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Applications of Beryllium to Aircraft Gas-Turbine Engines
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Beryllium is a material with a low density and a high modulus of elasticity. These factors,
in combination with high strength, are of significant interest to the designer. The results of
preliminary tensile testing of forged 1400 beryllium indicated a strength-to-weight advantage
of 1.6:1 when compared with currently available titanium alloys. Fatigue strength is nearly
as high as that for titanium alloys, but notched impact strength is extremely low. A feasi-
bility study was made to determine the potential of beryllium in aireraft gas-turbine engines,
since the material has the deficiency of extremely low impact resistance. This study showed
that engine weight savings of 15% in Mach 3 supersonic engines and a savings of 36% in sub-
sonic engines were possible. The results clearly demonstrated the need for continued effort

in the development of a reliable beryllium alloy.

Introduction

ERYLLIUM has long been considered a potential struc-

tural material by the aircraft gas-turbine designer. The
low density of the material (0.067 lb/in.?) and its high
modulus of elasticity would make possible very lightweight
gag-turbine powerplants. However, applications were lim-
ited to nonstructural members because, until recently, the
demonstrated strength levels were quite low.

Recent developments have changed this picture. Under
Air Force sponsorship,® work was conducted on beryllium
forgings which showed definite promise for gas-turbine engine
applications. Forgings with yield and tensile strengths
much higher than sintered material and with good uniaxial
ductility were produced. The forgings were also found to
be more economical than the hot-pressed sintered block pre-
viously used, because the amount of metal removed by ma-
chining to obtain intricate shapes was considerably reduced.
The introduction of raw material with finer particle size and
increased oxide content further enhanced the strength of the
material, with no lossin ductility. Typical room-temperature
tensile properties of sintered, cast, and forged material,
illustrating the magnitude of the advances made, are tabu-
lated in Table 1.

One sample of forged material that was severely worked
demonstrated yield strength in excess of 100 ksi with good
ductility. Typical tensile properties of high-strength forged
beryllium compared with other structural materials on a
strength-to-density ratio basis are shown in Fig. 1. Beryllium
very clearly exceeds the high-strength mar-aging nickel steel
and titanium alloy (AMS 4928). Commonly used com-
pressor steel and titanium alloys are included in this figure
to show that beryllium offers a strength-to-density advantage
in excess of 1.6:1 for this application.

Other mechanical properties are important in the design
of structural members, particularly axial flow compressor
parts. Of prime importance is the high modulus of elasticity,
which contributes to easier control of resonant vibration,
and the basic fatigue strength, which assures the ability to
withstand vibration. Figure 2 shows preliminary results
of smooth and notched fatigue tests, as measured on forged
beryllium. This figure also shows typical results obtained
with AMS 4928 titanium alloy for comparison.

Combined stress-fatigue tests aré used extensively to
evaluate compressor blade and disk materials. In this type
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of test, a steady stress is applied to the specimen and a re-
versing load superimposed on it, thereby simulating the stress
conditions existing in an actual compressor. Preliminary
results of combined stress-fatigue tests are presented for
both smooth and notched specimens in Fig. 3, along with some
typical results for a widely used titanium alloy. Forged
beryllium compared quite favorably with the titanium alloy
in this important characteristic.

Although work on beryllium has been proceeding at a rapid
pace and is yielding encouraging results, certain areas require
review in order to place them in proper perspective. Lack
of triaxial ductility (and, therefore, low notched-impact-
strength) continues to be a major drawback to use of the
material. This may be caused by the severe orientation of
the crystalline structure which results when the material
is worked. A joint program was undertaken with the Ladish
Company to investigate the possibility of achieving im-
proved triaxial ductility by randomizing the ecrystalline
orientation through programed forging. However, some
metallurgists contend that this may only partially alleviate
the lack of triaxial duectility, and therefore impact resistance
may still be a problem.

