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Abstract

A parametric study was made to establish relationships between performance
characteristics (power-to-weight ratio, structural-member-section dimensions,
structural resonant frequencies, deflections due to inertia loads, and structural-
member stresses) and changes in design parameters for a large area solar array
(LLASA) design concept. Variations in design parameters considered in this study
include overall geometric scaling of subpanel planform, aspect ratio scaling of
subpanel planform, scaling of applied inertial loading, changes in structural
material properties, and changes in nonstructural weight.

A computer program was developed to provide results of the parametric study
in both tabular and graphical form. The graphical results are presented in a cata-
logue of plots which can be used to provide “quick look” evaluations of the charac-
teristics to be expected for any new array design which incorporates the basic
features of the existing LASA design concept. These plots also illustrate the
possible disadvantages (or advantages) associated with alternative (other than
beryllium) structural materials.

The parametric study results are not intended as a substitute for a complete and
detailed structural analysis which still must be performed for any array to be used
in a spaceflight mission. These results can be used, however, as a guide during the
preliminary design phase to establish the first estimate of a suitable design to
satisfy specified mission requirements.
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A Parametric Study of Variations in Weight and Performance
Characteristics of Large-Area Solar Arrays

I. Introduction

A program to develop and demonstrate the technology
required to produce a large-area solar array (LASA) for
spaceflight applications has been pursued for the past
two years by the Boeing Company under JPL Contract
951653. The specific objective of this effort is to demon-
strate the capability to produce a 50-kW array (at 1 AU)
with a power-to-weight ratio of at least 20 W/lb, and
capable of meeting performance requirements associated
with a hypothetical solar electric propulsion mission to
Mars.

Results of this development program to date suggest
that its objective can be achieved; in fact, a significant
portion of the required technology has been demon-
strated. Among the more outstanding items of new tech-
nology resulting from this program are a method for
fabricating relatively long, low-weight, structural beams
made of beryllium, and the development of low-weight
substrates composed of stretched fiberglass ribbons.

It has been suggested that all, or part, of the tech-
nology developed in the LASA program could be applied
in a variety of future spaceflight programs, both un-
manned and manned. In order to investigate this possi-
bility, a study program was initiated in the second quarter
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of FY 1968. One phase of this applications study was a
parametric study, which is the subject of this report.

Il. Objective

The objective of the present study is to investigate the
variations in array performance characteristics resulting
from changes in mission requirements, geometric con-
straints, material properties, and loading conditions.

lll. Parametric Study Approach

The basic approach followed in this study was to
assumne that the weight of a solar array can be associated
with either structural (load-carrying) elements or non-
structural elements. The structural elements were further
classified as beams, whose principal elastic action is asso-
ciated with bending, and fittings, which transmit loads
between beams. It was further assumed that the non-
structural elements of an array are uniformly distributed
over the structure (whether it is in the stowed or deployed
configuration). Since the solar cells, substrate, cover
glasses, and electrical leads constitute a large portion of
the non-structural weight, and these items are, indeed,
quite uniformly distributed, the latter assumption is gen-
erally not seriously violated. Design loads for structural



members are assumed to be associated with inertial
loads (e.g., in ground vibration tests).

An essentially dimensional analysis approach was taken
to determine appropriate scale factors which must be
applied to the structural elements (beams and fittings)
when design conditions are changed. Design conditions
which can be varied in the parametric study include
material elastic and strength properties, inertial loading,
and overall panel dimensions (length or width, or both
independently).

IV. Analysis
A. Cases With Overall Scaling

The total weight W, of a reference array can be broken
down into three components, that is

W, =Wy + Wy + W 1)
where

W3, = weight of the structural beams
Wy, = weight of the structural fittings

W, = weight of all non-structural material
and the subscript 1 refers to the reference array.

Consider a second array, dencted by the subscript 2,
which differs from the reference array in geometry, mate-
rial properties, and applied inertial loading. The total
weight W, of this second array can be decomposed sim-
ilarly as

W, = Wy + sz + Was (2)

and the ratio W = W,/W, of the total weights of the two
arrays can be written as

— sz sz an
W= W, + W, + W,
— sz Wb1 sz Wf1 an Wm
Wb1 W1 + Wf1 W1 + va Wl (8)

The beam, fitting, and non-structural weight ratios ap-
pearing in Eq. (3) can be expressed in terms of material
densities and volumes to yield

Por Vb Pr1 Os1 Pni OUny

where
a= “‘;}” = fraction of the total weight of the
' reference array contributed by the
structural beams,
b= Wi fraction of the total weight of the
W, .
reference array contributed by the
structural fittings,
c= W _ fraction of the total weight of the
W, .
reference array contributed by the
non-structural elements,
and

v = volume of the component indicated by
subseripts.

Since the non-structural weight is assumed to be uni-
formly distributed over the panel surfaces, it will be
convenient to. express the non-structural weight ratio in
terms of mass per unit area rather than mass per unit
volume; that is

P Owz _ 52 A
Pn1 Upy s Ay
where
§; = mass per unit area for array 1
and

A; = area of array i

In order to further simplify the notation, let

_ Pb2
oy = P22
Pu1
_ Pr2
Pr= =
P

(¥
Ub pearnd .._bE
Up1

v
Uf}_
Y
$1
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and

Equation (4) can now be written as

W = apyvy + bpsos -+ csA (5)

Now consider the following geometric scale factors:

Ao = beam section overall scale factor,
As: = beam section material thickness scale factor,
Ao = fitting section overall scale factor,
X = fitting section material thickness scale factor,

X; = panel overall scale factor

Using these scale factors, Eq. (5) can be rewritten as

W = APpAporpiAl + bpf)\fg/\ft)q + csA

= APpApoiptAl + bpf/\fo)\ft/\z + C-S')\Z; (6)

Relationships can be established between the geometric
scale factors appearing in Eq. (6) and the ratios of
stresses or deflections of the structures; that is, for iner-
tial loading, beam bending moments are related by

M,
M; = AW

where A, = ratio of the acceleration loading of array 2
to the acceleration loading of array 1.

