic natural gas.

Liquid hydrogen has 120 kilojoules of energy per gram (51,600 Btu/lb) or

about three times the energy per unit weight as jet fuel. For equal volume,

LH2 weighs about one-eleventh as much as jet fuel. Resides being ideal fuel
for the gas turbin Q , hydrogen when made from water by electrolysis is

recyclable since the product of combustion of hydrogen is water vapor.

The basic technology of production and use of hydrogen is mature. Hydrogen is

produced in large quantities from natural gas for the manufacture of ammonia

for fertilizers and from crude petroleum within the refineries where hydrogen

is essential to refining processes. In 1973, the energy equivalent of the

hydrogen consumed in the U.S. was 1.4 percent out of a total U.S. energy
consumption of 70.1 x 106 kilojoules (74 x 10 15 13tu) (ref. 3). The total

world consumption of hydrogen in 1973 was three times that of the U.S.

Hydrogen is a major constituent of coal and petroleum and large quantities of
hydrogen are generated in coal gasification and liuuefaction processes.

Hydrogen is also essential for the upgrading of fuels derived from natural
crude petroleum and in the manufacture and upgradinn of synthetic fuels from

either coal or oil shale.

The direct use of hydrogen as a fuel is u matter of time and economics. The
universal presence of hydrogen in combined form and the serious economic and

security implications of continued reliance on finite fossil fuel supplies are
escalating research and development by the industrial nations of the world.

Each nation is seeking those processes hest suited to the nation's resources

for the production of hydrogen (ref. 4).

Of the alternate fuels, liquid hydrogen attracted most attention in aviation

because of its demonstrated potential as an available, high energy fuel in

the U.S. Space Program. Since 1972, studies by the aerospace industry and

government organizations (refs. 5, 6, 7, and 8) further substantiated the

potential and determines' the feasibility of liquid hydrogen for air

transportation.
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SUBSONIC AIR TRANSPORT DESIGN STUDIES

Studies by the Lockheed Aircraft Corporation for NASA cover a variety of

subsonic passenger and cargo transport configurations conceived by the con-

tractor in the initial phases of the study to meet specified payloads, range,
and cruise speeds.	 In addition, jet-fueled airplanes of equal payload and

range capabilities and technology were designed to provide a basis of compari-

son in terms of conservation and direct operating costs. The scope of these

studies is shown in Table II. All designs were developed to incorporate 1985

technology and all used the same criteria and guidelines.

The 1-112 air transport confirniration selection process required that the

designers consider the containment of a volume of liquid fuel about four times

that required by a conventional jet transport at a temperature below 20.70K
(-4230 F). Of the various conce p ts considered, the eight shown in figure 3

were defined and analyzed in sufficient depth to permit an appraisal of their

performance potential as passen ger air transports. Two configurations were

selected for more detailed design and analysis. One configuration has internal
tanks and it the second, LH2 is carried externally in pods affixed above the
wing. The jet-fue led air transport is of conventional design.

The cargo airplane configurations cover two concepts (figure 4). In the nose

loader, the cargo can be loaded from the front when the jaw of the airplane is

opened, and off-loaded by a ramp in the aft belly of the airplane. The LH2 is

carried in tanks above the cargo compartment and in the tail cone.

The swing-tail configurations have a hinge system which allows the entire tail
section to be rotated in a lateral plane to permit loading and unloading of
cargo from the rear.	 In these designs, the bulk of the fuel is contained iri
fore and aft tanks in the fuselage.

The conventional jet cargo transport carries fuel within the wings and can be

designed either as a nose loader or as a swing-tail configuration.

The principal results of the initial study are given in Table III. The com-

plete results are reported in references 9 and 10.

A follow-on study was made to expand the Tinge spectrum at both ends and in
the size of the passenger airplanes (Table IV). Both the fuel-in-fuselage

and fuel-in-wing-pod designs were redesigned to carry 200 passengers over a

range of 5560 Km (3000 nautical miles), and 130 passengers over a range of

2780 Km (1500 mi.). The 400-passenger fuel-in-fuselage airplane design was

also modified to carry the full payload outbound and inbound with a range

radius of 5000 nautical miles with no refueling.

