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ABSTRACT

This report describes improvements and extensions to the RESIST computer
program, developed previously, for determining the normalized modal
stress response of Shuttle insulatibn tiles, The new version of RESIST ean
accommodate primary structure panels with closed-cell stringers, in addition
to the previously developed eapability for treating open-cell stringers, In
addition, the present version of RESIST numerically solves vibration problems

several times faster than its predecessor.

A new digital computer program, titled ARREST (Acoustic Response of
REusable Shuttle Tiles) is also deseribed. Starting with modal information
contained on outpui tapes from RESIST computer runs, ARREST determines
RMS stresses, deflections and accelerations of Shuttle panels with reusable
surface insulation tiles, Both programs are applicable to stringer stiffened

structural panels with or without reusable surface insulation tiles.
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Section 1
INTRODUCTION

This report describes extensions to vibration and stress enalysis work

performed on the Space Shuttle thermal protection system (Reference 1), These

extensions aré concerned with impreving the strueturel idealization and
computational efficiency of the modal response program, and developing an

associated acoustic response analysis capebility.

In the initial work, an efficient iterative procedure for the vibratien
and modal stress analysis of Reusable Surface Insulation (RSI) of multi-tiled
Space Shuttle panels was presented. The method, whieh is quite general, is
rapidly convergent and highly useful for this applieatien. A user-oriented
computer progranm based ﬁpon this procedure and titled RESIST (ggusable Surface
Insulation §Eresses) was prepared for the analysis of soft-bonded Shuttle
insulation tiles attached to stringer<stit ened pamnels, RESIST, which useés
finite element methods, obtains three-dimen. ional tile stresses in the soft
isolator and RSI materials. In addition, the program can treat non-uniform

temperature~dependent material properties in the tiles. Two-dimensional

" gtresses are obtained in the tile éaating and the stringer-stiffened primary

structure plate. A special feature of the program is that all the usual
detailed finite element grid data is generated internally from a minimum of
input data. The program can accommodate tile idealizations with up to 850 nodes
(2550 degrees-of-freedom) per tile and primary structure idealization with

3000 nodes. The vibration capability of this program was made feasible through
development of a new rapid eigenvalue program named ALARM (Aubomatie Lirge

Reduction of Matriees to tridiagonal form) which ean handle primary structure

idealizations with up to 15,000 degrees-of-freedom.

Because of the complex nature of the finite element idealizations and the
large size of the associated matrices, computer running time was en important

factor associated with operation of the RESIST program. Therefore, attention

- was given in the present study to identifying time-consuming computational

areas and developing improved programming and numeriecal algorithms for certain

portions of RESIST. These improvements, which are discussed in Seectiom 2.1,
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resulted in efficiencies which have yielded computer cost-savings of over 75%

for realistic tile problems.

Another basic improvement in the original version of RESIST was the
development of an improved stiffened panel idealization. The version of
RESIST described in Reference 1 could only accommodate compact, widely-spaced
stringers, or §pen—section stringers attached along a single rivet (or weld)
line. The present work, as described in Section 2.2, extends the RESIST
modeling capability to the trealment of orthotropic plate idealizations, or
closed-cell stringers attached to flat panels along double rivet lines.

Thus, RESTST has been modified tc treat configuraticns which are more

representative of actual Shuttle structure.

The vibration analysis of RSI tiled panels by the RESIST program yields
nermalized defleetions and tile stresses for each mode considered. For dynamic
analyses, the results for each natural freguency may be multiplied by suitable
modal participation factors and the results superimposed to yield useful
engineering results, A computer program for obtaining the acoustic response of
(spatially) uniformly loaded panels has been developed, The new program titled
ARREST (Acoustiec Respouse of RBuseble Shuttle Tiles) is described in Section 3.

Typical results for the combined usage of ARREST and the new version of
RESIST are presented in Section 4. Preliminary results reveal that the RSI
normal thickness stresses, near the isolator bond line, may be critical for
pertions of the orbiter which are subject tc¢ high acoustic launch loads.

Users manuals for thése programs are presented in Appendices A and B.
Reference 2 is the Programmer's Manual for RESIST. Appendix C contains a
programmer's manual for the newly developed ARREST program. The RESIST and
ARREST computer programs have been developed on digital magnetic tape for both
the CDC. 6600- and the IBM 370-series machines.,



Section 2
IMPROVEMENTS TO THE RESIST PROGRAM

A number of changes to the RESIST (Egusable §urface Insulation §Eresses)
program (References 1 and 2) have been made to improve its usefulness, The
nature of these program changes have been to extend its spplicability, reduce
the program storage requirements, speed up the machine running time, and to
provide additional information which is regquired for subsequent dynamic

analyses (described in Section 3).
2,1 COMPUTATIONAL EFFICIENCIES

The reduced program storage requirements and the development of stream-
lined numerical algorithms have improved the program efficiency significantly.
This is highlighted by a reduction in machine running time of a large sample
problem, presented in Reference 1, from 68 to 16 CPU minutes on the IBM 3T70/168

eomputer. These program improvements will now be detailed.

2.1.1 Modification of The Large Eigenvalue Routine (ALARM)

The ALARM (Reference.l) routine computes the initial mode shapes and fre-
guencies of the tiled plate. A modification to ALARM was effected to speed up
this time consuming pertion of the RESIST computer pragram. In the eriginal
version of ALARM, the nunber of eigenvalue reduction vectors (Reference 3) gen~
eraméd, {Vj}, j=1, 2. ..., m, was approximately twice the number of desired
modes {¢(i)}, i=1l, 2, ..., 9. Sinece the generation of each Vj represents one
of the most eomputationally costly portions of the ALARM algorithm, the sub-
routine logic was changed to initially compute only approximately 50% more
reduction vectors than desired eigenvectors {m = 3/2 q). The first q eigen-
values assoclated with the m reduction vectofs are now computed along with
their associated Hewman-Pipanc error bounds. Should any of the error bounds
in freguency sguared be greater than 2%%, an additional vector is computed and
the first q eigenvalues and error bounds, using m + 1 reduction véctors this time,

are checked again. This procéss is repeated, adding one new vector each step

#An error bound in frequency-squared of 2% cdrresponds to one of approximately
1% on fregueney. .
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of the way, until the first q desired eigenvalues are accurate to within 2%.
It has been found that this procedure is extremely efficient. Repeated solu-
tion of the reduced m x m eigenvalue problem, and error bound determination,
requires & minute portion of the entire computation time, as long as 5 or more
modes are required and the size of the originsl eigenvalue problem is large

(i.e., of the order of 500 or more).