In addition to the triaxial duetility question, further ex-
perience with impact resistance, vibration, fretting, ma-
chining, salt-spray resistance, temperature sensitivity, and
other related conditions is required before beryllium will
have been proved practical for gas-turbine applications.

The present cost of beryllium is high, partly because only
small quantities are being produced. If the demand for this
material is increased tenfold, the cost is expeeted to be reduced
drastically, and beryllium may become competitive with ti-
tanium alloy on a cost per unit volume basis.

The status of beryllium today is quite similar to that of
titanium about 1950. At that time, application of titanium
to aircraft gas turbines was being attempted. In the early
feasibility testing, basic manufacturing problems were
encountered; however, the potential weight saving and at-
tendant improvement in aircraft performance produced by
the application of titanium was great, and programs were
undertaken to eliminate the problems. The potential of

Table 1 Typical room-temperature tensile properties

of beryllium
Yield strength, Tensile
psi, strength, Elongation,
Material grade 0.2% offset psi %
Cast material 20,000 20,000 0
Sintered powder 35,000 45,000 1-2
Forged powder, 50,000 70,000 8
200 mesh
Forged powder, 75,000 100,000 8
400 mesh )
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Fig. 1 Tensile strength-density ratios for 1400 beryllium
and competitive steel and titanium alloys.

beryllium in its application to aircraft powerplants appears
to be greater than that of titanium, and it is logical to assume
that the necessary effort will be made to solve the problems
encountered.

Study of Beryllium Components and Engine
Designs

It was assumed in this paper that the use of beryllium in
aircraft gas-turbine engine components and powerplants will
become feasible and that adequate impact resistance and
triaxial duectility will be proved in the near future. The
room-temperature mechanical properties used in the studies
are listed in Table 2, along with those of titanium alloy and
steel. The values used for beryllium are conservative and
are based on the demonstrated properties of high-strength
forged beryllium. The usable operating temperature range
selected for beryllium was —70° to +900°F.

Study Approach

The study of the application of beryllium to aircraft
powerplants was undertaken in two stages. The first step
was to make direct substitution of beryllium for steel and
titanium components in current powerplants for subsonic
- and supersonic applications. The second step was to investi-
gate the powerplant configuration changes that become pos-

Table 2 Room-temperature mechanical properties for
beryllium, titanium, and steel

Value Beryllium  Titanium Steel
UTS, psi 95,000 130,000 155,000
0.2%. yield strength, psi 75,000 120,000 130,000
Density, Ib/in.? 0.067 0.159 0.283
Modplus of elasticity, 44 X 108 16 X 108 30 X 108

psi

Endurance limit, psi 42,000 53,000 65,000
Strength/density, 1.42 X 108 0.82 X 108 0.55 X 108

ultimate, in.,
Strength/density, 0.29, 1.12 X 105 0.75 X 106 0.46 X 10°
yield, in.

sible through application of beryllium to the design. The
effect on weight of the application of beryllium to powerplants
and components and some of the configuration changes made
possible are discussed in detail in the following sections.

Application of Beryllium to Components
General

Components may be classified from a stress-analysis view-
point into four categories. The first ecategory includes com-
ponents that are not stress-limited; that is, their proportions
are determined by considerations of deflection, natural fre-
quency, or heat-sink capacity. The other three categories
include all the members in which strength is a dominant
factor in determining proportions. These members are
classed according to the state of stress that exists in them,
namely, uniaxial (as in a bolt), biaxial (as in a pressure vessel),
and triaxial (as at the root of a notch).

Rotating components, such as the compressor rotor, are
generally considered as notched members under combined
stresses. As will be shown, this component places the great-
est premium on strength-to-density ratio and benefits most
from the application of beryllium. Therefore, notched
strength (triaxial strength) is considered to be of major im-
portance in the successful application of beryllium to gas-
turbine engines.