The corresponding ratio of beam maximum bending
stresses is

Ob2 _ M;c; I,
O M,c, I,

The beam section moments of inertia are related by

Ibz —— 13
Ibl o Abo Abt
so that
Ob2 Az Ay
LI S 7
b1 b, Abt ( )
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Similarly, the fitting stresses may be related by

Of2 )\a AL W (8)
o1 )L}zo Aft

Array deflections due to beam bending are related by

31,2 Eb1 Ibl
. —_ W ol ).3
8In o Eb2 Ibz .
A Al Ep
= 9
Aps A3, Epe ©)

Similarly, the array deflections due to bending of the
fittings are related by

afz . '\GA% Ef1
3f1 Ase )\?o Efz

(10)

Critical buckling stresses for the beam sections and the
fitting sections are related by

Tcb2 )‘it Ebz
= 11
o A}, En (11)
and
Tef2 — )\%t Efz (12>

Oef1 Af, Epn

Elastic mode frequencies are proportional to the square
root of the ratio of stiffiness to mass. Assuming again, as
was done in considering deflections, that the stiffness is
due to the beam bending stiffness and the fitting bending
stiffness, the ratio of elastic mode frequencies could be
written, in theory, in terms of ratios of beam bending
and fitting bending stiffnesses. An explicit relationship of
this type would require an intimate knowledge of the
relative effects on overall stiffness due to the beams and
the fittings, and would, in general, be quite difficult to
obtain. For the purposes of this study it is assumed that
two pseudofrequency ratios can be defined as follows:

w2 _ Eys Iy, i
wp1 Ey Iy W

or

wpz _ [ Eys Ay Avt \
wp1 - <Eb1 )\;W > (18)



and

Wiy — Ef2 Ifz a
wf1 Efl If1 )\% W

_ <Ej2 A?o )\,ft Yo

“\Ep MW (14)

Note that the frequency ratio given by Eq. (13) is that
which would be obtained by assuming that all stiffness
is associated with beam bending, whereas the latter
ratio, given by Eq. (14), is associated with fitting stiffness.

Equations (6-14) are a set of nine equations involving
the thirteen unknowns: W, X, Ast, Afe Ast, 0b2/001
072 /01, Tevs/Ocb1, Ocra/Ters, Ob2/8v1, 8r2/3f1, wpe/wpy and
wrs /or. Two additional equations can be written imme-
diately by requiring equally critical stresses with respect
to buckling for the two designs, i.e.

Cche Oh2

Teby - T2 15

Och1 Op1 ( )
and

Gefz . Gl2 (16)

Ocf1 Of1

The remaining two equations, required for a complete
set, are obtained by considering particular design condi-
tions. Three such design conditions were considered in
the study. The conditions and resulting equations follow:

1. Deflection-limited design—condition A. If array de-
flections are critical (e.g., due to shroud envelope con-
straints) one may wish to specify the ratio of deflections,
that is

sz

—== =8

5 (17
and

LI (18)

8]1

Equations (6-18) can now be solved for the above-
listed thirteen unknowns. Elimination of all unknowns

except W yields

-5/9
W — apbs-vs )‘3/9 )\%0/9 (%22) Ws/e

b1

] E -5/9
1

or

, E 5/9
w — 8-1/3 )\2/9 )\%7/9 [GPM{“ <Eb1>
b2

5/9
+ b ps (g—;l) ] We/2 — csA; =0 (19)
2

Having obtained the weight ratio W from Eq. (19),
the other unknowns can be computed from

Aot = (xa W g’;z)/ (20)
ve= (e ) o @
Mo = A% <%f gg)m Aso (23)
Tz Aadi (24)

oh1 A2, Aot

Of2 _)‘12)9’\“ Obz (25)

orn A At om

2=(3) )
and

2. Stress-limited design—condition B. 1f bending
stresses constitute the critical design condition, one may
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wish to specify relationships between the margins of
safety for the two designs in the form

Op1 Oyh

and
252 — , Juz (31)
O Tyfr

where

oysi = yield stress for beam material for array i,
and
oyri = yield stress for fitting material for array i
Equations (6-16) and Egs. (30-31) now consist of

thirteen equations in the previously listed thirteen un-
knowns. Again, the elimination of all unknowns except

W yields
e E 1/6
W — p2/3 ) 5/3 2 Dbt
e (225) (22)

Ya E 1/6
+ b ps (L LY wers
pf (kgﬂyfg) (Efz

—csAaz =0 (32)

The other unknowns are obtained as follows:

— Eb1 i
Aor = [ AW E, (33)
2
1 oy [ Ep\* 7™
= Va | o YoL f 02
Ao (AW\IW) [k1 Tybz (Elu) :I (34)
Ey Ep\*
Ae = E:‘E;‘) At (35)