2.1.2 Nonpositive Definite Solution Algorithm

The efficient solution routine (PODSYM), used to solve the tile and
primary structure banded large matrix equations, required that the symmetric
coefficient matrices be positive definite. 8Since this condition could not be
guaranteed a priori, Egs. (6) and (11) of Reference 1 were converted to the
equivalent positive definite forms of Egs. (9) and (12), respect:--ely. This
conversion reguired excessive storage requirements and resﬁlted in-rather high
computer usage costs. Therefore, PCDSYM was modified to accommodate nonpositive
definite equation systems through decompositicn of the symmetric coefficient

matrix [A] into the form

[l = [E] [*D.] [E)T

where [L] is a lower triangular matrix with elements iij and [*D.] is a
disgonal matrix with plus or minug ones, dp’ on the diagonal. The original
algorithm is similar to the one outlined below except thaet the computation and
inclusio? of dp’ vhich is always plus one if [A] is positive definite, is not

necessary. The elements of [L] are given by

i-1 :
., = lta,. ~ a_ %2 ) Jd.
ii A Tid p ip i
=1

j=1
f..'= a,. - :S a I, %,
Cii T4 p ip Jp

P:



i-i

. = ai ~ 2
where di sign ( & . Z dp iip)
=]

and a., are the elements of [4].

i

The sclution of
[a] {x} = {b}
for {x} (given {b} ) then follows from the forward solution of
[L] {y} = {v}
for {y},and the backward solution of {x} from
[T17 tx} = [*0.1 fy} .

2.1.3 TIterative Procedure for Changing Matrix Equations

The iterative solution of Egs. (6) and (11) of Reference 1, both of which

are of the form

[2,] 165,,} = {p (8;) ) o (1)
where

[2;] = [K] ~ w} [M]

required the repetitive decompositien of [Zi] into [fi] [*p.] [ii]T, since
the frequency, wss upon which [Zi] depends, changed from one iteration to the
next. However, since w, may be a slewly changing value, an option, which is
based upon an approximation, and which does not reguire the resplitting of

1

[Z-], was introduced into RESIST. This approximatibn is based upon the follow-
ing development. - ' ”



Let

w? = w? + Aw?
o) 1l

(341 . (5(9) (3)
i)y = gs{d)y + qasidhy

and substitute into Eg. (1) to obtain

(7,3 (63331} = fp (603 + a2 (w1 (s13)3 (2)

where the higher order terms Aw; [M] {Aﬁgii} have been dropped from the right-

hand side of Eq. (2). BStarting with Séii = 61’ Bq. {2) is solved in an iterative

(3+1)

manner (this is an "innex™ (3) iteration) until {Gi+l

} converges. Thus,
[Zc] is only decomposed once, regardless of the number of "outer" (i)

iterations.
2.2 PROGRAM EXTENSIONS

The extended applicability associated with the new version of RESIST
invelves improvement of the idealizatlion for the stiffened-plate primary
structure. The new plate idealizations permit the use of either orthotropic
iplate properties or a more detailed stringer model. The new finite element
ecapability for the strain isolator includes the option for msterial orthotrcpy,

which is required for the current baseline TPS isolator.

2.2.1 Orthotropic Strain Isolator

RESIST has been modified to permit an orthotropic material isolator
between the RSI and primary structure, This latter modification.was necessary
because of the current baseline usage of Nomex felt (which has cii fferent
propéf%iés in the transverse and planar directi~3) as the isclator material.
 The finite element modeling of the isolator layer is sti1l based upon '

the three-dimensional orthotropic hexahedron element described in Reference 1.
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2.2.2 Btiffened Plate Idealizatiéh

The shiffened-plate primary structure finite-element idesllzatiom,
empioyed in the original version of RESIST, consisted of offset beam elements
attached to flat plate elements (Figure 2-1). While it is felt that this
ideatiza~inn is adequate fer compnrt widely-spaced long stringers, it is
‘nappropriate for a "typieal" Shu'tie panei, such as that shown in Figure 2-2.
e oontend ilie capability of RESTST for application to such structural con-
firerations, two new idealization options have been developed and incorporated

intc this program,

'The first development consists of a new stringer idealization fo permit a
more accurate medeling for closed-section stringers atiached along 2 double
lifie of rivets {(or welds). The new stringer model consists of a pair of piate
elements, which form a "V" (Figure 2-3), below which an offset beam element is
rigidly attached. The rationale used in selecting the "V" shape was that it
permitted the modeling of a shear-flow path to resist local plate twisting (the
previous offset beam idealization couid not furnish this type of twisting re-

straint) while only adding a single row of element-nodes per stiffener.

The offset bean element placed below the "V" is usedhto compensate for
the fact that tho original stringer possesses more cross sectional beam prop-
erties than can be accommodated by the "V" elements alone. Thus, when an actual
closed stilnger to he idealized has & shape that is different from the cne
used in the finite element model, the mrogram assigns properties to the offset
beam below the "V" such that its scetion properties compensate for any mismatches.
A count of the actual number of stringer section properties ylelds six geometric

values (A4, I Jt. 2, and e) in addition to the syacing variables P, 2 and b

I .

¥ v ] . . .
(Figure 2=2), whereas the new ldeallizaiicn permits ceven independent properties
in additicn &4n F, a apd b, The additicual variable permitted by the present
finite el-ment idealizatizr, t, miy thus be used to help improve correlation

with test data.
The second structural idealization option incorporated within RESIST
permits the combination of shringer properties into the flat plate elements.

Thiz ic affected in a uniformly distributed manner through specification of

V]
]
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ISOTROPIC PLATE ELEMENTS
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Figure 2-1 Stiffened-Plate Finite Element Idealization Employed in Original Version of RESIST Program
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appropriate orthotropic plate properties, Additional plete input reqguired to

describe the orthotropy includes the elastic constants Ay, 412, Azz and Ajg

where
4 = - - (" 7
O‘x' All Al.z 0 Ex
{0, p=|a a,, o | <&, p
T 0 0 A Y
33
L ny ol - L XYJ

The general form of the above stress-strain law allows th: use of various ortho-
tropic plate theories depending upon the particular specification of the Aij'
The equivalent values of these elastic constants which were suggested by
Timoshenko (Reference 5) and Fung (sé; Figure 2-4 and Reference 6) are cumpared
with their isotropie counterparts in Table 2-~1, The form of the governing ortho~

tropic plete equations for these four theories is presented in Table 2-2,

2.2.3 Additiomal Modal Information

The new version of RESIST has been extended to output mecessary input
information for the ARREST program deseribed in Sectien 3. The new version of