Analyses of these designs show first, that like f(,r 10,190 Km (5500 mi.) range,
the external tanG configuration has no advantage over the internal tank design
for medium and short ranges; second, on an energy utilization basis, the LH2

advantage over jet fuel designs decreases with decrease in airplane size and

range with LH 2 holding its advantage down to a ranee of about 2780 Km
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(1500 mi.); and third, that LH2 provides significant advantages in long range

airplanes. For the long range nonrefueling mission, for example, the LH2

airplane would still be about the size of a Boeinq 747. A jet fuel airplane
would have a maximum gross takeoff weight. about 60 percent greater and would

use 20 percent more energy. These results are reported in reference 11.

HYDROGEN LIQUEFACTION TECHNOLOGY

In the 1960's, the U.S. Space Program created a new demand for large scale

production of liquid hydrogen. Several plants were built with the largest

having a production capacity of 54.4 tonnes (60 tons) per day. By 1973,

natural gas was no longer a viable future source for large quantities of
hydrogen, and the demand for hydrogen for the Space Program decreased. As a

consequence, many of the existing plants were either mothballed or dismantled.

In studies begun in 1973, the price of liquid hydrogen was assumed to be $2.84

per 10 6 kilojoules (S3 per million Btu). Now, theprice used in studies is

double. With about one-half of the cost of liquid hydrogen attributed to the

liquefaction process, a study of this energy-intensive process was necessary

to determine if the efficiency and concomitantly the economics of the process
can be improved. The principal results of a study made by the Linde Division

of the Union Carbide Corporation indicate that scaling rap process capacity from

27.2 or 54.4 tonnes per day to 227 tonnes (250 tons) per day can be accomplished

and that larger capacity can be achieved by modularization of 227 tonnes per
day units.

The theoretical work of hydrogen liquefaction is 14.07 kilojoules per gm. With

current technology, the energy requirement is 39.05 Kj/gm (16,800 Btu/lb) for

a thermodynamic cycle efficiency of 36 percent. The compression equipment
accounts for more than half of this inefficiency. Cycle efficiency is expected

to improve through advances in technology to about 44 percent in the 1985-1990

time period. The study results, which include areas identified for advance-

ment of liquefaction technology, are reported in reference 12.

To investigate opportunities for improving efficiency and economics identified

in the first Linde study, two follow-on studies were made. In the first of

the follow-on studies, Linde found that loss of hydrogen due to leakage can be
reduced from over 12 percent to less than 5 percent by improved seals and

recovery systems on compressors and by the use of valves less prone to leak.
Linde also determined that pressurization of the basic coal gasifier, which

normally operates at atmospheric pressure, can decrease coal required by 7 per-

cent, improve thermal efficieocy by 2 percent, and reduce the cost of liquid

hydrogen by 5 percent. These results are described in reference 13 along with

other prospects for improvements.

The remaining study examines the merits of addition of a higher molecular

weight gas, such as propane, to nydrogen to permit the use of less expensive

centrifugal compressors. Also, with liquefaction of large quantities of hydro-
gen, the one part of deuterium (heavy water) in every 7000 parts of liquid
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hydrogen introduces an interesting high-market value by-product which can be
extracted and sold to decrease the cost of production of liquiH hydrogen.

SYNTHETIC FUELS FROM COAL

The need for common base cost and energy data on the conversion of coal to

hydrogen led to a study which also included the production of methane and

liquid fuels for aircraft. Recognizing that production cost and energy bene-
fits can accrue to synthetic fuels if the coal gasification and liquefaction

processes are treated as integrated systems, the Institute of Gas Technology
was allowed freedom to exercise judgement in selection of the most promising

processes and in conceptual design and arrangement of the process equipment.

The plant was sized to produce 237 billio , kilojoules/day (250 billion Btu/day)
of the main product using 1935 technology. Costs were based on 1974 dollars

and private industry financing.

