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Structural Guidelines for Materials Development:
Some Vehicle Performance and Design Generalizations

GEORGE GERARD*
Allied Research Assoctates Inc., Concord, M ass.

Starting with the generalization that the function of a vehicle is efficient transportation of a
given payload over a given distance, the structural weight fraction has been identified as the
factor most sensitive to structures and materials improvement. Furthermore, the value of
structural weight saving over the life of the vehicle can be large and thus relatively large costs
can be expended in such endeavors. Analysis of the factors comprising the structural weight
fraction has led to the important generalization that the structural design of the vehicle
or its major components is characterized by rather narrow ranges of the maximum design
index. It is this factor which dictates the specific improvements in materials (or structures)
that can result in a meaningful reduction of the structural weight fraction.

Introduction

ANY attempt to define structural guidelines for the devel-
opment of improved material properties and to assess
the real significance of projected improvements is necessarily
based upon an understanding of current and projected vehicle
requirements. In the past, material improvement require-
ments have been based upon rather detailed analysis of a
large number of current and advanced vehicle concepts;
from the analysis of many “trees,” some general impressions
of how to improve the “forest” have been projected.

In the following analysis, we will attempt to survey the
“forest” dircetly without direct reference to its individual
members by establishing some important and underlying
generalizations conecerning vehicle performance and design.
It will be shown that many vehicle types and sizes tend to
conform to certain well-established laws that can be used in
a rational manner to establish the significance of improve-
ments in selected material properties.

Vehicle Performance Generalizations

As a basic generalization, it can be stated that the basic
vehicle mission is to transport a given payload over a given
distance, whether the purpose be commercial or military in
nature. Depending upon the purpose, speed can be an im-
portant consideration.

Generalizations Concerning Speed

An extremely interesting and important generalization
concerning the speed of all types of vehicles in terms of the
propulsive power per unit weight transported (specific power)
was formulated by Gabrielli and von Karman! in 1950.
For a given vehicle type, they postulated that the minimum
specific power

. . is determined by the physical laws of the resistance of the
medium, the efficiency of the method of propulsion, the unit
weight and fuel consumption of the particular type of power
plant, and many other factors. Nevertheless, it appears that
if one throws all data together, a general trend, almost a kind of
universal law, can be found for the power required per unit
gross weight of the vehicle as a function of maximum speed.
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This pioneering effort served to indicate that it is possible
to develop important generalizations concerning vehicles and
to promote work by others in attempting to understand the
physical prineiples underlying such generalizations. David-
son? was specifically interested in surface ships and by utiliz-
ing and further analyzing the results of Ref. 1 concluded that
there were several methods for improving performance of
conventional ship forms. This indicated that the Gabrielli-
von Karman law in no sense constituted an upper bound or
limit to vehicle performance and that performance improve-
ments could be expected as the state-of-the-art progressed.

In another study, the concepts of Ref. 1 have been used,
as reported by Mandel,® in an entirely different sense to
evaluate the relative transport efficiency and potential of
various types of novel, unconventional, hull forms. By com-
paring the estimated performance of the novel forms with
that of more conventional vehicles as represented by the
Gabrielli-von Karman law, important and significant con-
clusions were deduced as to the transport potential of the
novel forms.

More recently, Bisplinghoff,* using an alternate form of
presentation of the essential results of Ref. 1, indicated the
state-of-the-art improvements in vehicle performance since
1950 and provided an estimate of the potential efficiency of
Mach 3 supersonic transports as well as projected Mach 6
hypersonic transports. These results are presented in Fig.
1 in terms of effective lift/drag (L/D), ratio {equivalent to
weight/thrust ratio) as a function of vehicle speed.

An important generalization which secems to emerge from
Fig. 1 is that, for a new type of vehicle to be competitive with
more established types in terms of transport efficiency, the
index V(L/D). characterizing the vehicle should correspond
to the current state-of-the-art. Conversely, the inadequacy
of current V/STOL aireraft, hydrofoil boats, GEMs, and
helicopters with respect to this index is clear evidence of their
poor transport efficiency, a fact currently recognized and one
which restricts such vehicles to special purpose missions.

Generalizations Concerning Range

The results given in Fig. 1 essentially represent empirical
generalizations concerning speed and, therefore, it is highly
desirable to establish a rational physical basis for these results.
For this purpose now, we shall consider the Breguet range
cquation which represents a fundamental physical general-
ization coneerning the range of various types of vehicles.
Examination of the factors comprising this equation will pro-
vide a physical basis for the Gabrielli-von Karman generaliza-
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tion as well as indicating those factors sensitive to materials
and structures improvements.

