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I. INTRODUCTION

This report summarizes the work done on the extension of Contract
NAS8-28019 during thé period of January - December, 1973. The presen-
tation here continues that of the Interim Report [1]* on the same contract
published May, 1973. Much of the background for this report is contained
in the Interim Report.

Briefly, the Interim Report presented feasibility results for
smoothing surface irregularities of a homogeneous mirror by using a con-
trolled pattern of heating units on the rear of the mirror. It was shown
that significant deflections of the mirror surface could be caused., How-
ever, no actual error-suppression simulations were made.

This report presents the generalization that was made to model a
layered structure of a kind that represents a light-weighted mirror. This
theory is contained in Chapter II. In addition, the strategy for error
suppression is derived in Chapter III. The results of a variety of error-
suppression studies are presented in Chapter IV. The computer programs

for all parts of this study are contained in Appendix A and Appendix B.

*  Numbers in brackets indicate entries in REFERENCES.



I1. THERMAL RESPONSE ANALYSIS

The thermal response model of the primary mirror is similar to the
model that was developed and presented in the Interim Report [1] of this
project. The model was generalized to allow the primary mirror to be a
three-layer structure as sketched in Figure II-1. The thermal and me-
chanical properties of each layer are orthotropic. The three orthotropic
layers of the primary mirror represent the front, core and back. The
orthotropy of each layer (particularly the core and back) is inciuded to
account for the directionality of the equivalent mechanical and thermal

properties induced by the Tight-weighting of the mirror.

Figure II-1 Layered Model of Primary Mirror
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Thermal Properties of Each Layer

The thermal properties of the i-th layer (i=1, 2, 3) are the
following:
C - Specific thermal capacity which is equal to the spe-
¢ific heat times the mass density.
kr’ ke’ kz - Thermal conductivities in the r, 8, z- directions.

a, - Coefficients of linear thermal expansion in the

Fpe g2 9y

r, 6, z- directions.

These thermal properties are constant within each layer.

Mechanical Properties of Each Layer

The mechanical properties of each orthotropic layer are given as

the stress-strain relations given in [2].

ep = (V/EJoy = (o /Bgdag ~ (v, /E) o,
ey = ~(vo/E )0+ (1/E)oy - (v, /E )o_ (11-1)
e, =~V /Edon = (v, /E)og + (17€,)o,
Yrg = (1/Bpg)tpg
Ypy = (WG )7, (I1-2)
Yoz = (1/65;)7g,
where
Ops 99> O, = normal stresses

Teg?® Trz> Tgz © shear stresses

Eps Sg2 €, = normal strains

Yyeg? Ypze Yoz = shear strains



E

g o v, . must satisfy the

and the elastic properties Er’ E or® "3 Vaz

RY)
relations

Ervar = Bgvpgr Bqvzg ™ Epveze By, = Bvy, (11-3)

The Discrete Model of the Primary Mirror

The temperature and the displacement components are expressed in
Foﬁrier series forms. The Fourier coefficients of these four fields
vary over the meridional (r,z) section. The (r,z) variation is dis-
cretized by the finite element method. This method of discretizing the

temperature T(r,6,z,t) and the displacements ur(r,e,z), uf{r,s,z) and

of
uz(r,e,z) is exactly the same as previgusly used in our Interim Report

[1]. The expressions for the temperature and the displacement fields

are
N

T{r,8,2,t) = ) T (r,z,t)e 27 (11-4)
n=-N

N . .

ur(r,e,z,t) = zUn(r,z,t)e12n“B (I1-5)
n=~N
N

ue(r,a,z,t) = E:Vn(r,z,t)e]2"“8 (II-6)
nz-

N -

uz(r,e,z,t) = an(r,z,t)e"zme (11-7)

=N

where the component fields Tn, u, Vv, wn are such that T, Ups U and

n’> 'n 6
u, are real valued functions.

Each of the component fields is discretized over the meridional
section by assuming Tinear variation over arbitrary triangular areas.
The section is divided into a collection of triangles as sketched below

in Figure II-2,
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Figure II-2 Meridional Section of the Mirror

Consider any one of the triangular areas as sketched below.
z
3
1
2
r
Figure II-3 Triangular Area
The component temperature Tn(r,z,t) is represented as

Tolraz,t) = [o.(rsz).9,(r,2),95(r,2) JT, (t) (11-8)

where Iﬂ(t) is a matrix of the nodal values of the component temperature

T (8) = [T (8], T ,(t1,7 (1)1 (1-9)



and [c]t indicates the transpose of [c]. The interpolating functions
¢;(r,z) are given by

¢i(r,z) =a; tbirtc.z (11-10)
where

ay = (ryzy - raz,) /A

bT = (22 - 13)/At (11-11)

¢ = (r3 = mpl/Ay

P
i

g = Ll = ridlzg - 2} - {ry - 1Nz, - 24)1/2 (11-12)
for i = 2 and 3 permute the indices.