The processes evaluated are shown in Table V. For each process, the amount

of coal required to produce 237 billion kilojoules of the main product per day

is given along with the input energy value of the coal in terms of higher
heating value. The output is similarly given for the ma':r product and for the

entire system which includes by-product credits and measures to improve plant

efficiency. These data represent a consistent set obtained by following
common guidelines and procedures to the extent possihle.

Five processes (Table VI) were selected for economic evaluation. The indica-

tors selected to illustrate the economics of the five processes are: (1) total
capital requirements; (2) net annual operating cost; (3) annual revenue required;
and (4) the 25-year average price of the major product for two prices of coal,

one 28.4 cents per million kilojoules (30 cents per million Btu) or $5.28/ton

and the other 56.8 cents/106 kilojoules (60 cents/10 6 Btu) or $10.56/ton.

The data show that the cost of production of alternate fuels is sensitive to

process and cost of coal. Also, that the cost of hydrogen produced by the

Steam-Iron Process is about the same as methane produced by the HYGAS -R'
Process. The cost of jet fuel com ponent, a partially refined liquid fuel,

derived from coal, is about the price pain for fuel by the airlines 82.46/10 6 KJ
(52.60/10 6 Btu). The importance of the by-product credit is most evident for

the Steam-Iron Process.	 In this process, which incidentally does not require

oxygen as do the other hydrogen and methane processes, large quantities of hot

spent producer gas are generated. An analysis on how best to use this waste

energy was made by the United Technologies Research Center for IGT. This
analysi- shows that gas turbine, steam turbine and heat exchanger compc;lents

can be combined in such a manner that up to 1325 Mw(e) can be generated for an

installed capital cost of less than X200 per Kw. Since only a small portion of
this electrical energy is required within the system, the bulk can he sold to

the energy market.

The net operating cost shown in Table VI is based on the sale of electricity

at one cent per kilowatt-hour. 	 In 1985 and thereafter, the value of electricity
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is likely to be higher than lc/Kwhr with an even more favorable effect upon

net operations cost and on the cost of producing hydrogen. The results of
the IGT study, including the analysis by United Technology Research Center,
are presented in reference 14.

Of practical interest is the cost of fuel delivered to the airplane. One cost

estimate which takes into account losses due to boiloff as well as the incre-
mental costs of transportinq, liquefying, and storing the fuel is given in
reference 15. These data were subsequently upgraded in reference 16 to take

into account higher coal costs. Currently, for coal at $20 per ton, liquid
-	 hydrogen delivered to the airplane is estimated to cost $6.44/10 6 KJ (56.80/

106 Btu). The comparable costs of liquid methane and synthetic jet fuel are

'	 $5.21 and $3.98 per 10 6 KJ.

INSULATION MATERIALS FOR LH2 TANKS

Conventional airplane fuel tanks are designed to stringent requirements which
take into account the fact that the airplane will take off and land on rough

runways, will cruise in turbulent air, will operate in tropic an y polar temper-
atures on the ground and over an equally wide range of temperatures in flight,

and will operate over a range of altitudes. A ten-hour day is becoming routine

in air transportation, and currently air transports are being designed for a

service life of 50,000 flight hours. The tanks and other components will

experience thousands of cycles during the life of the airplane. 	 In this long-

lived dynamic environment, fuel tanks must not leak.

In modern air transports jet fuel at ambient temperature and small positive
pressure is carried in tanks built integral with the wing structure. The
reference jet fuel transport of this study, for example, carries 86,400 kg

(190,700 lbs) or 108 cubic meters (28,500 gals) of fuel in the wings for the

10,190 Km range.

The change from jet fuel to liquid hydrogen in an air transport is great and
requires special design considerations. The foremost is the fact that liquid

hydrogen is close to the bottom of the absolute temperature scale; LH2 boils

when the temperature rises above 20 0 K (-253 0C) and freezes below 14 0 K. To

maintain hydrogen fluid requires extremely good insulation and a tank configu-

ration with a ratio of wetted surface area to volume as low as practicable.