The results of the application of beryllium to generalized
components are summarized in Fig. 4. The relative weights
of generalized components using beryllium are expressed in
percents relative to titanium. The relative weights of steel
components are also shown for comparison, and the design
considerations used in preparing this weight comparison will
be discussed. However, although the maximum latitude
available to the designer is summarized in Fig. 4, in actual
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engine design, other considerations may compromise the
possible weight savings.

Shafts, Cases, and Bolis

Parts that are under direct stress, such as shafts, cases,
and bolts, are sized in cross-sectional area by the allowable
stress to which they may be operated. The area is inversely
proportional to the allowable stress, and the weight of such
parts is directly proportional to the density and inversely
proportional to the stress. Beryllium parts controlled by
this factor weigh 429, less than equivalent parts made of
titanium.

Rotors

Disks are designed to carry a blade centrifugal pull and a
body load which result from the pull of its own mass. As-
suming that the design of the airfoil is fixed, the pull and re-
sulting stress for a given disk and blade design is reduced
according to the density. With no design area change, the
weight of the assembly will also vary as the density. The
allowable strength-to-density ratio of beryllium is larger
than that for titanium, so an area reduction of the disk is
permissible. A typical disk and blade assembly designed
on this premise and made from beryllium would weigh about
60% less than equivalent parts made from titanium.

Compressor blades are designed so that vibrational reso-
nances are eliminated from the engine range of operation.
Also, the forward stages of a compressor must have a high
frequency, so that aerodynamic-excited flutter vibration
is eliminated. As noted in the introduction, an advantageous
property of beryllium is the extremely high value of its
modulus of elasticity. The bending frequency is a function
of the modulus of elasticity, blade chord, and density as
follows:

wn ~ (1/0)(E/p)"*
where w, is the bending frequency, b the blade chord, E the
modulus of elasticity, and p the density. Since the frequency

must be maintained constant in substitution, the chord varies
as follows:

b ~ (o/E)!*

The weight of the blade is direetly proportional to the chord
and the density, so the weight proportionality factor becomes

W~ (924

A similar set of relationships ecan be derived for torsional
ﬂu'tter, where the flutter parameter is a function of bw.. In
this case, the flutter parameter must be maintained constant,

but the torsional frequency is independent of the chord in
first approximation. The resulting proportionality factor is
the same as that derived for the case of bending frequency.
A blade made from beryllium could be 849, lighter than a
similar titanium blade designed to vibration limits. Rotor
assemblies whose blades are controlled by bending fre-
quency or torsional flutter can be made to be considerably
lighter than rotors whose blades are assumed to have a fixed
airfoil design, provided that the vibrational limits can be
reached.

To investigate the feasibility of such a vibration-limited
design, a typical rotor is shown in Fig. 5. The typical ti-
tanium stage weighs 13.2 lb. Substitution of beryllium
for the titanium with no blade chord changes results in a
weight of only 5.3 1b. Designing for the vibration limit
would conceivably allow a reduction in weight to 2 Ib. Such
a rotor is not feasible when the aerodynamic convergence
across the blading is taken into consideration. Also, the
large number of blades required would make it impractical to
produce. It is unlikely, therefore, that the mechanical limits
can be reached in practical designs. '

A similar situation arises in other compressor stages where
the limit is a bending flutter vibration of blades. In this
case, it is the practice to hold the product of bw, constant.
Since w, ~ (1/b)(E/p)¥? and the value of bw, is constant,
it can be shown that b~(p/E)%, so that the beryllium chord
may be 309, smaller than that required for titanium; and as
a limit, the blade airfoil could be 739, lighter than that of a
titanium blade. Again, factors of convergence for aero-
dynamic reasons or bending stress imposed by gas loads will
then limit the chord to be chosen by the designer.