The Breguet relation can be written in a variety of equiva~
lent forms,> ™ most of which shall be discussed subsequently.
For our purposes, the following is convenient:

R = nun, In(Wo/ 1) (N
where
R = range
7. = measure of aecrodynamic or hydrodynamic efficiency
of the vehicle
7, = measure of propulsion system
Wy = initial vehicle weight
W, = terminal vehicle weight

The aerodynamic or hydrodynamic efficiency is essentially
measured by the maximum effective (/D). of the vehicle.
In alternate {orms,

1. = (L/D). = (W/T). 2

Methods of determining (L/D). as well as typical values are
available for ships,® aircraft,® ballistic,® and hvpersonic” ve-
hicles.  This factor depends completely upon the aerodynamic
or hydrodynamic shape of the vehicle and is thus not influ-
enced by structures and materials.

In its most fundamental form, Rutowski® has shown that
the propulsive system efficiency is

Ny = anr' <3)

In Eq. (3), H. ix the heat content or chemical energy con-
tained in the fuel and is obviously independent of structures
and materials considerations.  For hydrocarbon fuels, 1, =
18,800 Btu/lb, which also can be expressed more conveniently
for the purposes of Iq. (1) as H. = 2400 naut miles (by use
of the conversion factor 1 Btu = 778.3 ft-1b).

The term 7, in K. (3) is seleeted as a representation of the
thermal efficiency of the propulsion system in converting
the chemical encrgy of the fuel into propulsive energy. A
representative value for efficient internal combustion engines®
is 7, = 0.3, Inasmuch as g, represents the thermal efficiency
of the propulsion cyele, it is independent of structures but
does depend upon muaterials considerations.  However, it is
quite apparent that whereas the high temperature capabilities
of materials do influence n,, significant progress in achieving
relatively high efliciencies in eurrent engines has resulted from
improvements in the basie propulsion eyele rather than
from materials®  Thus, as a first approximation, it appewrs
veasonable to conelude that the 5, as well ax n, termx of .
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Fig. 1 Generalizations concerning speed and (L/D), of
various types of vehicles (after Ref. 4).
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Fig.2 Beststate-of-Lthe-art Breguet index values achieved
in the past, and projected estimate into the futlure for
vehicles ulilizing different types of fuels.

(1) are essentially independent of struectures and materials
considerations.

Although the form of 5, given by Eq. (3) is fundamental,
there are alternate relations that are commonly used for per-
formance caleulation purposes;

1, = 1,V = V/tste (4)

From Eq. (4), it follows that the specific impulse 7o,
(tsfe) ™1 the thrust specific fuel consumption (Ib fuel/unit
time-lb thrust). For efficient engines powered by hydroear-
bon fuels, the specific impulse can be approximated by a
constant.

We can now return to one of our original objectives in
analyzing the Breguet range cquation and observe that,
within a constant represented by [, values of the Gabrielli-
von Karman index (I,/D),V characterizing hydrocarbon
fueled vehicles, and the product n.n, appearing in Eq. (1)
are equivalent;

naty = [(I/D) .V, (5)

Having established this correspondence, we will henceforth
utilize K. (1) in the following nondimensional form:

R =R/C = BInl,/il') (6)
where
C = circumflerence of carth = 21,600 naut miles
B = Breguet index, B = n.1,/C = (L/D).J.,V/C

We can note that state-of-the-art progress in acrodynamie,
hydrodynamice, or propulsive efficiencies will be reflected
by inereases in the nondimensional Breguet index B. DPro-
gress since 1950 as well as projections for hydrocarbon and
hydrogen fuel vehicles based upon data of Refs. 4 and 7 arce
shown in Fig. 2.

Weight Ratios
The one factor remaining in Kgs. (1) or (6) that has not

been discussed thus far is the weight ratio W,/ W, In alter-
nate forms,

WiWe= (W/Wp) + W,/ W) =1— (W,/Wpy @)

where

W, = payload

W. = empty weight of vehicle
W, = fuel weight
W, = gross weight of vehicle
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Fig. 3 Variation of weight ratio for dilferent types of
vehicles.

and
W, = We+ W, 4+ W, (8)

The weight ratio 1V,/W, can vary widely for various types
of vehicles, as indicated in Fig. 3. Because of the form in
which the weight ratio appears in Eq. (6), 1t can be observed
that it can have a profound effect upon range for a given
value of B.