BESIST computes the modal area terms required for Egs. (13) and (14) of Section 3:

{note that this term is 0 for an antisymmetric mode), as well as the modal

mass , Mi' This latter gquantity is computed in discrete parts consisting of
. : . : . 5.

the primary structure modal mass for the ith mode, M(l) nd % T
(1)

modal mass, N&h ., Where

9 - L] g )

H

(.') (i)
MT; >}

Tr

il

Lolt)) w1 @



Table 2-1
Comparison of Orthotropic Plate Variables

ISOTROPIC FUNG (REF. 6) RESIST
PLATE TIMOSHENKO (REF. 5) {see Figure 2-4) PROGRAM
5 : ' : —
E/1 - %) =4 12 El Ay
gh3
. 2 . 6(1 - V)Dv
. ) 3
EA1-42) E, 12D, /h Agy
_—E : 1on3
G=20+0 G Gd/2h Aga
Table 2-2
Comparison of Orthotropic Plate Equations
4 _ 3 A% 2w
B?W+2-@D+z iy F W, ,p ¥,
ay? 12 7 ax?ay? vt
Isotropic Plate
Equation
. 3 3
Note B = £ D-—-ED'—'. Therefore, uD+2Gi~D
2(1+U) 12(1__ 2) 12
’ 4 (4
B, A (@ +2D,, Iw . D, W
ax* axtay? ay?
Timoshenko Plate E R? E h? GH? UE. h?
Equation wherer= __1:;____’ DV= =Y = Dyy =_§1=§—,D1=-"—y—“—i'
(Ref. 5) 121t -0v%) 12 {1 =v?) 12 {1 -v*)
v, E +p E
weSo e g BY ¥ X
v=a/ vy . E= —= o
Fung Plate Equation- e 8 G NEL W 39 _
(Ref. 6) HEE @, 010+ o Yy log
{See Fig, 244) ax ay? dy
‘ h *w i *w_
RESIST P""!l’am 17 [Al = +2 (Al 2 ¥ 2A33) 235;2 2 3;14 ]fq




The tile modal mags for all tiles vibrating in the i¥ e 1s given by
r

These guantities are related to Mi through the relationship

N = Méé) * m;i)

RESTST has also been modified to compute normelized modal stringer stresses
along with the R8I and plate stresses. Thie data is output on magnetic tape,
together with modal deflection data required for the acoustic response

program.
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Section 3
SHUTTLE TTLE RESPONSE TO RANDOM PRESSURE FLUCTUATIONS

A computer program for ealculation of the response of shuitle panels with
surfdace insulation subjected to uniférm, spatially~correlated acoustie excita-
tion has been developed, This program, titled ARREST (Acoustic Response of.
REusgble Shuttle Tiles) was @&esigned to interface with RESIST. For a dynemics
problem, the output of RESIST (which consists of modal fregquencies and normal-
ized stresses of stiffened panels with RSI tiles) serves as the input to ARREST,
The output of ARREST is approximate in that the analysis is based upon a number
of simplifying assumptions. As will be seen, these assumptions are the usual
ones associated with the use of finite element analyses, modal methods, and a
simplified characterization of the acoustic foreing funetion. Perhaps the most
limiting approximation ineluded wilhin ARREST is that the normal pressure field
is uniformly correlated over the entire struetural panel, This is a conservative
assumption that is justifiable for exeitation where the pressure field ecorrelation-
length is of the order of the panel size., When the excitation is caused by jet
neise, such as during Shuttle lifiteff, the correlation lemgth is of the crder
of the engine diameter (Reference 7). The theory upon which ARREST is based is

summerized below,

3.1 MODAL DYNAMICS OF RSI TILES AND PRIMARY STRUCTURE

The finite element equations geverrning the dynamie response of RSIL tiled

panels are of theé general form

+

-
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shere {6} are the pedal degrees-of-freedom; [M], [C] and [K] are the nass,
damping and stiffess matrices, respectively; and {P} is the dynamic loadia
vector. The subscripis "pPa" and "T" denote the primary structure and tile
uomponuuts, respeoatively. 'The gignificance of the bar over the tile quantitiszs

iz that they vefor % +ha accumidation of all tiles rather than & single tile,

It should be wteldl that the primary structurs and tile malrices have beewn
cast in weosuplen form.  The reason for this is that the iteralive soluticn
procedure emplayed 10 obtain the matrieces aﬁd modal vectofs of the coupled
Syatem wes to oeal. sach component separately. Their initial coupling is cou-
tatned withain whie faen that the tile/primary structure interface degrees-ol-
freedom, a subzelb of } and {G }, are kinematically dependent, as are the

P“

vectors {Ppﬂ} and 1RﬁJ, which contaln their mutusl reactions. Therefore,
elements of {PPS} which correspond to {PT} have, by Newton's Third Law, the

same magnitudes but opposite signs.

The classical modal approximation is now made:

- "

mPS
4 "(1_‘”*."- {q} fa)
| i) _
vhere the number of orbthogonal modes, _.??._ and generalized coordinates
(1)
9

u,, are less than the number of nodal degrees—of-freedom. The modal vectors

satlsfy the mazriz equations

Diggl Tyg)) - 0 (K] {0pe)} =

H
P —————
1
r_:d'
b
gttt
-
LA

{ﬁT] {Eéi}} - mz IE ] {¢(l)} -

|
P ————
LI
O
'Lv.
nglt p——



where {Pj} are the tile boundary interface loads acting upon the primary
structure and {-Pj} are their reactions, whieh act upon the corresponding tile
nedes. Thus, the degree-of-freedom magnitudes at these common nodes will be
jdentical in the vector components {¢(i)} nd {¢(l)}.