In the case of a first-stage compressor blade, a strength limit
must be imposed. This is because the first stage must be
designed to withstand foreign particle ingestion. The chord
of the blade must, therefore, be set by the strength of the
material in conjunction with the Z ratio of the blade (Z is
the moment of inertia divided by the maximum distance from
the neutral axis). In this case, the chord is inversely pro-
portional to the cube root of allowable stress. The chord
must be increased by 189, and the weight of beryllium is
519, less than that of titanium. The effect of beryllium
properties on blade chords and weights, where the limiting
factors are vibration and ingestion impact, are summarized
in Fig. 6. These levels of gain may be made where no other
limitations are found.

Stators

Additional savings may be made in stator parts, even
though the greatest weight savings are to be found in the
rotors. Flanges and stator vanes which are bending-stress
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Fig. 4 Relative weight reduction for engine parts.

limited will have weights that are proportional to the density
divided by the square root of allowable stress ratio. A
weight saving of 509, can be achieved by direct substitution.
Bearing supports where tensile stiffness is required, buckling-
limited structures, and size-limited structures will all benefit
from substantial savings if beryllium is used.

Effect of Beryllium on Powerplant Weight
by Direct Substitution

In this section the effect of incorporating beryllium in gas-
turbine powerplants of current design presently utilizing
titanium is discussed.

Subsonic Gas-Turbine Engines

The weight savings made possible by direct substitution of
beryllium in a current subsonic engine are summarized
in Fig. 7. It will be noted that the largest proportion of
the weight saving is in the compressor section. A moderate
saving is possible in the diffuser-burner section and none in
the turbine section, because of the arbitrarily established
temperature limit for beryllium (900°F).

Supersonic Gas-Turbine Engines

In advanced engines with supersonic capability, the weight
advantage of beryllium becomes smaller, as shown in Fig. 8.

Be. BLADE Be, BLADE
Ti BLADE (SAME CHORD) (SAME FLUTTER MARGIN)
Ti DISK Be. DISK Be. DISK

- - C - -
| 9
BLADE WT. 9.9% 42+ 1.6%
DISC WGT/BLADE  3.3% 11# 4
TOTAL 132 53¢ 20=

Fig. 5 Typical disk and blade.
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This is because 1) the temperature of supersonic engines is
relatively higher than that of subsonic engines, so that fewer
parts can be made of beryllium, and 2) advanced state-of-the-
art engines use higher-work compressor stages, so that there
are fewer stages available for substitution.

The effect of direct substitution on both current and ad-
vanced engines as a function of Mach number is summa-
rized in ¥ig. 9. The greatest advantage is shown to be found
in current subsonic engines; these advantages diminish for
advanced supersonic engines. Figure 9 refers only to the
weight of the basic gas generator. The inlet becomes an
increasing proportion of the total installed weight as the
Mach number increases. If beryllium is used for the engine
inlet as well in a Mach 3.0 engine, the installed net weight
is reduced by approximately 159.

Effect of Beryllium on Powerplant Weight
by Configuration Changes

The design of a new turbojet or turbofan engine is con-
cerned largely with the optimization of a large number of
aerodynamic and structural variables within certain con-
straints to achieve the best possible configuration. Examples
of the constraints that exist are the allowable stress levels
and the allowable level of compressor stage loading. The use
of different structural materials will lead to different optimum
engine configurations, because both the allowable stress level
and the weight of a given component depend on the proper-
ties of the material used. Although substantial savings in
weight can be achieved by the direct substitution of beryllium
in existing designs, possible weight and cost savings through
simplification may be optimized if the design utilizes the most
beneficial properties of beryllium. For example, let us con-
sider a turbofan engine currently popular for subsonic and
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supersonic application. The major design considerations will
be discussed first, followed by a detailed example.

Struetural Design Considerations

No inherent limitations exist in the static structure of the
engine. Generally speaking, a static part has certain imposed
loads, either from adjoining parts or from aerodynamic
loads; and the parts may be designed to accept these loads
without exceeding maximum stress or deflection, or without
buckling. In the case of rotating parts, however, centrifugal
forces are superimposed on these other loads, and certain
limits are therefore imposed. The consideration of structural
design limits is therefore restricted to the rotating parts of
the engine.