Afo = [ZC}- e oy (Hon -E—fz) * ] ) Avo (36)

kz Oyb1 Oyfz

Jebz — b2 (37)
Geb1 Ob1
Gez . 912 (38)
Oef1 Of1
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_§b_2___ MA-% EbIW

81 At Ado Epg (39)

8f2 )\a)t% Ef1

=W 40

81 MeAfo Ep (40)
Ve

2vz ( e _g_?zl_) (41)

wp1 b2

and

wfs 8!1 %1

— =2 S (42)

Wf1 f2

3. Frequency-limited design—condition C. If the elastic
mode frequencies are critical for the contemplated de-
sign, one may specify the frequency ratios, that is

22—k, (43)
wp1

and
&2 =k, (44)
wf1

Equations (6-18) and Egs. (43) and (44) can be com-
bined to give

W — k2/3 \2/9 \11/9 | g N _E_”_l_ 5/
3 @ 1 Pb 1 Eb2

+ bpy (%>/] W —esi =0  (45)

and the other unknowns can be obtained from

Ebl pY:Y
Ayt = (MMW E, ) (46)
2
k2 a2 W Ebl)‘/s
Apo = (2t ~ 47
’ < At Eb2 ( )
Ef1 ¥
App = ()xa/\zW ‘E}—' (48)
2
k2 x2 W Ep, )‘/3
Afo = Ao R 49
! ( Arg Ep (49)
o M W
ob1 Af, Ast (50)



52 AW 51
of1 )L?a Ast ( )
Ochbz __ Ob2 (52)
(231 Op1
Gef2 - iz (53)
Oefy 1
sz — Ag
8b1 - kg (54)
and
8f2 sz
U Dz 55
3[1 8b1 ( )

B. Cases With Aspect-Ratio Scaling

The previously developed equations imply an overall
geometric scaling factor A applied in both directions.
Geometric scaling by different factors in the two direc-
tions requires a slightly modified treatment. For such a
development, it is required to divide the total array
weight into two parts, each associated with one of the
scaling directions. The reference array is broken into
components such that the governing equations, analogous

to Eq. (1) become
; (56)

where the subscripts are the same as defined earlier and
the superscripts refer to the two directions to be scaled.

Wi = Wi+ W+ W,

W, =W; + Wi + W/,
and

W, =WH4 + WY

Similarly the weight breakdown of the second array
can be defined by:

Wi =W+ Wi + W, 2

W, =W, + W[, +Wj, (57)

and
W, =W¥ + W7

Using Eqs. (56) and (7), the ratio W = 37 of the total
1

weights of the two arrays can be developed as follows:

H H H H
Wl W Wi, wi

WH = =
N T R

H H H H H H
. sz Wbl sz Wfl an Wm

S OWE WP WE WE T WE W
(58)
Similarly,
WV: WZ — WXZ + W}Iz 4 sz
wy o wy o wy o Wy
_ Wy WL W WL W WY
wi, o wy o Wi wy WL WY
(59)
and
W, wi + WY
W = =
W, w# + Wv
wH wv
= v+ H
3 1
1+ W W + 1
or
wH wv
W=7 1 (60)
1+ 5
where
A= Wi
= W

Expressing Egs. (58) and (59) in terms of material densi-
ties and volumes gives

WH:aH.p.ﬂ. _%.Z_H—’_bH_pf_z .%H+C_F)L2.&L1H
Po1 \ Up1 Pri \ Un Pri \ Unma

(61)
and
W7 = qv P2 (02N v P2 (0N Pz (O
Po1 \ Up: Pr1 \ V51 Pr1 \ Un
(62)

Where the counstants a”, b, c¥, a¥, b", and ¢V are an-
alogous to those used in Eq. (4), with the superscripts
denoting the scaling direction, i.e.,

H
—7 = ratio of the weight of the reference
! array structural beams along the H-

directions to the total reference

a? =
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array, effective weight in the H-
direction, etc.

By introducing the simplified notation used in Eq. (4),
Egs. (61) and (62) can be written as

WH = afpyolf + b" pyol + ¢t sA” (63)

and

W7 = a"pyo} + bY pro} + c” sAY (64)
Equations (63) and (64) are analogous to Eq. (5).

Examination of the constants a”, a¥, b”, b”, ¢¥, and ¢
used in Egs. (63) and (64) indicates that the reference
array weight must be divided into weights associated
with the H-direction and weights associated with the
V-direction as indicated by Eq. (56). W ¥, W}, W and
W7, are determined simply by considering the weights
of the beams and their associated fittings along the H
and V directions. In order to determine W and W7, and
hence define all the constants of Eqgs. (63) and (64), it is
required to divide the nonstructural weight of the array
into two parts, namely W/ and W? . For the purpose
of this analysis, it has been assumed that for each panel
the nonstructural weight may be divided proportionally
to the ratio of the panel dimensions H/V. Since it is
assumed that the nonstructural weight is distributed uni-
formly over each panel, the effective panel areas are
divided proportionally.

Consider the two panels:

2
<————H]—>
V. v, A
1 |(REFERENCE) 2 2
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For each panel

Al H, _
VA
and (65)
Al H,
AY TV,

Where the superscript on the area terms indicates the
direction of the effective area and r, is the aspect ratio
of the reference panel.