From a materials and structures viewpoiut, the payload
(W) represents a given design condition and is thercfore
independent of such considerations.  On the other hand, the
empty weight (W7,) is directly dependent upon structures and
materials efficiencies since

llv(? = ”Vs + ”'p + ”'eq (9)
where

W, = structural weight, W, ~ 1,/2
W, dry propulsion weight, W, ~ W./4
Weq = equipment weight, W, ~ W./4

Based upon available data on airveraft,®  missiles, and
ships,®4 some generalizations concerning weight fractions
for a wide variety of vehicle types and sizes can be obtained
as indicated in Fig. 4. Typically, the structures weight com-
prises one half of the empty weight of aircraft, missiles, and
boosters.  Thus, it can be expected that the greatest benefits
of improvements in structures and materials will be realized
m the airframe.  The proportionate benefits of such improve-
ments to the propulsion system or equipment will necessarily
be less, although still important.

Growth Faclors

In the preliminary design of a vehicle to transport a given
payload a given distance, any reduction in structures weight
resulting from materials or structures improvements will re-
quire a smaller propulsion system and probably a smaller
weight of equipment. Thus, the empty weight is signifi-
:antly reduced thereby requiring less fuel for the same per-
formance with a consequent substantial reduction in the gross
weight of the vehicle. This “snowballing” effect is called
the growth factor'™ and has been defined as the change in
gross weight due to a change in empty weight or its com-
ponents.

Mathenatically, on the basis of empty weight, the growth
factor

G, = oW, dW, (10)
From Egs. (6) and (7), however,
W, = (W, + W,)erls (11

J. AIRCRAFT

Since the payload (W) is fixed, it follows that the growth fuc-
tor based upon the empty weight

G. = OW,/OW, = erls (12)

The growth factor given by Eq. (12) essentially reflects the
change in gross weight resulting from a change in empty
weight, as well as the consequent change in fuel weight re-
quirements for the specified performance.

The growth of gross weight as a function of W,/W; is
shown in Fig. 5 for transport aireraft based upon the Breguet
indices shown in Fig. 2. Also shown are the characteristics
of current long-range aireraft in terms of typical values of
We/Wi. Tt can be observed that the influence of the empty
weight upon the gross weight is most profound, a reflection
of the vital role played by the efficiency of structures and
materials.

A more direct representation of the significance of a change
in structures weight resulting from un improvement in the
efficiency of structures and materials can be obtained by
utilizing a growth factor based upon structures weight,
rather than empty weight. The structural growth factor
ran be defined as

G, = W, /oW, (13)
By utilizing Eq. (11) and replacing W, by Eq. (9),
oW oW -
G o= (1 =7 fa RIB ;
‘ < T T o ) ¢ ()

The derivatives appearing in Eq. (14) must be evaluated for
a particular vehicle. However, if it is assumed that each
derivative has a value of 4, which seems likely on the basis of
the data given following Eg. (9), then as an approximation

G~ 20, (15)

Growth factors based upon propulsion or ejuipment weight
can be similarly defined and they would be correspondingly
larger.

Value of Structures Weight Saving

The value of a pound of empty weight or structures weight
saved in the initial design can be substantial when considered
over the lifetime of the vehicle. Values considerably over
$300/1b have been indicated for supersonic transportst?—14
and figures as high as $1000/lb have been quoted for high-
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Fig. 4 Weight ratio of different types of vehicles as a
function of the structural weight ratio.
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performance fighter aircraft. These numbers indicate that
the added expense of using more sophisticated structures
concepts as well as advanced materials and fabrication ap-
proaches must be seriously considered and evaluated. Over-
all system cost effectiveness can be significantly influenced
by appropriate weight and cost tradeoffs.

The value of weight saving is associated with the general-
ized vehicle performance characteristics discussed previously
and can be directly related to the vehicle gross weight. For
example, the weight and cost of fuel saved over the lifetime
of a transport resulting from a reduction in empty weight
an be direetly calculated from Egs. (11) and (12). Less
direct methods can be established to determine the reduction
in size and cost of terminal facilities and handling equipment
associated with aireraft and missiles of reduced gross weight.