Compressor blades are sized so that aerodynamic loads
produce very small stresses. This is because chords are
usually selected to eliminate various types of flutter and
vibration. The centrifugal stresses are generally large, how-
ever, and lead to high blade root stress which could be a
limit on the design. It may be shown that blade root tensile
stress ¢, due to this centrifugal force is given by

ar = pu2[(1/A%) — 11K
where
K

I

coefficient that depends on the change in blade cross
section from root to tip
= density of blade material

p

A = ratio of blade hub diameter to blade tip diameter
(hub-tip ratio)

u, = blade hub (or disk rim) speed

Blade cross-section distribution is set essentially by aero-
dynamic considerations, whereas blade hub speed will be
-determined either by aerodynamic considerations or by
structural limitations in the disk to which the blade is at-
tached. Therefore, in this equation, the quantities K and
u, may be considered fixed. If the root stress is allowed to
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increase to the allowable stress of the blade material, then
the foregoing equation involves a relationship between ma-
terial properties and hub-tip ratio. It may be seen
that larger values of the quantity o,i0w/p lead to smaller hub-
tip ratios. In general, small hub-tip ratios are desirable be-
cause they lead to lighter weight and more compact con-
figurations. The value of e.iew/p for beryllium is 609,
larger than for titanium and 1609, larger than for steel.

Aerodynamie Design Considerations

Flow separation in the compressor may be a major problem
and is influenced by the requirements of diffusion and asso-
ciated adverse pressure gradients. If separation takes place,
there will be an abrupt loss in efficiency. Rotors and stators
are, therefore, designed to be free of separation. Separation
will take place if 1) the cascade is required to do an excessive
amount of diffusion, or 2) there are sufficiently strong shock-
wave boundary-layer interactions. The first type of separa-
tion is defined by a so-called “loading limit” and when trans-
lated into variables associated with a compressor rotor or
stator takes the following form.

Rotors:
Ah‘allow - Lr L,- - f<_627>

u?

where

Algiew = allowable stagnation enthalpy rise at a given
radial station of the blade :

U = wheel speed at that station
C./u = ratio of axial velocity to wheel speed at station
L, = rotor loading limit
Stators:
APallow/qi = L’s
where
AP, = allowable static pressure rise through stator
at a given radial station
qs = stator inlet dynamic pressure at that station
L = gtator loading limit

Separations due to shock-wave boundary-layer interactions
are controlled at transonic speed by keeping local cascade
inlet Mach numbers lower than ecritical Mach numbers, i.e.,
the minimum inlet Mach number which produces a sonic
zone at some part of the airfoil surface. Critical Mach num-
ber is a function of a number of geometric variables, but per-
haps the most important is camber angle. In general,
critical Mach number is reduced as camber or turning angle
is increased. Consideration of these limits in the conven-
tional compressor design reveals that the hub region of the
compressor is considerably more likely to separate than the
tip section, for the following reasons.

1) Rotors are usually designed to impart a constant stag-
nation enthalpy rise from hub to tip. Since the quantity
Ahe/u? will be a maximum at the hub, it is apparent that this
is the radial station which will be eritical with respect to the
loading limit. With respect to shock-wave boundary-layer
interaction, the camber decreases, which implies an increase
in critical Mach number in progressing from the hub to the
tip. Since the rotor inlet Mach number also tends to increase
with radius, and at about the same rate as critical Mach num-
ber, no particular region of the rotor is usually considered to
be limited in this respect.

2) Swirl velocities leaving the rotor are a maximum at the
hub. A generally successful design practice of keeping stator
exit velocity nearly uniform radially and axially implies that
AP/q; will be at a maximum at the hub. The hub is, there-
fore, the critical station with respect to loading. In addition,
it is found that at the hub, both stator camber and inlet
Mach number have minimum values, causing the hub section
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to be critical with respect to shock-wave boundary-layer
interaction.