Geometric scale factors may be defined as

Ay = H,
H — H,
and (66)
Ay = Ve
v = V,
Then
A, = AP + A7
(67)
A, = A + AY
and
A, = Au v Ay (68)

Combining Egs. (65-68), the following relationships can
be derived:

. !
Al = 147 A l
(69)
1
V= —
Al 1+ Ay S
/\H Ty
An =2 A,
2 )\,V + A,H 1'1 1 (70)
Ay
Vo o
A2 Av -+ Xyt A2 5
AY 1+7r
H — 2= 1 2
A Af A.V + )\,H 71 )\'H /\V
and (71)
A7 1+
V = N oL L S 2
A AV At dam A A



To extend the same type of relationships for an array consisting of a collection of panels having different aspect

ratios, consider the following two arrays:

r———~H]——————> fq-Hz——p

.
<
<"

K
K - r2
K L EaAAR ]
|~ PR §
(REFERENCE)

In the reference array, consequently there will be
let there be m panels having dimensions H, by V, m panels having dimensions H, by V,

n panels having dimensions H, by K, V, n panels having dimensions H, by K,, V,

r panels having dimensions H, by K, V, r panels having dimensions H, by K, V,

Proceeding in the same manner as for the single panel, the corresponding relationships are:

i — m n K, rK, )
AL Alrl(l—kn + K, + 1 + K, + 1

AV—A< m nkK2 rKf:)
p T A

1+7 + K, + 1, + K, +n

H — 32 m nK, K, )
A= kVAlrl(Mf + Auty + MKy + Xty + AvKy + Aty

VY L. S S
? VM s MK F e AWK Ay
m nk, K,
AF = 2 3, M + Auty + MK, + Ayry + xyK, + Apry
= AL Ay
m_ nkK, + 7K,
1+ Ki+r, K. +n
and
m nK2 rK2
A = ag s Xy + Auty + MK, + Ayry + MK.’ + Aty _
m nK; K2

1+r1+K,.+r1+ K. +nr

(72)

(73)

(74)
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While Eq. (74) has been derived specifically for the
Boeing LASA type configuration, the relationship is gen-
eral and can easily be extended to other configurations.

On the preceding page r; is the aspect ratio of the
largest reference panel and Ay and Ay are the geometric
scale factors for the largest panel.

WH and WYV, can now be obtained using Eq. (72).
Thus, W# and W7 are determined and a”, a’, b", b7, c¥,
and ¢¥ can be found.

The following scale factors are now introduced.
Al = section overall scale factor for the H-direction

beams

A} = section overall scale factor for the V-direction
beams

M, = section material thickness scale factor for the
H-direction beams

A}, = section material thickness scale factor for the
V-direction beams

M, = section overall scale factor for the H-direction
fittings

Xy, = section overall scale factor for the V-direction
fittings

A, = section material thickness scale factor for the
H-direction fittings

A}, = section material thickness scale factor for the

V-direction fittings.

In terms of the above scale factors, Egs. (63) and (64)
can now be rewritten,

WH = a¥ py ML A Ay + DY ps A2 A, Ay + cPsAY (T5)
and

W7V = a" py A}, A}, iy + BY ps A, M), Ay + cTsAY - (76)

The derivation of relationships between the geometric
scale factors of Egs. (75) and (76) and the stresses and
deflections of the two structures are analogous to those
derived in Eqs. (7-16). One set of .these relationships
is required for the scaling in each direction.

1. Deflection-limited design—condition A. It will be
assumed that the deflection ratio will be the same for

JPL TECHNICAL REPORT 32-1337

each of the two directions, for both the beams and fit-
tings, i.e.

S\ _ (Y _ (32 _ [(32Y _
<8b1) <8b1) <8f1) B <3f1 5 (77)
The following two equations in W¥# and WV result:

, E 5/9
WH — §% \3/9 \37/0 l:a”pb)\,’f <"1TI:;)

E
H 11
b pf(E

fe

and

WY — §-% x5/9 179 | gV p, \ 72 E3 \*7°
o My Poiry Eo,

H Efl 59 V\6/9 — AVe AV —
+ bfp, % (W7) cVsAY =0 (79)
f2

Having solved the above equations for W# and WV, W
can be obtained using Eq. (60). The other pertinent fac-
tors can now be obtained from:

n = (rangwn £} 80
Ape = | Aadn E;, ( )
v o= (oW Bx)” 8
Ay = v Ey, ( 1)
)\a)\il WH Eb 13
H — [ *# . 1
Moo < 8)‘I;t Ebz) (82)
/\a)t?; W7 Ey\*%
V = —
= () (%)
Ebz Ef1 i
H o H
= (F2Es) M 849
Ebz Ef1 v
v o— 4
o= () (55)
Ebz Ef1 /0
H — y-% 1 H
= (FEge) % )
Ev, E;\*/®
Vo o— - v
weat () e
Th2 H — )\a)\H WH (88)
o5 (Ago)* M3



o) _ __dAv gy
() AU (89)

(90)

) -ty
oBEE

)? AT

and

©fs H wfs v /\a Yo
G2y = ey = (2 97
<wf1) Wiy 8 ( )
2. Stress-limited design—condition B. The margins of

safety for both directions will be assumed to be equal for
the beams as well as the fittings. Hence,

(ﬂ)” = <ﬁ2_>v =K, 22 (98)
Op1 Oh1 Tyb1
and
<ﬂ>H = <.."f_2>v = K, 22 (99)
o o Oyf1
The two equations analogous to Eq. (32) now become
v [ E 1/6
WH — \2/3 )\5/8 H Oyb1 2
¢ A [Cl Py <K10yb2> <Eb2