Tank pressure is low and comparable to conventional jet fuel tanks.

For the 10,190 Km range, the 400- passenger IH2 transport carries 27,900 kg

(61,600 lbs) of fuel - only 32 percent of the weight of fuel carried by the

conventional airplane. Fuel volume, however, is another matter. The required

tank volume is 393 cubic meters (104,000 gals) as compared to 108 m 3 (28,500

gals), or 364 percent of the jet fuel tank volume. Figure 5 shows the loca-

tions of the tanks in the fuselage of the L112 airplane. The major tank

diameter is about 6.1 m (20 ft).

7
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The thermal protection program is to determine the criteria and select the

proper combination of materials which: (1) can satisfy the heat transfer

requirements, (2) can be applied in such a manner as to minimize heat shorts
or leaks, (3) will survive the operating environment, (4) will have a long

service life, and (5) can be inspected, maintained, and repaired as necessary.

Both the Bell Aerospace and Arthur D. Little Company, Inc., are studying

closed cell plastic foams. The Bell program surveyed 18 materials and selected
6 foam compositions representing urethanes, polymethacrylimides and poly-

benzdmidiazcles for the initial test program.	 In this program, test panels of

insulation specimen bonded to flat aluminum plates will he thermally cycled

2400 times to simulate the actual flight cycles during the expected life of the

airplane fuel tank. The Arthur D. Little program focused on reinforced closed

cell foams. Tlc results of these two studies are being factored into the
Lockheed LH2 fuel system study. The Lockheed study also includes hard-vacuum

tanks and thermal protection concepts and materials developed for advanced

technology space systems.

MATERIAL PROPERTIES IN LH2 TANK

Liquid hytrogen tanks for air transports are large and comparable in size to

tanks in space vehicles. The material which is used successfully in space

vehicles is the aluminum alloy 2219-T87, an aerospace material designed for

cryogenic usage. The strength and fracture toughness of this material in-

crease with decrease in temperature. At 20 0 K, the properties of this material
are substantially higher than at room tempe rature. However, the differences in

the modes of operation and environment between space vehicles and air transports
are great, with structural integrity requirements of air transports more strin-
gent due to the numbers of cycles experienced in daily operation and the

economic necessity of long service life of air transports.

In studying tank materials for NASA, the Convair Division of General Dynamics
found that though the properties of 2219-T87 were well documented, there were

insufficient data for thin gages (nominall y 0.050 inch) at 20 0 K. Additional

properties data were generated for strength, toughness, cyclic crack growth

and fatigue of the alloy in chemmilled and welded conditions at room tempera-

ture and at 20 0K. The results reinforce the sele c tion of 2219-T87 and provide

preliminary design data. These results are presented in reference 17.

LH2 HAZARDS

The safety record in handling LH2 in industry and in the space program is

remarkably good. As early as 1956, the use of LH2 as a fuel was successfully
demonstrated in several cruise flights in a twin-engine military jet (B-57)

flown from the Cleveland Hopkins Intern,.Jional Airport b y the then NACA.

Flight Propulsion Research Laboratory, now the NASA Lewis Research Center.
These years of practical experience tend to mitigate the concern regarding the

8
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potential hazards due to spills, fires, and explosions of hydrogen. As limited

as was the research in the 1950's on the hazards of LH2 spills, fires and

explosions, this research provided the data for the design of IH2 airplanes,
engines and rocket motors, and for large industrial facilities to liquefy gas-

eous hydrogen and store and distribute liquid hydrogen for the space program

and other uses. As noted in reference 18, the largest test spill was one of

20.8 cubic meters (5500 gals). Two spills were of 1.891n 3 (500 gals) and a
number of smaller spills of 129 liters (50 gals) or less. Much larger quanti-

ties of LH2 are involved in and in support of the future LH2 air transports.