An optimum design is obtained by selecting given vari-
ables at their limit values. In the case of a compressor
stage, it is now clear that the optimum stage with respect
to aerodynamic variables will be dependent on selecting blade
root aerodynamic variables equal to their limiting values.
For a conventional stage design, a summary of aerodynami-
cally optimum stages may be presented, as shown in Fig. 10,
on which are plotted the previously discussed limits. It is
seen that the allowable stage-pressure ratio increases as rim
speed is increased but that different limits set the allow-
able stage-pressure ratio in different ranges of rim speed.
Generally, at low rim speeds, stage-pressure ratio is selected
by consideration of rotor loading limits, whereas at high rim
speed, stage-pressure ratio is dependent on stator critical
Mach number limits.

A complete discussion of the procedures required to opti-
mize an engine design is not essential to demonstrate the
outstanding benefits to be derived by the use of beryllium.
However, consideration of some of the procedures will indi-
cate sufficiently what can be expected. Of particular im-
portance in the design of a turbofan engine are the com-
pressor-stage aerodynamic limits and the blade structural
limits, since fan-blade root-stress limits and fan-stage aero-
dynamic limits usually define not only the fan configuration
but, to some extent, the remainder of the engine. For ex-
ample, these limits on the fan usually set the low rotor speed
which may be seen if one considers the implications of the
equation for fan blade root stress. This equation may be
written

2
= Ku? (% ~ 1) ~K < “T) (R — RA)K'N*A
p A

Tr
where
R = radius
A = annular flow area

K and K’ = coeflicients
subseript » = hub (root)
subscript { = tip

Il

This follows since annulus area is set by aerodynamic con-
siderations. It is seen that optimum low rotor speed in-
creases as the quantity o.now/p of the blade material in-
creases. Increased values of low rotor speed are desirable
because they lead to lighter, more compact engine configura-
tions, since both the fan and the turbine diameters can be
reduced. For proper transition from fan to high-pressure
compressor and from high-pressure turbine to low-pressure
turbine, the diameter of the high-pressure spool will be
reduced.

For the example which will be considered, it is useful to
take the structural and aerodynamic limits one step further.
These two limits will be combined by eliminating rim speed.
The allowable stage-pressure ratio may be presented as a
function of the quantity c.iow/p for the blade material and
the hub-tip ratio, as shown in Fig. 11. In this figure, the
material property ¢..w/p is nondimensionalized relative to
the value for titanium. Relative values of this quantity of
about 0.6 and 1.6 exist for steel and beryllium blade mate-
rials, respectively. Figure 11 clearly illustrates the ad-
vantage, in terms of pressure-ratio capability, that titanium
holds over steel, along with the advantage that beryllium
would have over the other two materials as a fan-blade
material.

Example of Weight Savings in a Specific
Engine Design

The application of beryllium to a twin-spool turbofan en-
gine was the example chosen to demonstrate the latitude in
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design allowable by the favorable properties of beryllium.
The limitations imposed on the design are hub-tip ratio and
allowable centrifugal stress. With titanium, the hub-tip
ratio of the first-stage required for compatibility with the re-
mainder of the engine is 0.35. This value, in conjunction
with the allowable centrifugal blade stress, determines the
fan rotor speed. This limits the first-stage pressure ratio,
as indicated in Fig. 11, to a value which is approximately
the square root of the design-pressure ratio. Two stages
are, therefore, required to achieve the full design-pressure
ratio. If beryllium is used in this application, a considerable
increase in fan rotor speed will be allowed by the more favor-
able strength-to-density relationship. This speed increase
results in a much higher single-stage pressure-ratio capability.
In examining the detailed design, however, the hub-tip ratio
of the second titanium fan stage is much higher than that
of the first stage. The hub-tip ratio for a single-stage fan
can, therefore, be higher than for the first stage of a two-stage
fan. The combination of higher allowable speed and higher
hub-tip ratio allows the designer to achieve the full design-
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Fig. 11 Effect of material properties on allowable fan
loading per stage.
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pressure ratio requirement in a single-stage beryllium fan,
as indicated in Fig. 11. The converse of this situation ap-
plies to the use of steel, where three stages would be required
to achieve the full design-pressure ratic. Therefore, the
benefits derived by the favorable properties of beryllium
may allow the designer to eliminate stages as well as to re-
duce the weight of existing stages.