Yo /
(i) (8 oo
(100)

10

and

v /R 1/6
WYV — x2/8 )\3/8 | ¥ Tyb1 b1
Au )‘H l: pe <K10'yb2 Ebz

+ bVPf <K0'yf1 )Vz (%f_}_)l/ﬁ] (WV)Z/:i — CVSAV —_— 0
20 yf2 f2
(101)

Here again W can be obtained using Eq. (60). The perti-
nent factors can now be determined from

A= (M)\HW” g:) (102)
Mpe = (MAVWV gzl) (103)
M= (MAHWH> [ Ié %@:i)/]/ (104)
= (3 ) (105)
N = (%— E—f’:) Y (106)
\, = @: 31)/ 4 (107)
0= (3 m) A (109)
Ochb1 Ocb1 Oyb1
("C"“)H= <"—’>V K, 22 (111)
o)~ \oen P
(52 = o 2™ 12
ko
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8}“2 o )‘“)‘?1 Eh
Sy - T B R ywH 114
(32) = 2 4
812\ ANy Ep
3\ = v _En 15
(8f1> A (ML) Eps (115)
H - HYz
Y- [-(:
w1 |\ Oee/ |
wpe )4 I 81)1 V]2
Yoz} o 117
() =[G ()
H - H2
() =[~() (16
Wfy | 8]‘2 _
and
v vT}va
<212_) - [M (%) :l (119)
Wi 8}2

Note that there are four pseudofrequencies for the stress
limited design.

3. Frequency-limited design—condition C. It is as-

sumed that the frequency ratios for all four pseudofre-
quencies will be the same, ie.

H 14 H v
Wh2 [ wb2 — [ Wfe . wf2 =K
—_ Il s — S — Ivg
W1 wph1 wfi wf1

The two equations analogous to Eq. (45) are,

. s (En)”
— ke | o <E—>
b2

+ bp; (g—“)”] (WH)/s — cisA® =0 (120)

12

and

. E..\%/9
WY — K2/t /o \yo [a"p \p (ET)

+ bYp, (%2-)/9} (W)/o — cVsAY =0 (121)

The other factors can now be determined from

s = (W " (129)
bt a H Eb2
Vo= v Ebl

A = v W (123)
Ebz
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and

81)2
8b1

bo )szt Eb2

A (A WT\®
'):1’ —)‘?t- WH Ao
Ej1 Vs
Ey,

Vo= 1% VEfl »
Apg = Aad"W “E’f—z

v
Age =

M= (Aah”W”

)\.H Efz
)\}Io - <K23}\%’Tjﬂfv _E—fi>
A’ft Efz

A WH
(A5o)* Mg

— Aady WV
()\11110)2 )‘gt

— A WH
(A7) AT,

_ Aoy WY
(/\}10)2 )\}’t

852 <af, _ (3
8b1 8!1 8]1

(124)

(125)

(126)

(127)

(128)

(129)

(130)

(181)

(132)

(133)

(134)

(135)

(136)

(137)

(138)

V_ /\«a

In most prospective applications of large area solar

arrays, weight is of critical concern. The power-to-weight
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ratio P then, is one of the most significant parameters.
The power-to-weight ratio P, for array 2 can be written

p., = Baz As Pus

TP AW

_ P, )\HI\VPE
= = e Py

P, W (139)

where
P,, = power per unit area for array 2

P,, = power per unit area for array 1

and
Pp; = power-to-weight ratio for the reference array
If the same type solar cells are used on both arrays, the

ratio P,./P,, becomes unity, and

- An Ay
W

Pr (140)

V. Parametric Data

The pertinent equations for each of the three design
conditions were programmed for the IBM 1620. The pro-
gram is described in detail in Appendix A. Dimensionless
parameters were established for each of the design con-
ditions. These parameters differ for each condition since
the applicable equations differ in their form.

The program calculates all pertinent parameters which
are developed in the analysis. The more important of
these, the power-to-weight ratic Pg,, the stress param-
eter S, the beam scale parameter B, and the frequency
parameter F, are plotted as functions of the material and
load parameter H for each of the three design conditions.
Material property values for the independent parameter
H were chosen to include most currently available can-
didate materials. The parametric data is presented for
the condition of identical materials used for both beams
and fittings.

For purposes of this study, for the deflection limited
case, the deflection ratio § was assumed to be unity. For
the stress limited design, the allowable stress ratios K,
and K. were each assumed to be unity. For the fre-
quency limited design, the frequency ratio K; was
assumed to be unity. or all design conditions the ratio
s of nonstructural weights per unit area is unity.

12

The data is presented for a range of both the lateral
scale factor Ay and the longitudinal scale factor Ay from
0.4 to 1.6 in increments of 0.2, The data is arranged such
that for each design condition there is one set of plots
for each lateral scale factor A,. The plots for the deflec-
tion limited, stress limited, and frequency limited condi-
tions are presented, in that order, in Appendix B.

The power-to-weight ratio, identical for all design
conditions, is given by

- An Ay Ppy

PI(’,2 W

For each of the three conditions, the pertinent param-
eters are defined in the following subsections.
A. Deflection-Limited Design—Condition A

The material and load parameters are defined as

Ep: \%/? Po1
H={== P A e
(Ebl) “ Pee
The stress parameter is defined as
§ = (En\" (a2}
Ebz b1

Where the superscript f is either H or V such as to give
the larger value of S.