The modal normalization condition selected is

(1) (1)q _ |
L¢PS J {¢PS 1 =1 (5)

and the orthogonality of the modes yields

(1)} 5 Mog 1 g os)
i : =i PS -
L¢ | ¢T -| '—0—‘ —i—l_— - _*_( j_)_, Mi 'Sij
l 7
wwere ;= Loli)) oy w0ty o L) Gl (6)

is the modal mass and 653 ig the Kronecker delta with properties

1 fer i = j

1]

0 .for i # j

Substitution of Eq. (2) imte Eq. (1), premultiplication by

L¢(l)l $éi)Jamd application of Egs. (3), (4) and (6) yields the secaler

equat;ons
: o . 2 _ ; .
Mi (qi + 2 T;i wi q,i + mi ql ) - Qi ( 7)

where the generalized forces, Qi’ are given by

o = Ll trgh s Ll ey | (8)

i




‘The unitnown damping matrix is assumed to yield uncoupled modal damping ratios,

Ty {(for which values are either assumed or are measured in test), where
) RO (3)
2, Mu, 8= L¢pSJ {cps] {d)ps 1

+ L¢T.| [c 1 15491 (9)

and use has been made of the relationship
w2 = Ll e 1 6l e B Ry G (10)

3.2 ACQUSTIC RESPONSE TO UNIFORMLY CORRELATED PRESSURES

If the foreing funetion 1s a stationary, random, acoustie pressure and
the system damping is very small, the mean sqguare response,(5m)2, in the mth

degree-of=-freedonm, Gm, may be approximated as {References 7, 8)

(5(1)
2 *n 8: (1)
i wl

o

8.5 is related to the pressure power spectral density, [Sp(mi)] through
the relationship

s..= La &?éi)J (s (w;)] {4 sty | | (12)

ii
where [So(wi)] (measured in psi®/radian) mey vary spatislly over the structure,
cand {2 @{1)} are the modal degrees-qf-freedom multiplied by suitable terms

which aceount for the locel normal surface area over which the pressure

excitation aeks.



If the pressure distribution is assumed to be "uniformly correlated"
(i.e., the time averaged mean square random pressure does not vary spatiaslly
over the structure) then[SP(mi )] is a matrix with equal elements S(wi) and

(12) simplifies to
2
: R
5,; = S(v,) (z A, 4)”&2) (13)
J J J

—(1 )
T,
normal to the pressure loading and,Azj are the corresponding areas over which

where ¢ are the tile degrees-of-freedom, in the ith mode, wWhich are

the pressure leading acts.

A similar approximation for the stress ecomponent of a given tile at the

Jth node, under wniformly correlated random pressure loading, yields

(1)2

2
- 5(0,) (Z ng B ) (1)

J

it

for the mean square tile stress. It should be noted that the ceoefficient for
Egs. {11) and {14) changes from ©/4 to 1/8 if S is giver in psi?/Hz, i.e.,
ooy ) =
m _S(“‘i) =7 8(f,)

where fi is the ith modal natural freguency in Hz.



Section b
NUMERICAL RESULTS

Finite element results were obtained for an 18x54-inch stringer-stiffened
penel, with and without RSIT tiles. Three different structural models were
employed to idealize the panel without tiles. Based on modal results from
RESIST, the most appropriate of these was then used to model the panel with
tiles, Modal and acoustic response results were then obtained for an assumed
loading spectrum associated with an aft section of the Shuttle orbiter fuselage

at launch.
4.1 UNTILED PANELS

The three stiffened-panel options inecluded in the new version of RESIST
{Section 2.2.2) were used to analyze the Shuttle test panel of Figure 2.2,
A comparison of the detailed stringer idealizations, with the actual cross

sectiof, is shown in Figure L4-1.

Pzrtial frequency and mode shape results for the three models are
preésented in Table 4-1 and Figures 4-2 and L-3. These resuits indicate that
the structural stringer model selected is not critical fcr the "beam" type
modes (m=0), but that the cross-stringer modes (m 2 1) are sensitive to the
stringer idealization, with the orthotropic {Figure 4-1b) and closed-cell
stringer (Figure 4-14) options agreeing more closely with one another, than
the single attachment line stringers (Figure 4-lc). This is not surprising
838 the m > o modes reguire thé transmission of torsional load through differ-
ential shear, which the singly-attached stringer éannot mbdel properly, whereas
the m=0 modes primarily involve stringer bending effects.

4,2 TILED PANEL RESULTS

The RSI-tiled panel of Figure L=l was analyzed by the RESIST program using
the stringer idealization of Figure 4-1d. There are 18 éx6-inch tiles between
supports, each of which is 2.6 inches thiek. There is a 0.0l-inch thicki
coating over the top of each tiie and the isolstor thickness is 0,16 inch,
Nine-inch extensions, over opposite edges of the supports, were assumed to act

as rigid bodies with rotatory inertia properties comparable to the interior

h-1
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Table 4—1 Natural Frequencies (Hz) for the Shuttle Panel {Figure 2-2) Computed by RESIST
for Three Different Stringer Options

Orthotropic
. . Plate
Stringer Attached Closed-Cell Stringers Option
to Plate Along Attached Along
m* n*e Single Rivet Line Double Rivet Lines Dy = 220,000 Ib-in.
Dy =31Ilb-in.
t =.008 in. Dxy = 9850 Ib-in.

0 1 106 110 107
1 ] _ 108 133 134
2 1 126 174 184
(1] 2 ) 286 285 2n

*m = number of nodes in cross-stringer direction

**n = number of % sine waves between spanwise supports
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Figure 4-4 ldealized Shuttle Panel {36 x 18 Inches) with 18 RS! Tiles



(36-inch) section of tiled panel. The finite element idealization of a typical
tile is shown in Figure 4-5. The resulting natural frequencies and modsl data

are given in Table L-2.

The randem sound pressure level curve used to simulate the Ppanel's
excitation (Figure L-6) is thought to be representative of a structural region
on the Shuttle orbiter base at liftoff. Detailed results are given for 3%
modal damping. However, some results for 1% of critieal damping are also
presented in Table 4«3 because of the eritical nature of the Shuttle TPS and

the uncertainty asseciated with the damping parameter.

Since the ARREST program assumes uniferm spatially-correlated random
pressure, and the structure contains two planes of symmetry, only certain
modes will contribute to the acoustic response. The contributing modes
éorrespond to those for which the number of spanwise half-waves {(n) is odd,
and the number of chordwise-nodes (m) is either O or even. This effeet is
reflected by the modal terms(ZZA. . 3(1))2 of Takle k-2 (see Eq. (11) and (14)

T I |
of Section 3). As may be seén, this term deeays rapidly beyond the funda-
mental, even for the symmetric modes. Thus, for most practical purposes,

only the first couple of modes need be considered.