None of the data available was considered applicable to the analyses of the

consequences of the rupture o f a large storage tank or the rupture of large
tanks in the airplane as in a hard crash landing. These early considerations
led to a study for NASA Langley by Mount Auburn Research Associates in collab-

oration with Factory Mutual Research rorporation. However, the calculated

properties of hydrogen gas clouds generated from large spills, and their sub-

sequent dispersal are suspect because tie analytical models used were developed

from small spill data. The a p plicability of such models to much larger spills

remains to be established.

AIRPORT REQUIREMENTS

An early concern (ref. 19) in the use of liquid hydrogen in air transportation
was the impact on the airport and on airline ground operations. A preliminary

assessment of this concern was obtained in two studies of two major U.S. air-

ports in which the current and predicted widebody traffic was used to simulate

LH2 air transport operations at these airports in the 1990 to 1995 time period.
The study by Boeing Commercial Airplane Company dealt with operations at the

Chicago O'Hare International Airport and that by the Lockheed-California Com-

pany at the San Francisco International Airport.

In these studies, it was assumed that pipeline hydrogen gas was available at

the airport boundaries. The object then was to determine whether or no + a

hydrogen liquefaction facility of size sufficient to meet the traffic require-

ments of the current widebody traffic could be designed and built within the

airport boundaries. The attendant considerations were whether or not LH2

could be stored on the airport and also how were the air p lanes to be fueled.

Comoati;ility of LH2 with the conventional jet fuel and aviation gasoline

facilities required to serve the larger traffic of conventional aircraft was

another consideration.

The findings of the two study teams are summarized as follows: Boeing - "All
potential technical problems identified in the study lend themselves to straight-

fontiiard engineering solutions." Lockheed - "... It is entirely feasible and

practicable to provide LH2 facilities and equipment at San Francisco Inter-
national Airport to accommodate long-haul commercial transport air traffic

starting 1995-2060."

A major contribution of these studies is the closed fueling cycle which both

study teams developed independently as the solution to safety, fuel economy,

9
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energy conservation, and practical airline ground operations. Refueling time,

for instance, can be about the same as for conventional transports. Figures 6

and 7 illustrate two different approaches to fueling LH2 air transports.

Results of these t ,4o studies are given in references 20 and 21.

STRATOSPHERIC EMISSIONS

A model developed by The Aerospace Corporation can be used to calculate upper

atmosphere temperatures due to water vapor and NOX. A 3-dimensional model

developed by George Washington Univcrsity permits an analysis of causal phe-
nomena on the changes in the stratosphere. Published results from these

studies are not yet available.

LH2 FUEL SYSTEMS FOR SUBSONIC TRANSPORTS

In the LH2 air transport, some conversion of liquid to gaseous hydrogen in the
fuel system is necessary but for the most part, great care must be exercised

in the design of the entire fuel system to minimize the flow of outside heat
into the system. The thermal protection system must be balanced between

energy loss and the practical side of airline operations, including inspection,

maintenance a p d repair. An insight into the nature and magnitude of the LH2

fuel system problem is given in reference 22.

A study by Lockheed-California Company is underway to define in engineering

detail an LH2 fuel system and the additional research and technology required

to bring the technologies to a state of readiness for future industry appli-

cation. The 400-passenger, 10,190 Km range subsonic transport is used as the
reference configuration for the LH2 fuel system. A varietv of engine cycles

and operating conditions will be considered to determine the prospects for
further improving the energy efficiency of the propulsion system by capitalizing

on the most favorable properties of hydrogen both as a fuel and as a coolant.
Several LH2 ruel tank thermal protection systems concepts will be analyzed to

determine the best combinations of materials and system elements in terms of
safety, energy conservation and economy or operation. The initial design

requirements for wide-range operation, long service life pumps, fuel con&ol

and management subsystems, and other important subsystems and accessories will
be determined. When completed, this study will provide a base for the initial

design, development and test of hardware in ground test systems, and eventually

in flight.