The beam scale parameter is defined as

[ Ep\¥?° ;
B = (Eln) Ao

where the superscript j is either H or V such as to give
the larger value of B.

B. Stress-Limited Design — Condition B

The material and load parameter is defined as,

Ep\V¢ [ oypa \ 7 Po
H = yo2 A'—Z/S a2
(Em ) < o'ybl) ¢ Pwe

The deflection parameter is defined as

Ey Oybz Sp1
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where f is either H or V such as to give the larger abso-
lute deflection in the new design.

The beam scale parameter is defined as
Eb1 178 Tybz ®
B = LR j

()" () e

where f is either H or V such as to give the larger value
of B.

The frequency ratio is defined as

8b1 il
F = )“/3 e
¢ [( 3bz) ]

where { is either H or V such as to give the lower abso-
lute frequency of the new design.

C. Frequency-Limited Design — Condition C

The material and load parameter is defined as

H = (E=\""\m P
Eyy ¢ pre

The stress parameter is defined as

S = En\"* (a0’
Eb2 (231
where § is either H or V such as to give the larger value
of S.

The beam scale parameter is given as
_ (En\*
B = ( Ebl ’\bo

where j is either H or V such as to give the larger value
of B.

VIi. Conclusion

The parametric study computer program can be used
in two fundamental modes. The printout mode can be
used to provide performance and scaling parameters for
a specific configuration (or a number of specific config-
urations) which are considered as candidates for a par-
ticular mission application. This mode might be used, for
instance, when the assumptions made to generate the
plots (Appendix B) are seriously violated, or when a
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drastically different design is to be used as the reference
design.

The plotting mode, which was used to generate the
parametric curves, is particularly useful in providing
quick-look information concerning the characteristics of
a contemplated new design. If the power-to-weight ratio,
vertical scale factor Ay, and the lateral scale factor Ay
are specified, the appropriate Pz, vs H curve will indicate
the minimum value of the material and load parameter H
which can be used. Conversely, if the material and load
factors are specified, this curve will show the resulting
power-to-weight ratio which one can expect of the new
design.

As indicated in Appendix B, the parameters H, S, B,
D, and F appearing in the plots are functions of material
properties (elastic modulus, yield stress, and mass density)
and the load factor A, In order to facilitate use of the
plotted results, these parameters have been evaluated
for a large number (49) of materials which may be con-
sidered for array structures, for a unit value of the load
factor A,, and unit values of the pertinent ratios (stress
ratio, beam scale factor, deflection ratio, or frequency
ratio). These “standard values” are presented in Table 1.

Use of the plotted parametric study results is illus-
trated in Fig. 1, in which abscissas corresponding to array
structures entirely composed of titanium 6AL-4V, 7075
aluminum, boron-epoxy composite, and beryllium, are
indicated. Figure 1, which is for the deflection limited
case and for a lateral scale factor of 1.00, illustrates the
potential large weight advantage of the beryllium struc-
ture over, say, aluminum, The all beryllium structure
provides a power-to-weight ratio of 24.3 W/lb compared
to 8.6 W/Ib for the aluminum structure (all for a vertical
scale factor of 1.00). Figure 2, for the stress limited case,
shows a much smaller weight advantage of beryllium
over aluminum. Also of interest in Fig. 2 is the significant
weight advantage of boron-epoxy over beryllium, for this
case.

When one considers the use of alternative structural
materials, the implications of the beam section overall
scale factor, stress ratio and frequency ratio should also
be investigated. Figure 3, for instance, indicates that if
the beryllium and titanium were replaced by 7075 alumi-
num alloy in the Boeing LASA design, a beam scale
parameter B of 1.26 would be required to maintain the
same maximum deflection. This parameter translates into
a beam depth physical scale factor (see Table 1) of

13
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Fig. 1. Typical variation of power-to-weight ratio — deflection-limited case

1.26/.729 = 1.73; that is, the aluminum beams would
have to be 73% deeper than the presently designed
beryllium beams. Thus, the aluminum design would re-
sult in a much more voluminous stowed configuration.

The catalogue of parametric plots, together with the
computer program developed in this study, provide a
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ready means of evaluating the performance and stowed
volume efficiencies of contemplated new designs based
on the Boeing LASA design. The computer program itself
is sufliciently general that it can readily be applied to
other array design concepts to determine the implica-
tions of overall geometric scaling, aspect ratio scaling,
inertial loads scaling, and changes in structural materials.
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Appendix A

Computer Program

I. Description

The program is written in FORTRAN II-D, and struc-
tured to operate on the IBM 1620, Model 2 computer,
equipped with 1311 disk drive, 1443 printer, 1627 plotter,
1622 card reader/punch, and 40,000 character (numeric)
core storage capacity.

The program consists of three linked mainline programs
and 13 subroutines plus library subroutines. The mainline
programs perform, for the most part, as control functions
only. Virtually all computations are done in subroutines.
This technique greatly simplifies program modification,
expansion, or adaptation to other computers.

Options are included in the program to allow maxi-
mum user control over mode of operation and parameter
selection. For example, studies may be made using dis-
crete (real) materials, or may be based on generalized
materials whose structural properties may be varied as
desired.

The program has been written using the equations
derived in the main body of the report.