In the following, an approximate method of analysis sug-
gested by Childers®® will be used to establish the value of
structural weight saving.  This analysis is based on fuel costs
only and does not include the costs savings in terminal facili-
ties or other arcas. For cach flight of a vehicle designed to
carry a specified payload (W) over a given distance (R),
the value of a pound of empty weight saved (v,) can be
evaluated in terms of the fuel weight saved (JI",) and the cost
per pound of fuel (¢;);

ve = ¢,QW QW) (16)

If n 15 the total number of flights during the lifetime (1) of
the airplane, then

v. = nce(@W, /00 ,) (17

wheren = VL/R.
From Eq. (8), and noting that W, is fixed,

oW /oW, = (0W,/oW,) — 1 (18)

However, o1, 0I", is the empty weight growth factor given
by Eq. (12}, Thus, Eq. (18) can be written as

O,/ olW, = (G, — 1 = ekls — ] (19)

On the basis of empty weight saved, Eq. (17) becomes
ve = ne; (B — 1) (20)
The value of a pound of structures weight rather than empty

weight ¢an be determined in a similar manner by use of
Igs. (13-13).  In this case, it is found that

v, ~ ne2(ells — 1) (21
By using a value!® of ¢, = $0.028/1b, and assuming the
following for a supersonic transport, V = 1800 knots, B =

4000 naut miles, L. = 30,000 hr, and a Breguet index B =
0.45, it is found from KEq. (21) that v, ~ $380/lb. This value
cheeks quite nicely with those previously quoted.

Structural Design Generalizations

The preceding material has established some significant
generalizations concerning vehicle performance in terms of
payload, range, and speed. Tt has also served to identify
those factors in the over-all vehicle performance which are
directly affected by the efficiencies of structures and materials.
Furthermore, the sensitivity of gross weight to these factors
was established quantitatively in terms of growth factor and
value of weight saving.

As a good first approximation, the structures weight frac-
tion W,/W, has been identified as the major contributor to
vehicle performance in terms of structures and materials.
Therefore, we will foeus attention on this weight fraction for
the purpose of developing some significant structural desien
generalizations.
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Fig. 5 Growth of gross weight as a function of R and
We/W,.
Structural Weight Fraction

As a basic generalization, we can write the structural
weight fraction in the following forms:

We BV (22)
W, BV,
where

P = average structural density

p, = average gross vehicle density

Ve = volume of structural material

V, = gross vehicle volume

fs = average thickness of structural material

4, = external vehicle surface area (wetted area)

Since the average gross vehicle density depends upon all
items comprising the gross weight and volume, it is more
convenient to deal with the structural density defined as

¢ = W/ Ty = /—)«'t-S(Ay/Vy) = p2 (23)
where 2 = solidity, ratio of volume of struetural material

to the enclosed volume.

The influence of structures and materials upon the various
terms comprising Eq. (23) becomes immediately apparent.
There is a direct effect upon p. and £ but no effect upon 4,/
V,, which is strietly a shape factor. This factor character-
izes the vehicle configuration which ix established by the
performance requirements of the vehicle payload, range and
speed. 1t is governed by the efficient acrodynamic or hydro-
dynamic design of the vehicle ax represented by (L/D), in
Eq. (2).

The term ; in Eq. (23) represents the average thickness of
structural material within the external configuration of the
vehicle required to satisfy the external loads and design en-
vironment as well as aeroelastic stiffness requirements. Tt
ineludes the skin or plating, stiffening systems, and internal
stabilizing structure. In a general manner, we can relate
t, and the external loads characterizing the vehicle by

I = N/& = hNus/ T (24)
where
N = average loading (Ib/in.) produced by external
loads
G = average stress level (psi)
ks = shape factor, 0 <k, < 1
Nuax = maximum loading produced by external loads
Omax = Maximum stress level

Equation (24) is given in terms of both average and maxi-
mum loadings and stresses which differ by a factor k. which
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Fig. 6 Comparative efficiencies of various materials in stiffened box beam and eylinder applications.
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The D; ranges

shown for the various vehicle types are maximum values.

depends only upon the configuration of the vehicle. For our
purposes, it will be more meaningful to consider Nmax as
characterizing the vchicle and therefore we shall utilize
Eq. (24) in its second form. DBy substituting Eq. (24) into
(23), we obtain

rs —s A"rumx "‘,»A _5
6= = 2 (Tehd) Py

Vu Tmax V{/ T max

Equation (25) is in a particularly useful form since it re-
lates the structural weight fraction with the external design
conditions of maximum loading and configuration represented
by the structural design index D, = (NuudksAd,/V,). It also
identifies the influence of structures and materials in terms
of a weight/strength parameter p./om.x. Here 5, obviously
depends upon the materials selected, whereas o depends
upon materials as well as the structural geometry and the
loading condition (tension, compression, shear).