CONCLUDING RFMARKS

These studies examined in engineering detail the processes for converting coal

to hydrogen and other alternate fuels, and hydrogen gas into liquid. A prin-

cipal finding is that the price of alternate fuels, including liquid hydroqen,
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is Ebout two or three tii;ies that of jet fuel. Large volumes of LH2, like any

high energy fuels, are a potential hazard and must be treated accordingly.

The installation of LH2 fuel complexes at major air terminals to provide fuel

to air transports is well within the feasibility of engineering knowledge.
Moreover, the solution of vent gas (boiloff) dispersal from the airplane while

on the ground, even during refueling, assures that the routine airline ground

services can be carried out in essentially the same time --A manner as with
jet fuel transports.

The first look ,c cost of LH2 fuel installations at two of the largest airports

in the world show that the costs are of the same magnitude as current cost of
major airport modifications, and perhaps less than the plant investment cost of
a 237 billion kilojoules (250 billion Btu) per day coal gasification plant.

Very few airports in the world would re q uire such large fuel complexes.

The first generation _H2 subsonic conmercial air transport is like l y to be a

possible follow-on to thr, Boeing 747. Compared to its jet fuel counterpart,
the LH2 transport for the same payload and range, will have a much lower take-

off gross weight, and consequently, smaller wings, less powerful engines and
lighter landing gear. 	 It will also require less onboard energy tc fly the

same mission.

A subsonic LH2 transport can be built in the price range of a jet fuel trans-

port. There are pockets of deficiency in the technology, but none which can-

not be resolved with prover investment in research and development.

The current study of LH2 fuel systems will define t!,e principal remaining
technical areas in the design of the air transport When completed, the

program will have provided much of the foundation for the liquid hydrogen

option for future commercial air transports.

Ow

`	 L



REFERENCES

1. Anon: A National Plan for Energy Research, Development and Demonstration:

Creating Energy Choices for the Future. Vol. 1: The Plan. Energy
Research and Development Administration, ERDA-48, Vol. 1 of 2, 1975.

2. Brewer, G. D.: Aviation Usage of Liquid Hydrogen Fuel - Prospects and

Problems:	 Int. Jour. of Hydrogen Energy, Vol. 1, No. 1, 1976.

3. Hydrogen Tomorrow: Demands and Technology Requirements. Report of the

NASA Hydrog?n Energy Systems Technology Study. Calif. Inst. of Tech.,

December 1975.

4. Hydrogen Energy, Parts A and B. Plenum Press - New York and London.

1975.

5. A Fuel Conservation Study for Transport Aircraft Utilizing Advanced

Technolo gy and Hydrogen Fuel. LTV Aerospace Corp., NASA CR-112204,

November 1972.

6. Small, William J.; et al.: Potential of Hydrogen Fuels for Future Air

Transportation System. The Second Intersociety Conference on Trans-

portation, Denver, September 1973.

7. Brewer, G. D.: The Case for Hydrogen-Fueled Transport Aircraft. Luck-

heed-California company, AIAA/SAE 9th Prop. Conf., Las Vegas, November

1973.

8. Korycinski, P. F.; and Snow, D. B.: Hydrogen for the Subsoni zz Transport.

Hydrogen Energy, Part B., Plenum Press, New York, 1975.

9. Brewer, G. D.; et al.: Study of the Ap p lication of' Hydrogen Fuel to

Long-Range Subsonic Transport Aircraft. Vol. i - Summary Report.

Lockheed-California Company and Lockheed-Georgia Company, NASA CR-132558,

January 1975.

10. Brewer, G. D.; et al.: Study of the Application of Hydrogen Fuel to

Long-Range Subsonic Transport Aircraft. Vol. IT - Final Report.
Lockheed-California Company and Lockheed-Georgia Company, NASA CR-132559,

January 1975.

11. Rre,,:er, G. D.; and Morris, P. E.:	 Study of LH2 Fueled Subsonic Passenger

Transport Aircraft. Lockheed-California Company, NASA CR-144935,

January 1976.

12. Anon: Survey Study of the Efficiency and Economics of Hydro gen Lique-

factior. Linde Division, Union Carbide Corporation, NASA CR-132631,

April	 975.