The critical stresses of the two designs are allowed to
differ by a constant factor, to increase the versatility of
the program. Thus Eqgs. (15) and (16) of Section IV are
programmed as

Tch2 =K Ob2

Teh1 Op1

and

Ocf2 =K Tf2
Oeft (51

where the constant K is input data. For the purpose of
this parametric study, K was assumed to be unity.

A brief description of each routine follows:

Name Description
Study 1  Initialization link. Reads basic operating
constants, establishes storage requirements
common to entire program, and initializes
plotter.
18

Name

Study 2

Study 3

Read 1

Header

Out 1

Ex

Label 1
Label 2

Label 3

Solve 1

Description

Calls subroutines Read 1, Ex, Plot
Calls link Study 2

Computation link. Increments . variables,

calls input, output, and computational sub-

routines.

Calls subroutines Header, Out 1, Read 1
Solve 1, Case Al, Case Bl, Case C1

Calls link Study 3

Plotting link. Calls scaling, labelling and

plotting subroutines.

Calls subroutines, Scale 1, Label 1, Label 2,
Label 3, Plot

Calls link Study 2

Input subroutine. Reads and initializes var-
iables.

Heading subroutine. Prints appropriate
titling, listing of input parameters, and out-
put matrix form, dependent on mode and
case under consideration.

Output subroutine. Prints results, stores
plotting parameters on disk, and determines
mazxima and minima for plotting purposes.

Generates fractional exponents for use in
computations, (Allows refinement of expo-
nents throughout the program by changing
this routine only.)

Labelling subroutines.

Label plots with appropriate scales, titles,
and data.
Calls subroutines Plot, Char

Computes basic parameters used in solu-
tion of exponential equation, calls subrou-
tine to solve equation, and tests suitability
of results. (This subroutine contains the
coded equivalent of Eq. (74) derived spe-
cifically for use with the Boeing 1.ASA as
a reference. Considering one panel of the
total array, the reference consists of four
panels of dimension 97.7 by 159.4 in., six
panels 97.7 by 136.7 in., and three panels
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Name Description
97.7 by 118.2 in. Thus,
=063 m=4n=3r==6
K, = 0710, K, = 0.858
for which Eq. (74) simplifies to
0.527
H o —_
AT= N )‘V<AV + 0.613 Ay
+ 0.281
0.710 oy + 0.613 Ay
n 0.678
0.858 Ay + 0.613 Ay
0.604 14D
vV — —_
AT = iy <AV T 061317
+ 0.228
0.710 xy + 0.613 Ay
n 0.667
0.858 Ay + 0.613 Ay
Eq. (141) is coded in the program. Appro-
priate changes must be made to these
equations if a different reference design is
considered.)
Solve 2  Subroutine to solve exponential equation of

the form of Egs. (19), (32), and (45) for W
by the Newton-Raphson method. These
equations have the general characteristics
indicated below for the data considered.

F(W)

N "

An initial estimate of 20 for W yields ac-
ceptable solutions for most materials under
consideration with a reasonably small num-
ber of iterations needed. Iteration is termi-
nated when

l Wn+ - Wn

1 = 10-5
W | =0
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Unacceptable conditions result when the
computed value of W exceeds the range of
practical interest.

Case Al Computes Condition A (Deflection-limited
design) parameters

Case Bl  Computes Condition B (Stress-limited de-
sign) parameters.

Case C1  Computes Condition C (Frequency-limited

design) parameters

li. Input Format

Input to the program consists of constants followed by
data pertinent to the mode selected. Data cards 1-5 are
common to both modes and are formatted as follows:

Card 1 —Mode Selection
Format—1I1 (Single-digit, fixed-point field)

Allowable Data—0 (zero) or 1 corresponding to mode
desired:

Mode 0—based on generalized materials and iterated
by incrementing various material and dimensional
parameters. Results are printed and plotted.

Mode 1—Based on discrete material combinations. Re-
sults are printed only.

Note: (Card columns 2-80 are not used by the program
and may be used to identify the data set or to supply
other pertinent information.)

Card 2 —Reference Design ldentifier

Format—20A2 (40 alphameric characters)

Allowable Data—Up to 40 alphameric characters in
card columns 1 through 40, left-justified. Special
characters (/, =, —, +, %, (,), $, @, Period, Comma)
are permitted.

Cards 3, 4, and 5 —Basic Const‘cmfs

Format—S8E10.0 (8 10-digit exponential fields per
card)

Allowable Data—Numeric data including decimal
point. If exponents are specified, they must be right-
justified in the field. Exponents may be in any of the
FORTRAN II Forms, i.e., E =07, E =7, E7, =7.
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Field Assignment
Card 3—a¥, bH, ¢, a¥, bV, ¥, A, 1y
Card 4—P 11, Eypy, oyp1, Poa, E, oyss, Pri, 8
Card 5—K, K, s, Ky, Kz, X

Mode 0 requires 1 additional data card. Mode 1 requires
3 additional cards for each material combination.

Mode 0, Card 6-—Iteration Parameters
Format—4 11, 6X, 2E10.0, 9E5.0

Field Assignment (CC is used to indicate card columns)
CC 1-4—Case Selection, a single digit code identifies
the limiting parameter:

Case Limiting Parameter
1 Deflection-limited
9 Stress-limited
3 Frequency-limited

From one to three case numbers may be specified,

beginning in CC 1, in any sequence as well as indi-

vidually or paired (e.g. 123, 312, 2 (only), 21, 31, etc.)