Likewise the component displacements are represented as

| rUn(r,z,t)~

Vnlrszat) o= Lo (ri2)L, ¢, (r,2)1, 05(r.2)1] Y, (t) (11-13)

l Y,

\wn(r,z,t)‘

where I is a 3x3 identity matrix and gﬂ(t) is a matrix of the nodal

values of the component displacements given by

Up(t) = QU (2], Vo (8] Wy (8), Uo(t), oony Wo(0)1Y (11-14)

Utilizing the discretizations of equations (II-8) and (I1-13) over all
the triangular areas that comprise the meridional section (r,z - section)
of the mirror, the component temperature and displacements can be char-
acterized by the values they have at the nodes of the section.

The temperature and displacements are governed by sets of
partial differential equations and appropriate boundary conditions.
Alternatively, the temperature and displacements are formulated by vari-
ational principles that are generalizations of those given in the In-~

terim Report [1]. The generalizations involve accounting for the



orthotropic nature of the layers of the mirror. The development dif-
fers so little from that of the Interim Report that it will not be re-
peated here.

The finite element model of the component temperature results in

a set of matrix equations of the form

¢, I+ 01, =g, (11-15)

for each Fourier component. Similarly, the component displacements are

governed by

K U +p T =0 (11-16)

Thus equation (II-15) is integrated for each set of nodal components

Iﬂ(t) which are substituted into equations (II-16). Equations (II-16)

are solved by matrix inversion for gn(t). The nodal components are sub-
stituted into equations {II-8) and (II-13) to obtain Tn(r,z,t), Un(r,z,ﬁ),
Vn{r,z,t), and wn(r,z,t) which are then substituted into equations (II-4),
(I1-5), (II-6) and (11-7) to yield T(r,8,z,t), ur(r,e,z,t), ue(r,a,z,t),

and uz(r,e,z,t).

The component heat input q,, comes from the heating that is applied
to the rear of the mirror. To characterize the steady-state thermo-
elastic résponse of the mirror, the normal displacements at a set of
points of the front surface of the mirror due to placing a unit heater
over a patch of the back were calculated.

The points on the front surface (the sample set) are at the inter-
sections of the circles and radial Tines shown in Figure II-4. The
heater patches are between the concentric circles and are centered
about the radial 1ines as shown in Figure II-5. The indices of a heater

is the index of the inner circle and of the radial line. Let I be the



® - Support Points



® - Support Points

Figure 11-5 Heat Patch Locations with a Typical Patch
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index of the concentric circles (I = 1 is the inner boundary and I = IM
is the outer boundary). The radial lines are indexed by K (K=1 is for
8=0, K=KM for o=(KM-1)/KM*360°). The sample points are numbered from
1 to IM x KM. A particular sample point is identified by the index ISP

given by

ISP = (K-1)IM + I 1=1,2,..., IM | (11-17)

-~
It

1,2,..., KM

Likewise the heater patches are numbered from 1 to {IM-1)xKM. The index

IHP of a heater is given by

IHP = (I-1)KM + K I

1,2,...,IM-1 (11-18)

The Thermoelastic Influence Matrix

Define the steady-state normal displacement of the front surface
at i due to a unit heat patch at j as aij‘ The displacements w at the
sample points due to heat inputs g at the heater patches are given by

the matrix equation
w = Aq (II-19)

For the calculations carried out in this study, IM = 15 and KM = 12 so
that there were 180 sample points and 168 heater patches. This in-
fluence matrix A represents the statical thermoelastic response of the

mirror.
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ITI. ANALYSIS OF ERROR SUPPRESSION

Intreoduction

The influence matrix which is computed from the structural response
program may be used to associate a controlled deflection of the sample
point set to a set of heat inputs on the back face of the mirror. The
purpose of the control program is to compute the amount of heat input
to a designated pattern of heat patches that reduces an arbitrary sur-
face error to its minimum in an r.m.s. sense. The control program also
computes the surface error (r.m.s.) before and after compensation. The
r.m.s. error is interpreted as the root mean squared difference of
samﬁle point Tocation of the mirror surface and the best-fit-sphere of

the surface passing through the rigid support point.

Removal of Best Fit Sphere

In heating the mirror for control purposes, a significant amount
of heat goes into the free thermal expansion of the mirror. This de-
flection does not contribute to local error smoothing and may be com-
pensated by refocusing of the mirror. Moreover, if retained as part
of the control, it significaht1y reduces the sensitivity of the con-
trol function. For these reasons the free thermal expansion terms are
measured and their effect is removed from the influence matris.