12

or

ri 	

A



13. Anon: Study of the Potentials for Improving the Efficiency and Economics
of Liquid Hydrogen Produced from Coal. Linde Division, Union Carbide

Cor;,oration, NASA CR-145077, July 1976.

14. Tsaros, C. L.; et al.: A Study of the Conversion, of Coal to Hydrogen,

Methane and Liquid Fuels for Aircraft. Institute of 'as Technology,

NASA CR-145023, June 1976.

15. Witcofski, Robert D.: The Thermal Efficiency and Cost of Producing
Hydrogen and Other Synthetic Fuels from Coal. Conf. Pro:., Vol. III,

First World Hydrogen Energy Conf., Miami Beach, 1976.

16. Witcofski, Robert D.: Alternate Aircraft Fuels - Prospect.; and Operational
Implications. Am. Soc. of Civ. Eng. Intl. Air Transp. Conf., Washington,
DC, April 4-6, 1977, NASA TM X-74030, May 1977.

17. Witzell, W. E.: Evaluation of Mechanical Property Data on the 2219
Aluminum Alloy and Application of the Data to the Design of Liquid

Hydrogen Taikage. General Dynamics, Convair Divisicn, NASA CR-145140,

January 1977.

18. Anon: Final Report on an Investigation of Hazards Associated with the

Storage and Handling of Liquid Hydrogen. Arthur D. Little, Inc.,

Report AD-324, 194, '960.

19. Korycinski, Peter F.: Some Early Perspectives on Ground Requirements of

Liquid fydrogen Air Transports. Conf. Proc., Vol. III, First World

Hydrogen Energy Conf., Miami Beach, 1976.

20. Anon: An Exploratory Study to Determioe the Integrated Technological

Air Transportation System Ground Requirements of Liquid-Hydrogen-Fueled
Subsonic Long-Range Civil Air Transports. Boeing Commercial Airplane

Company,	 ,SA CR-2699, September 1976.

21. Brewer, G. D.: LH2 Airport Requirements Study. Lockheed-California

Company, NASA r'R-2700, October 1976.

22. Momenthj , A. M.: Fuel Subsystem Characteristics for l_H2 Aircraft. Conf.

Proc., Vol. III, First World Hydrogen Energy Conf., Miami Beach, 1976.

13

y
ny

i



i
0''4

rn v,
Z7 "O V) N

,,, a, aJ ^ a) a^ a, a) a^ aJ
^--^ +J +J i i-) a, +-) i S-C) aJ Q) C7 0)

O OCl d Cl i CL d Q.
CL E

N . O O O O O O
U U U U U U C C

ra
ti

aJ

C

'-

aJ
v
aJ

G
O

L•
U

^

T

LI

Q

V
i

a1

L
O
•^

:

V)
C_'
U)
^
LA
a

i
O
CL
^
C

i

i
•r•

Q)
r-
C
C
LU

c
O

+-^
V

^

'^

_

v
c

i
^-

N

LL-

LA
Y

rfl

N
S
J

^
N

^

aJ

27

Lr

C
râ
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A liquid hydrogen fuel	 option for subsonic air transports	 is evolving

through NASA studies.	 In adaition to continued air transport design

studies,	 elements of this option	 include:	 (1)	 economical	 production

of hydrogen;	 (2)	 efficient	 liquefaction of hydrogen;	 (3) materials	 for
I	 long	 service	 life	 LH2	 fuel	 tanks;	 (4)	 insulation materials;	 (5)	 LH2

fuel	 service and	 installations	 at major air terminals;	 (6)	 assessment

of LH2 hazards;	 and	 (7)	 the enqineering definition of an LH2 fuel

system for a	 large subsonic passenger air transport.	 As	 the one

measure in	 the aircraft	 fuel	 conservation program which	 is	 independent

Of hydrocarbon fuels for operation of aircraft,	 the liquid hydrogen

option continues to show promise for the future.
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