Normal-to~the-plate RMS acesleration and stress levels for this exeitation
are presented in Figures k-7 and k-8, As determined by an autometic search
procedure of the results, which is incorporated within ARREST, the . tilie
stresses are highest. Ih addition, the lowest RSE Material allowables are also
lewest for these stress components., Hence, only the Gzz stresses are plotted
in Figures 4-9 through L4-13. Smooth curves are pot used for the tile RMS stress-
plots as the plan—form idealization is composed of a finite element grid that
is comparatively coarse {Lx5), but adequate, for the present purpeses. The RSI
stresses are plotted for Z = U85 in. since these are the specifie points within
the highest stressed elements for which the siress cemponents were actually
calculated, As Shown in Table L4-3, thé peak stress levels become critical for a
seatter~factor* of 3, This is especially true when the modal damplng decreases
to 1%. '

#A scatter factor of 3, applied to the RMS value, simply means that the

probabilily that a given stress component will be below this value at
any instant is approximately 99.5%.

4-7




v COATING MEMBRANE {2.0)

AND RSI {3-D}

Figure 45 Finite Element Idealization of Typical RSY Tiles



sif)
P512/Hz

107

1073

10

LER B L]

TT T

10

50 100 500 1000

2000

Figure 46 Assumed Sound Pressure Level Near Base of Orbiter at Shuttle Liftoff

5000



Table 4-2
Computed Modal Data for the Shuttle Panel
with 2.6-Inch RS1 Tiles {Figure 4-3)

2 - SOundr
. 0 Pressure
~ Mode . . A (2 A, 91z ) Level
Number MODE | SHAPE A
' Frequency | (Refirence Eqs. 13 and 14, s(fi}
i m* n** Hz Section 3} . ‘psi.'! Hz)
1 0 1 72 | 627.5 . hexiwed
2 o1 1 : 31 : 0 -
3 2 1 92 1.186 1.68x 103
4 3 1 102 0 —

*m = number of nodes in créss-stringer direction
**n = number of % waves between spanwise supports

...... ... - o P Ep— . - . i
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Table 4-3
Critjcal Tile Stresses for Acoustic Launch Loads

) Oz (lﬁil'
Finite 3% Modal Damping 1% Modal Damping
Tile No. Element No. - ; —
{Ses Figure 4:2) {See Figure 4-5) RMS 3o%* RMS 3o"*
7 33 2317 6.951 T 4013 12.039
7 28 B 2.203 6.609 3.816 11.448
9 33 2.150 6.450 3724 11.181
9 28 2094 6.282 3627 10.880

*The allowable oz for the RSI at room temperature is approximately 8 psi

**The 30 values correspond to a scatter factor of 3 (i.e. approxamatelv 99.5% probability that the

instantansous stresses will be balow this number)
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Section 5
CONCLUSIONS AND RECOMMENDATIONS

A user-oriented program, RESIST, has been developed to compute the statie,
thermal, and normalized-modal stresses of arbitrarily heated RBI tiles affixed
to typical Shuttle struetural panels. The current phase of this effort reports
upeon improvements to the modal portion of RESIST and the development of a new
program, ARREST, ARREST, which computes the response of the tiles and panels to
uniformly-correlated random acoustic pressures, was designed to efficiently
interface with the RESIST program,

The present version of the RESIST program has been streamlined and runs
about four times es fast as its pre&ecessor. In addition, it has been extended
to accommodate orthotropic plates or isotropiec pilates with uniformly spaced,
arbitrarily shaped stringers which are either singly or doubly attached to the
plate, Tt is believed that the orthotropic and doubly attached stringer
options better represent the stringer twist-stiffening, which is required to

accurately predict the plate cross-stringer modes (m > o).

Results from the ARREST computer program for a simulated Shuttle lsunch
environment indicate potentially eritical normal thickness stresses in the R3I.
The other RSI stress compounents are generally lowsr and possess strength

allowables which are 3 or I times as high as well,

5=1
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Section 6
NOMENCLATURE

Symmetric matrix

Damping matrix

Diagonal matri.: with plus or minus ones on diagonal
Stiffness matrix

Lower triangular matrix

Mass matrix

Pressure power spectrsl density matrix

Impedance matrix assoeiated with W,

Modal matrix

Right hand side of matrix equation [4] [x} = {h}
Foreing funetion vector '

Generalized modal response veetor

-Jth eigenvalue reduetion vector

Solution vector of eguation |ﬁ] [x} = {b]
Forward solutiom of matrix eguaticn liﬂ [y] = {b}

Nodal displacements associated with ith iteration

ith modal vector

Stringer cross-sechional area
Orthetropie plate stiffness properties
Area normal to 7 direction at jth node
Plate bending stiffness

Plate modulus of elasticity



E;, E&, E" Elastie constants associated with orthotropic plate theory
(see Table 2-1)

G Plate shear modulus

Iy,, 2 Stringer moment of inertias abeut local principal axes

Jx' Stringer polar moment of inertia about prineipal axis

. .th
Mi Modal mass for i mode
(1) . . -th

MPS Primary strueture portion of i modal mass

Qi Generalized modael force

s (mi) Acoustic secund pressure level at 10 frequency

a, b, P Stringer spacing parameters (see Figure 2-2)°

a,. Element of Eﬂ matrix

1] .

dP Plus or minus one

e Stringer ececentricity

f Frequency in Hz

h Plate thickness

m Number of reduction wvectors

q - Number of modal vectors

£ Thickness parameter associated with stringer idealization
(see Figure 2-3)

w Nermal plate displacement

Xy ¥, Z Cartesian plate axes

xt, vy', 2! Stringer principel axes

B Angle between stringer prineipal axes and plate global axes

6ij Kroneeker delta

€.y E.s ¥ - Plate membrané strains

XY xy

gi : Critical damping ratio assoclated with ith mode

6=2



Ux’ Gy, r’xy’ Plate stress components

oz.z R8I direct stress component in thickness direction

ey Normsl (z) deflection of J°0 tile node associated with 1"
T, ZJ mode shape
w,  Watural frequency of ith mode in radians per second
L ‘ _ Stringer pitch paremeter (see Figure 2-4)
Ei 3 Element of [ﬁ] matrix 3

6-3
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A, INTRODUCTION

This Appendix describes the uge of a finite element based structural com-
puter program for determining the static response and natural vibrations bf
TPS protected shuttle panels, The program is titled "RESIST" for static and
" dynamic REusable Surface Insulation Stresses, The logic flow for RESIST is
presented in Figure A-1.