Two control digits are available for flexibility:
0—(zero or blank)—Detection of a zero or blank
will cause execution to terminate at the conclu-
sion of processing of the previous non-zero case.
No re-start is allowed.

4—Detection of a 4 in CC 2, 3, or 4 will allow a
new set of iteration parameters (card 6 only) to
be read in and processed.

(Note: Detection of a blank (zero) in CC 1 will cause
execution to terminate immediately. A digit other than
blank (zero) or 4 in CC 4 will be treated as a blank and
execution will be terminated.)

CC 11-20—E
CC 21-30—a3

(Young’s Modulus of Beam Material)
(Allowable Stress for Beam Material)

CC 81-35—ay,,;, (Lower Limit of A4, Geometric Scale
Factor—See Eq. (66))

CC 36-40—\y,,, (Upper Limit of A4, Geometric Scale

Factor)
CC 41-45—A)y  (Increment of Ay)
CC 46-50—ay,,;, (Lower Limit of Ay, Geometric Scale

Factor—See Eq. (66))

CC 51-55—\y,,,, (Upper Limit of Av, Geometric Scale
Factor)

20

CC 56-60—A);  (Increment of Ay)
CC 61-65—py,,;, (Lower Limit of p;)
CC 66-710—ps,,,, (Upper Limit of p;)
CC 71-15—Ap;  (Increment of py)

Note: The parameter is initially set to the minimum
value and increased by the increment until it exceeds
the maximum. The minimum value must be specified.
If the maximum value and increment are not supplied,
the program will execute the computational sequence
for the minimum value and then transfer and increment
the next parameter or case selector, as appropriate. The
case selector, Ay, Ay, and p, operations are “nested” such
that p, cycles most rapidly and the case selection least
rapidly.)

Mode 1, Card 6*—Beam Material Parameters

Mode 1, Card 7*—Fitting Material Parameters

(*These data cards have identical formats)

Format 20A2, 3 E10.0

CC 1-40 —Material description. Up to 40 alphameric
characters. Special characters (see card
2) are permissible.

CC 41.50—E,; or E; (Young’s modulus for beam or
fitting material as appropriate, psi)

CC 51-60—o; or o; (Allowable stress, psi)
CC 61-70—p, or p; (Density, 1b/in.?)
Mode 1, Card 8—Geometric Scale Factors
Format 2E10.0

Field Assignment

CC 1-10 —xy4 )
CC 11-20—x, See Equations (66)

The program will read and process the data sequentially
through the deflection limited, stress limited, and fre-
quency limited cases. Data sets (cards 6, 7, and 8) will
continue to be read-in and processed as long as supplied.
Execution may be terminated by causing a monitor con-
trol record (e.g., “End-of-Job” card) to be read in place
of data cards, or by standard console procedures.
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Appendix B

Numerical Values

The numerical values used in this parametric study  then
were obtained from the results of the Boeing LASA pro-

gram. WY
A= W;;— = 182—,72} = 1.404
The Boeing LASA configuration employs beryllium :

beams and titanium fittings for its main structural ele-

ments. The substrate is composed of stretched fiberglass and
ribbon.
WH
- L o=t 815 a0
The pertinent information is contained in Boeing Re- W5 T 874
port D2-113355-4, of October 1967: Large Area Solar
Array. The data follows:
rray. The data follows i WL 69 0070
=
Total weight W, = 2101 Ib wi  8i
Horizontal beams Wi =38151b W2 490
_ nl__ —
Vertical beams Wy =3611b o= WH ™ 874 0.561
Horizontal fittings Wi =691b
Wi _ 86l
Vertical fittings w7 =168 Ib a’ = W7 = a7 0.294
. 1
Non-structural weight W + W7 = 11881b
Wi _ 168
From Eq. (72), with b = W—fv— = To57 = 0.187
1
m= 4 ry = 0.613
14
n=3 K, = 0.710 CV:%:%%:O_569
r=6 K, = 0.858 '
A7 = 4653 A, The following material properties were used for the
Boeing LASA desi
AV = 6.626 A, ocng esign
AY Ey, = 4.31 X 107 psi
= 0.702 '
A7
then Cyb1 = 5.50 X ].0‘1 psi
H H
%;’i = é—%’— p=—i 0_702 pb1 - 0.066 lb/in.3
nl 1
W7 = 6981b

ayrr = 1.30 X 10° psi
Using Eq. (56
g Bq. (36) prn = 0.160 Ib/in.?
Wi =(315+69 +490)1b = 874 1b

The power-to-weight ratio for the Boeing désign was
W7 = (361 + 168 + 698) Ib = 1227 1b taken as 21.8 W/Ib.
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Appendix C

Parametric Plots

Design data, in the form of plots, are presented using parameters defined in Section V. In the plots, both xy and
Ay-vary from 0.4 to 1.6 in increments of 0.2

I. Deflection-Limited Design—Condition A

Each set of constant values of Ay contains three graphs plotted for the dependent parameters Py, B, and S, defined
in Section V-A; these are plotted vs the independent parameter H for constant values of Ay.
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ll. Stress-Limited Design—Condition B

Each set of constant values of Ay contains four graphs plotted for the parameters Pz, B, F, and D, defined in Sec-
tion V-B; these are plotted vs the parameter H for constant values of Ay.
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lli. Frequency-Limited Design—Condition C

Each set of constant values of A4 contains three graphs plotted for the parameters of Py, B, and S, defined in Sec-
tion V-C; these are plotted vs the parameter H for constant values of ;.
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