Consider the mirror geometry shown in Figure III-1, which shows a
spherical surface of radius R, that is the best fit sphere through a
set of displacements wij measured from the perfect sphere of radius R

and also passes through the support points of the mirror.

1
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®- Support Points

Figure IIl-1 Geometry of Best-Fit-Sphere

The difference in the two reference spheres is

_ cos 6
y = (R - R) |:cos 8, 1]

The best fit sphere determined by the radius RT is found by minimizing

the functional

IM JM
= - 2
J (Wig - yy)
i=1 j=1
where wij is the displacement of the ijEn surface nodal point due to

heat input on the rear and ¥; is the difference at B
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The minimization yields

IM IM
cos0, cos0 )
A= Rp-R= Z Z "ij cosa ' ]]/sz[cosn -1

i=1 =]

which represents theradjustment of the reference sphere,

The influence matrix as computed in the response program represents
the correspondence of sample point deflection to heat input. Since the
mirror may be focused to remove spherical errors, that part of the de-
flection which may be considered a readjustment of the reference sphere
may be ignored. Therefore each column of the influence matrix {(corre-
sponding to one heat patch) may have its best-fit-sphere of influence
removed. This is performed on each column of the influence matrix in
the control program by application of (III-1). The modified influence
matrix represents the influence of heater patches on sample point de-
flections about the resulting best-fit-sphere.

When the sample point uncompensated error vector is computed'for
the particular error under consideration, its best-fit-sphere is simi-
larly removed, This corresponds to re-focusing the mirror prior to
error suppre;sion. The process is carried out in the control program.

In addition, the control program reduces the modified ﬁnf]uence
matrix to the appropriate array for the éamp]e set and heat patch set

selected.

Error Computation and Suppression

The deflection of the front of the mirror about its best-fit-
sphere is composed of a disturbance term W, whose effect is to be
minimized and a controlled deflection term W imposed to reduce the

effect of Wy Both w's represent a vector of sample point displacements.
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In the control program the modified and reduced influence matrix 4
is used to associate the heat patch input vector q to the controlled

deflection ﬂc'
we =48
The total deflection vector is
we=w,+A4g

The purpose of the heater pattern is to produce a vector g that

minimizes the r.m.s. error
3 = AWt

where N is the number of sampie points. It is understood that the modi-
fied influence matrix and modified disturbance vector are used so that
the resulting error is measured about the best-fit-sphere.

The minimization of the r.m.s. error is accomplished by

- thy-1 .t
a=- @B sy

This distribution of heats on the rear of the mirror yields a com-

pensated r.m.s. error of

YA Tl ot

3 = fugtrn - aat®) T abhun
or a reduction in J2 of

Wy 8(8%) 7 atw /N

The resulting surface error figure for a particular disturbance

was normalized by the uncompensated error for the same disturbance.

The resulting r.m.s. error figure is
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Heat Input and Deflection Measurement Points

The node distribution for both the front and the rear of the mirror
is shown in Figure II-4 and II-5. The surface has IM concentric nodal
rings and KM nodal rays. The nodes occur at intersections of rings and
rays. The nodes are selected by the program after mirror dimensions,
KM, and IM are given.

The nodes for measurement of surface deflection are chosen in the
-control program, Any subset of the full set of nodes may be chosen,

The heat is applied to the rear by patches. The patches extend
the entire distance between rings and make an angle PAN centered about
a ray. Patch location and patch angle may be inputed in the control
program.

Tq examine the feasibility of error suppression, the maximum set
of sample points was used in the runs. Heater distributions comprising
from 6 to 48 heat patches were used. The arrays of the heat patches

are shown in Figures I1II-2 through IIl-6.
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® - Support Points

Figure III-2 Array of 6 Heat Patches
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® - Support Points

Figure III-3 Array of 12 Heat Patches
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® - Support Points

Figure II1-4 Array of 24 Heat Patches
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® - Support Points

Figure III-5 Array of 36 Heat Patches



20

® - Support Points

Figure ITI-6 Array of 48 Heat Patches
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IV. PRINCIPLE FEASIBILITY RESULTS

Introduction

The influence matrix corresponding to the mirror described in
Table IV-1 was computed using the Response program outlined in Chap-
ter Il and Appendix A. The Control program described in Chapter III
and ‘Appendix B was used to compute the heat input pattern, unsuppressed
surface error, and suppressed (controlied) surface error for a variety
of surface errors which are described in the following section. For
each error, patterns of 6, 12, 24, 36, and 48 symmetrically located
heaters {see Figures III-2 through III-6) were used. The tabulation of
results is given in Table IV-2 and discussed in a later section. In
each case the error corresponds to the r.m.s. deviation of 180 sym-
metrica11y located sample points, (see Figure II-4), about the best-

fit-sphere to the points that passes through the supports.