The basis for the methed is that the TPS is nomstruétursl but its stress
levels, which are critical, must be computed. Thus, 1t becomes possible to'
negleect the stiffness of the TPS initielly, but not its mass in the vihrastion,
to determine approximate primary strueture deflections,

An jterative procedure is then performed where, for each step, the primars
structure defleections are imposed individuslly upon each tile at the tile/
primary-structure interface, &nd the tile deflections and interface boundary
losds are obtained, For the vibratien option, the frequeney is updated by com-
puting a Rayleigh gquotient, using the latest non-rigid tile displaecements in
addition to the corresponding primary structure displacements. The individual
tile boundary loads obtained are then assembled and their reactions are appiied
to the primary structure, New primary-strueture deflections are obtained and
compared to the previous set. This proeess is repeated until convergence is
obtained,

B, PROGRAM LIMITATTONS

The usual assumptions for pfograms based upon the linear elastic finite
element mefhed are applicable to KESIST. However,-teo facilitate the prepara-
tion of program input, a number eof simplifications regarding the configura-
tion and loadings have been made. Thus, the genmeration of a veluminous guan=-
tity. of finite element input data has been greatly reduced by inclusion of
a series of data preprocessing'subroutines within RESIST,. The restrietions
upon which these subroutines are hased follows:

1. Boundary conditions and edge loadings are assumed uniform along
the four rectangular plate edges defined by x =0, Lx and ¥y = 0,
Ly.

2. The primary structure plate temperature and properties are all
uniform, .
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3. The stringers are equally spaced with temperatures and properties

which are all uniform.

4, All tiles are geometrically identicel as are their temperature

distributions and uniform pressure loadings.

5. The boundary conditions must be selected such that the primary

structure is statically stable.

The remaining limitations are primarily concerned with the pregram's
capacity and should be adhered toc by the user. These limitations are as

follows:
6. Maximum number of nodes in a tile = 850.

T. Maximam number of finite elements running in any one direction

in a tile = 20.
8. Meximum number of nodes in primary structure = 3000.

9, Maximum number of primary structure nddes along x or y direetion =
1,000.

10, Maximum number of degrees of freedom in primary structure = 15,000.
11. Maximum number of natural mode shapes = 50.
" 12. Maximum number of stringers = 15.

A violation of restrictions 6;12, inclusive, will cause the program to

stop and an apprepriate warning message to appear,

Te insure symmetry of solutions four panels which are symmetric with re-
gard to stringéer locations about y = IW/E’ care should be taken with the input
data to see that the plate nodes associated with the stringers are symmetric

gbout y = gy/e.

&




C., INPUT INSTRUCTIONS

A description of the card input for the IBM 370 and CBC 6600 versions of this
program is presented in this section,

In addition to the first two input cards which centain literal date, such as
special prozram title and date, in columns 1 through 80, inclusive; there are six

groups of input cards containing the following information:

Group A - Instructions regarding the type of problem being perfofmed, num-
ber of iteratious desired, and type of output information.

Group B - Details of the geometric configuration and finite element mesh of
the primary structure and tiles, (Card B.4 is omitted if there are no
tiles)

Group C - Defines the primary structure and RST température dependent
material properties. If there is no TPS, cards €.3 through C.1l are omitted.

Group D - Specifies the primary structure boundary ceonditions

Group E - Describes the mechanical leading upon the primary structure as well
as its tempereture. These cards are omitted when the vibration option is
used '

Group F - Defines the RSI temperature distribution. These cards are
omitted if there is no TPS. o |

A=="B. GEOMETRY CARDS =
—— A. OPTION & CONTROL CARDS “=X

2 TITLE CARDS
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D. DESCRIPTION OF QUTPUT

Output from a typical run of the ..SIST computer program is

explained below in outline form. References in parentheses refer to

pages

1-

INPUT

in this Appendix.

Program title and date indicating latest update of program

version whiech was run.

INFORMATION

9.

Listing of input cards, the first two of which are the title

assigned to any given run by the user.

User selected input options are listed (pp. A=5 = A-8).

Plate, stringer and tile geometry and specification of finite
element grids for primary structure and tiles (pp. A-9 - A-11).

Plate, stringer, strain iselator and arrestor mgterial properties

(pp, A-14 - A-1T). Note, if there is no strain arrestor, RSI or isolator

‘material properties may be used for the arrestor. If this is done,

the thickness dimension of the usual isolator or RSI should be

appropriftely reduced to compensate for this addition.

Temperature-deﬁendent BqumgterigluprQQerty data used for generating
curves used internally by program to compute RSI zverage finite

element properties (pp. A~18 - A-19).

Plate and stringer boundary conditions (pp. A-20 - A~25).

Applied primary structure static mechanical and the
if not & vibration prohlem (A—26 - A=27).

mal loadin

above) and thermal loadlng_lf a statlcs problem (pp. A-28 - A929).

OUTPUT INFOBMATION

10,

M&P showing typical tlles three dimensional flnlte element ordering,
by layers. Top, or first layer alse corresponds to two~dimensional
tile coating elements as well.
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1l. Map showing ordering of a typical tiles finite element nodes
by layers,

12, Position and temperatures for a typieal tile in a loeal coordinate

system (reference Figure A-L, A and B).

13. Global geometry of primary structure nodes and plate nodal degree-of-=
freedom numbering. Dy, Dy-and Dz refer to nodal defleetions, and Rx and

Ry are the nodal rotations. Hodes with no degrees-of-freedom are used

to define the stringer centroids for singly-attached stringers only.

1h,a. Statics Option: Primary structure nodal deflections by iteration
number, Nodes with the same x coordinate are grouped together.

These groups are separated with dsshed lines.

14.b, Vibration Option: Mode numbers, approximate frequencies and
éorrespOnding modal error bound (which should be less than 2%
to be a reliable approximate mode). This is followed by the
primary structure mode shapes with a similar nodal defleetion fors

mat as for the Statics Opbion.

15. - If requésted by the user, the computed comvergence parameter

is printed out along with the input quantity it was tested against.
This is done for each iteration after the first for the Static
Option. The primary structure degree-of-freedom with the largest

change from the previous iteration is alse identified,

16, Tile nodal displacements by tile and iteration number. For a
vibration option, this calculation and the subsequent ones are

. performed only for the user-specified vibration mode.

17. Modal mass associated with each tile for given mede is printed ocut

a5 DEN.
18. Three dimensional tile stresses and strains for the bottom two

layers of elements ty element number. These quantities are
computed at each element's 8 Gauss integration points. Gauss point
streéSes are believed to be more accurate than nodal values and provide

more detail than simply the element's average stresses.
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19.

20.

2l.a.

2l.b.

22,

23.

Three dimensional element average stresses emd strains (by tile
and iteration number).

Two-dimensicnal element average coating stresses. Coating
element numbers correspond to three dimensional element numbering
directly below them.

Statics Option: BRepeat of items 16-19 tor each tile. Repest
of item 1k.,a and 15 for each iteration.