In terms of major vehicle structural components which
comprise the complete vehicle structure, we can write Eq.
(25) in the general form

W, i s
AR P b, 26
Vu i;l <0'mux> i ( )

D; = (Npax)ilks)(A/V):

It is valuable to have the weight fraction relationship in the
form of Eq. (26) since for a complex vehicle such as an air-
craft it is convenient to consider the major structural com-
ponents consisting of wings, fuselage, and tail separately.
For simpler vehicle forms su<h as missiles, launch vehicles,
and ship hulls, it is possible to utilize Eq. (25) directly.

where

Structural Design Index

The results given by Egs. (25) or (26) in terms of the struc-
tural design index are useful for two separate purposes, as

demonstrated in Ref. 15. In one case, it provides a common
basis for the evaluation of minimum weight materials and
structural configurations. Secondly, it permits important
generalizations concerning structural design trends among
various vehicle types regardless of size.

As a specific example taken from Ref. 15, surface ship hulls
and aircraft wings and tails can be characterized in an ideal-
ized form as stiffened box beams under bending. Minimum
weight design results for wvarious materials in optimized
stiffened box beams are summarized in Fig. 6 in terms of the
appropriate design index

D, = M/hw = N/h (27)

Also shown in Fig. 6 are maximum design index ranges rep-
resentative of various types of vchicles. Such data have
been gathered from a broad range of actual designs, and for
box beam structures these data characterize the maximum
values of the design index, at the midship section for surface
ships and at the root section of aircraft wings and tails.

In a similar manner, aircraft fuselages, missile, and launch
vehicles can be characterized as stiffened cylinders under
bending or axial compression. Here, the design index is

D: = 4N/d (28)

Typical results in terms of this index are also shown in Fig. 6
for optimized longitudinal and frame-stiffened cylinders of
various materials.  Also shown is the maximum design index
range corresponding to aireraft fuselages, missile, and launch
vehicles.

As a final example, submarine pressure hulls can be treated
as cylindrical pressure vessels under external pressure in terms
of the design index

Figure 6 displays typical results for optimized stiffened
cylinders of various materials in combination with the current
design index range for deep-submergence pressure hulls.
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The foregoing examples serve to indicate the comparative
efficiencies of various materials in optimized structural
components, and become particularly meaningful when
related to the maximum design index range associated with
various vehicle applications. From Fig. 6, it is quite apparent
that the efficiencies of materials as used in current and pro-
jected fuselage, missile, and launch vehicle designs, and sur-
face ship hulls are governed by stability limitations, Thus,
improvements in materials are to be sought in terms of density
and modulus. On the other hand, density and yield strength
improvements are to be sought for supersonic aircraft wings
and tails and deep-submergence pressure hulls as indicated
in Fig. 6.

Directions for Materials Improvements

The rather surprising design generalization that emerges
from Fig. 6 is that various structural applications are char-
acterized by rather narrow maximum design index ranges.
It is this fact which permits valid conclusions to be drawn
regarding directions for material improvements in terms of
stability or strength limitations for both current and pro-
jected designs.

The general structural design situation displayed in Fig.
6 can be summarized as shown in Fig. 7 in terms of possible
directions for reduction of the structural weight fraction.
If a given design application has a design index range corre-
sponding to Dy, design, structures and materials (density,
modulus) improvements can lead to greater weight/strength
efficiency. On the other hand, for the design index range
corresponding to Dy, only material improvements (density,
yield or ultimate strength, duectility) can contribute to im-
proved weight/strength efficiency.

In summary, then, starting with the generalization that
the function of a vehicle is to efficiently {ransport a given
payload a given distance, the structural weight fraction has
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been identified as the factor most sensitive to structures
and materials improvement. Furthermore, the value of
structural weight saving over the life of the vehicle can be
large and thus relatively large costs can be expended in such
endeavors. Analysis of the factors comprising the strue-
tural weight fraction has led to the important generalization
that the structural design of the vehicle or its major com-
ponents is characterized by rather narrow ranges of the
maximum design index. It is this factor which dictates
the specific improvements in materials (or structures) that
can result in a meaningful reduction of the structural weight
fraction.
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