In certain cases studied, the increase in fan rotor speed per-
mitted the engine to be designed as a single-spool engine,
where the fan is coupled to the high-pressure compressor
and the fan drive turbine is coupled to the high-pressure
drive turbine. This configuration eliminates shafting, seals,
and bearings, with a resultant reduction in weight, com-
plexity, and over-all cost. The turbine can benefit from a
higher average wheel speed, so that a reduction in turbine
diameter is possible, with performance held constant. The
results of a weight-saving study of a typical Mach 3 engine
are depicted in Fig. 12.

Large percentage changes in weight are possible in the fan
and shaft portions of the engine. However, the weight saved
as a result of the aerodynamic freedom offered by the use of
beryllium considerably exceeds that brought about by direct
substitution. Approximately 15% of the total engine weight
is eliminated by redesign, and an additional weight saving
of 69 is made by substitution of beryllium. The over-all
saving is approximately 219, for this particular Mach 3
engine.

Influence of Use of Beryllium on Aircraft
Performance

The improvements in aircraft performance which may be
achieved by the use of beryllium in powerplants are sum-
marized in Fig. 13. In this figure, the percentage change in
engine weight, takeoff gross weight (TOGW), and mission
radius are shown as areas of improvement. For each of these
areas, the savings that are achieved through direct substi-
tution, plus redesign, are shown.

For the subsonie transport, supersonic transport, and sub-
sonic STOL aircraft, the approximate reduction in TOGW
is shown. The decrease in TOGW is based on the assump-
tion that, for a given payload and range, the reduction in
powerplant weight permits the aircraft to be redesigned.
The powerplant for the STOL aircraft is equipped with thrust
deflection nozzles for takeoff and landing. Although no
VTOL aircraft was included in the chart, application of
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Fig. 13 Typical improvements using beryllium.

beryllium to lift-type powerplants was reviewed, and it is
seen that a reduction in weight of approximately 35% is pos-
sible in this powerplant.

The significance of the decreases in gross weight shown in
Fig. 13 is that, even in cases where the cost of the engine is
increased by the maximum use of beryllium, the airplane
fabrication and operational costs can be considerably re-
duced. Lift and STOL aireraft will be given an increase in
mission radius which will allow the airplane to achieve an
operational flexibility that is not possible with currently
available engines. The application of beryllium to engine
installation hardware and airframe components will im-
prove further the performance of the various aircraft shown
in Fig. 13.

Conclusions

The study of the application of beryllium to aireraft power-
plants as discussed here clearly shows that great improve-
ments in weight and cost are possible, if adequate impact
resistance and ductility can be developed. The increase in
the effectiveness of aircraft using beryllium approaches that
which can be achieved with a new powerplant concept.
With this large potential, it is recommended that efforts in
the programs being pursued in alloying, purifying, fabricating,
and developing the feasibility of application be continued
and accelerated.

The arbitrary temperature limits imposed on beryllium,
for purposes of this study, preclude the use of beryllium in
the turbine section of the powerplant. The high melting
temperature (2332°F) and excellent thermal properties
(specific heat and thermal conductivity) of beryllium make it
a strong candidate for a future turbine material that offers
very significant additional weight savings.

It was not within the scope of this paper to describe the
new configurations of powerplants which may be evolved as
a result of the application of beryllium. Only the potential
of the material was described, and future design work will re-
veal what can be produced using this important tool. It is
the authors’ opinion that powerplants designed with beryllium
will be not only lighter and more compact than conventional
powerplants but also greatly simplified, implying reduced
costs and improved reliability.
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