Vibrations Option: Computation of Rayleigh Quotient (OMEGA
SQUARED) if 211 tiles have been treaved. Repeat of items 16-19
for each iteration. Repeat of items 14.b,15 and Rayleigh

Quotient until eonvergence or last iterstion is performed.

Plate element stresses and strains for mid and/or top and/or
bottom surfeces. This computation is done after each iteration
if requested by the user. Otherwise, it is computed only after

convergence or the last iteration is performed.

Vibrations Option: Stringer strains and stresses if requested

in input, the quantity (, A, ?43'T . j)2 (printed out as
: rg . k]

dJ d
SUM (AREA x DZ)*¥* 2=), and the primary structure modal mass

(printed out as P.S. M= ).
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¥. SAMPLE PROBLEMS

Output for a sample statics and vibrations problem, are presented in
the remaining pages of this Appendix. Only portions of the output are shown.
However, the pages preserted are representative of the types of information,

and their respective Tormans, which the RESIST Program can deliver.
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APPENDIX B

USER'S MANUAL FOR
ANR*RE*SHT

({;coustic Response rf REusable Shuttle giles)



This Appendix describes the input and output of the structursl acoustie
response program ARREST. It is designed for operation with the RESIST computer
program discussed in Appendix A. The program computes the RMS stresses and
deflections of stiffened rectangular panels, with or without RSI shuttle tiles,
subject to uniform correlated (spatially) random acoustic pressures. When
there are TPS tiles, the RSI tile stresses and deflections are also computed.
The computation procedure is based upon linear modal methods and assumes well-

separated lightly damped modes.

The program card input effort is small compared with that for the RESIST
program, as most of the input is on tapes generated by the RESIST program.
Esch time information for ARREST is genersted by RESIST, it is contained on
tape as units 1 and 21, Unit 21 contains modal data and unit l contains
structural ideslizetion data. Sinece the idealization data ig the same for
each mede, only one unit 1 need be input in ARREST. This tape should be
mounted as unit 9 for an ARREST run. The tapes containing medal data should
be mounted, in succession, as units 1, 2, 3, 4, 7 and 8. A minimum of one tape
with one mode and & maximum of 6 modes may be used in a given ARREST run. If
information for more than one mode is being combined on u.nlt 1, then unit 1 must

be mounted with a ring and the added modes are assighed unit numbers 2, 3, ete.
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APPENDIX C

PROGRAMMERS MANUAL FOR
A¥R¥RE*SH*T

{Acoustic Response of REusable Shuttle Tiles)



- ¢.1 INTRODUCTION

This Appendix contains the overall flow chart of the program, data set
allocation and subprogram calling sequence, along with a brief description of
the individual subprograms and typical subprogram outpit for the ARREST
program described in Section 4. Two versions of the program exist, one of
which is written completely in FORTRAN. This version is compatible with
both the IBM 370/168 and CDC 6600 machines., A more efficient second version,
which runs only on the IBM computer, exists. This version contains an
assembly language subroutine called DINIT with entry points: DREAD, DWRITE,
-DFIND, and DCLOSE.

C-1



C.2 TLOW CHART

The overall logic for the ARREST computer program is displayed in Figure
C=1. The main modules of this program combine all the modal data (Module 1}
contained on RESIST output tapes onto a single tape and compute the RMS
deflections and stresses (Module 2). The remainder of the logic is concerned
with locating the peek tile and primary structure responses for rapid

identification.



PRINT
STAINGER
¢AND o

l:ﬂJDULE

WITH CONSECUTIVE MODULE
CILES 2
l CALCULATE
RESESRT RAMS 6 ¢
. 3 > AND ¢ FOR
[ALL TAPES HAVE P.S. AND TILES
ALREADY B8EEN COMBINED)

TILES
ON
STHU?TUHE

SORY
OuUT MAX
jTH TILE 4'S

PRINT |TH

T ERINT MaX PRINT MAX
STRUCTURE AMSafoR ITHTILE 48 TILE ¢ AND o'

SORT
QUT MAX
JTHTILE ¢ AN v'S

ARE
STRINGER
STRESSES
REQI_;'!IRED

STRUCTURE
PLATE« AND o

SORT QUT
MAX
PRIMARY
STRUCTURE
ANDc AND o

PRINT MAX
Jih TILE ¢
AND o's

BRINT
PRIMARY
STRUETURE |
PLATE &

PRINT
PRIMARY
STRUCTURE
PLATE ¢ AND o

SORT OUT
Ji = NO, OF EACH TILE

PRINT MAX
FRIMARY MAX

STRUCTURE PRIMARY ON RESIST QUTPUT
PLATES - STAUCTURE TAPE 3 )

PLATE A

Figure C-1 Arrest Program
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.C.3 DATA SET ALLOCATIONS

The following chart identifies the unisw and file number assignments for

each date set. Symbols used in the chart are:

§ Deflections
€ Strains

g Stresses
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C.4 SUBPROGRAM CALLING SEQUENCE AND COMMON BLOCKS UTILIZED

The following table lists the subprograms that are called by each parent
routine, The common blocks used in each routine are alsc tabularized. The
subprograms listed under the "Calls" heading appear in the order in which they
are called, The order of the subprograms listed in the "Subroutine" column
corresponds to the order in which they appear in the FORTRAN listing. An
alphabetical index which ecross-references this order-of-appearance number is

provided in Seetion C.5



SUBROUTINE

MAIN

TODATA

COMPAK

SIGDEF

MATN

MATN

MAIN

MATN

TODATA
GETDIM
GETROW
DCLOSE
COMPAK
RMS

SIGDEYF
TSTMAX
BIGBRD
LBD

GETDIM
PUTLAB
GETROW
PUTROW
DCLOSE

GETDIM
GETROW
DCLOSE
PUTLAB
PUTROW
SQRT

GETDIM
GETROW
DCLOSHE
DFRIME

 SORT

DPMAX
DTILE

- DTHAX

STILE
STMAX

COMMON

CTAPES
DIMEN
FILE
PROPER

CTAPES
FILE
PROPER

CTAPES
FILE

FILE
PROPER

CTAPES
DIMEN
FILE
PROPER



NO.

5 (cont)

10

11

12

13

1!

15

16

17

18

19

20

SUBROUTINE

DTILE
DTMAX
STILE
STMAX

DPRIME

DEMAX

SPRIME

SPMAX

STRNGR

BIGBRD
LDB
PLB

EOFOI

CALLED FROM

SIGDLF
SIGDEF
SIGDEF
SIGDEF

SIGDEF

SIGDEF

SIGDEF

SIGDEF

SIGDEF

‘SIGDEF

MATT
TODATA
TODATA

LDB

LDB

\‘."J
fece)

CALLS

SPRIME
SPMAX
STRENGR

GETDIM
GETROW
DCLOBE

GETDIM
GETROW
DCLOSE
GETDIM
GETROW
DCLOSE

EOFOT
PLB

COMMON

CTAPES
CTAPES
CTAPES
CTAPES
CTAPES
DIMEN
FILE

CTAPES
DIMEN
FILE
CTAPES
FILE
DIMEN
CTAPES
DIMEN

FILE
DIMEN
CTAPES

DIMEN

CTAPES
DIMEN
FILE

CTAPES



Ko, SUBROUTINE CALLED FROM CALLS COMMON

21 PUTLAB COMPAK DFIND CTAPES
RMS DWRITE FILE
PUTGET
22 PUTROW © COMPAK DWRITE -
RMS | PACK
UNPACK
DCLOSE
23 GETDIM MAIN - DFIND CTAPES
| COMPAK DREAD FILE
" RMS - PUTGET
SIGDEF
DPRIME
DEMAX
SPRIME
2k . GETROW MATN DREAD -
‘ COMPAK UNPACK
RMS PACK
SIGDEF
DPRIME
DEMAX
SPRIME
25 DWRITE PUTLAB PUT -
PUTROW
26 PUT DWRITE - -
27 BREAD GETDIM GET -
GETROW
28 | ¢ET DREAD - -
29 DFIND | PUTLAB - - -
' GETDIM

30 DCLOSE : MATN : - -

C=9




NO. SUBROUTINE CALLED FROM CALLS COMMON

30 {cont) COMPAK
RMS
SIGDEF
DPRIME
DPMAX
SPRIME

31 PACK PUTROW - - -
GETROW

32 TUNFACK PUTROW - -
GETROY

c-10



C.5 BRIEF DESCRIPTION OF SUBROUTINES

An alphabetizal and numerical index, cross-referencing the 32 subroutines
contained in ARREST, appesrs in Figure C-2. A brief deseription of each sub-
routine is also presented in the order in which it appears in the FORTRAN

pProgram.

c-11



SUBROUTINE | ORDER SUBROUTINE ORDER SUBROUTINE | ORDER
ALPHABETICAL LISTING OF SUBROUTINES
BIGBRD 7 COMPAK 3 DCLOSE | 30
DFIND 29 DPMAX 11 DPRIME 10
DREAD 27 DTILE 6 BTMAX 7
DWRITE 25 EOFO1 0 | GET . 28
GETDIM 23 GETROW 24 IODATA _ 2
LDB 18 MAIN 1 PACK 31
PLB 19 PUT 26 PUTLAB 21
PUTROW 22 RMS | 4 SIGDEF 5
SORT 15 SPMAX 13 SPRIME 12
STILE : 8 STMAX 9 STRNGR 14
TSTMAX 16 UNPACK 32
NUMERICAL INDEX
MAIN | 1 IODATA 2 | COMPAK
RMS 4 SIGDEF 5 DTILE
DTMAX 7 STILE 8 STMAX a
DPRIME 10 DPMAX 1 SPRIME 12
SPMAX 13 STRNGR 14 SORT : 15
TSTMAX 16 BIGBRD 17 DB . 18
PLB ' 19 EOFO1 : 20 PUTLAB 21
PUTROW 2 | GETDIM 23 GETROW 24
DWRITE 25 PUT 26 DREAD 27
GET 28 HFIND _ 22 | DecLose 30
PACK 3 UNPACK 32

Figure C-2 Subroutine Cross-Reference

C=12




10
11

1z

20

DESCRIPTION OF SUBROUTINES

MAIN = Initializes input/cutput unit numbers and calls all input and

data processing routines.
IODATA - Reads all data from input stream and prints user optiens.

JOMPAK < Incorporates modal deta from all tapes onto the tape for the

rirst mode in a non-restart job.

RMS - Oenerates all EMS deflections, strains and stresses and stores

them for future printout.

SIGDEF -« Supervisor that ealls routines for printout of EMS results.

DTILE - Prints RMS TPS displacements for tile.

DTMAX - Prints maximum BMS TPS displacements for tile.
STILE - Prints RMS stresses for tile.

STHMAX =~ Prints maximum RMS stresses for tile.

DPRIME - Prints primary structure EM3 deflections.

DPMAX - Prints maximum primary strﬁcfure BMS deflectiens.

SPRIME - Prints mid-point plate member RM3 strains and stresses.

SPMAX - Prints meximum mid-point plate member RMS strains and stresses.

STRNCGR Frints stringer strains and stresses.

SORT - Sorts set of T3 rerults into decreasing order.
TSTHAX = Prints maximum RME stress for each tile.
NIGERD - Prints ARREST vitle sheet before program ouiput.

LDh - Reads and lists dnta from inpubt stream and generates data file

o

°mpr user's program.

PLE - Starés a new page wonl/or ckips a mmber of lines.

ot #i.e eontrol woru unticu to ils proper value and reads a two card

problom title.

ORIGINAL PAGE IS
OF POOR QUALITY, -



21

22

23

2L

25

26
21

28
29
30
31

32

PUTLAB = Puts label on dstae set contgining matrix dimensions and prints

out label information, if requested,

PUTROW - Writes row of matrix on data set in format designated by packing

factor.

GETDIM - Gets label of matrix from data set and prints out label

information, if reguested.

GETROW ~ Reads row of matrix from data set in format designated by )

packing factor.

DWRITE - Converts number of bytes in array into words by dividing by

four.

PUT - Writes singly-dimensioned array onto data set.

DREAD - Converts number of bytes in array inte words by dividing by

four.

GET - Reads singly-dimensioned array from data set.

DFIND - Rewinds dats set to appropriate file.

DCLOSE = Rewinds data set.

PACK - Packs rows of matrix so they may be ﬁritten on & datas set in an

efficient manner. This is done by representing strings of zeros by

a8 single fixed point negative integer where the value of the integer

represents the number of zeroes in the string.

Non<zero mmbers are

preceded by a fixed point number indiecating the number of nen-zero

numbers that follow.

UNPACK - Unpacks rows of matrices that have been packed by subroutine

PACK,
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C.6 TYPICAL SUBPROGRAM OQUTPUT

The following listings displsy subprogram output with all the debugging
clues turned on. The name of the particular subprogram which generated each
set of autput is printed in bold type on the rotated right hand side of each
photographed computer page.
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