Uncompensated Surface Errors

Five typical surface errors, which were suggested by M.S.F.C.,
were used for feasibility studies. These are shown in Figures IV-1
through iV-5. The descriptive names of the disturbances are:

(A) High in the middle

(B} Warp

(C) High ring

(D) High spot near support

(E) High spot between supports

Error-Suppression Results

The results obtained by using the control program to suppress the

five errors are shown in Table IV-2. A set of 180 unweighted sample
21



Table IV-1 Dimensions and Properties of NASA Test Mirror

Dimensions:
Inner Radius
Outer Radius
Thickness
F-number

* Properties:
Specific Heat

Conductivity
Emissivity
Young's Modulus
Poisson's Ratio

Coefficient of
Thermal Expansion

0.0

10.0 in.
0.667 in.
2.0

0.015 Btu/in3 - °F

 0.05 Btu/hr - in - °F

0.04
1.06 x 10% 1b/in?
0.17

-6
0.311 x 10 /°F

* This mirror is homogeneous and uniform so the properties do not

depend upon direction and are constant throughout the mirror.

~

22



Figure IV-]

@~ Support Points

= r
wd(r) =W, cos(ﬁ?;

Disturbance A - High in the Middle
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®- Support Points

wd(x) = No(rS - x)(x + rs)

Figure IV-2 Disturbance B - Warp
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® - Support Points

= '21‘:
wd(r) W, sin (rs)

Figure IV-3 Disturbance C - High Ring



® - Support Points

ry= Lix - r/2)2 + y2]1/2

0 r oz Y‘S/4
wylxay) =

4qr
W[l + cos{~{=)1, ry < r /8

5

Figure IV-4 Disturbance D - High Spot Near Support
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@ - Support Points

[(x + rg/2)2 + y211/2
/

-
—_
1]

0 r oz rs/4
wy(x,y) =

4qr
wo[] + cos(~F;J] ry < r5/4

Figure IV-5 Disturbance E'- High Spot Between Supports

27



Table IV-2 Error-Suppression Results

Number Fractional Error with Disturbance
Heat Patches A B C D E
6 .995 734 .587 .891 .876
12 .992 .551 :576 .842 .846
24 .991 .481 .362 . 801 811
36 .991 .449 .278 .729 .753
48 .991 434 .268 .562 .580

28
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points was used. The five heat patterns described earlier were used
for each error. The error of the compensated mirror is, in each case,
normalized by the uncompensated error. Each error is with respect to
the best-fit-sphere as described earlier.

A substantial improvement occurs for all errors but the first. The
effect of increasing the number of heaters differs from one error to
the next. Generally the more localized errors fesponded well for the
' Yarger number of heaters and not particularly well for the smail heater
patterns. '

The less Jocalized errors of warping and high ring were relatively
correctable with a small number of heaters. The flattened mirror (A)
did not show any appreciable degree of correctability with any of the
heat patch distributions. The error reductions as a function of the

nunber of heat patches for the disturbances are presented in Figure 1V-6.
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Figure IV-6 Fractional Error Reduction
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APPENDIX A

DESCRIPTION OF THERMOELASTIC RESPONSE PROGRAM

Purpose

This program computes the thermoelastic deflection of a set of nodes
specified in an axisymmetric body. Heat is inputed on one surface of the

body and radiates at the other.

Options

This program provides the following options:

(1) The temperature and deflection of the node set may be computed
at any time.

(2) The steady-state temperature and deflection may be computed.

(3) The influence matrix of surface deflection for a designated

heat input pattern may be computed.

Input Parameter Definition

Parameter Definition
NUMPAT The total number data caées to be run,
IM Number of node locations in the radial

direction. (Cannot exceed 15.)
JM Number of node locations in the longi-

tudinal direction. (Cannot exceed 15.)

CF _ Radiation coefficient of the front surface.
T0 Temperature of radiating reference medium.
DELT Integration time.

NTS Number of integration steps.

IPRINT ' Number of integration steps between

printings.



Parameter

TI
NM
IS
KM

S2

S3
INFLU

IP
KP
PA

33
Definition
Initial mirror temperature,
Highest harmonic (angular) component.
Location of radial node of support ring,
Number of angular divisions. Must not
exceed 12.
Angular position of second support (first
one is at 0).
Angular position of third support.
Switch to choose simulation of response
or influence matrix computation,
If INFLU = 0 Program calculates the re-
sponse to heating one patch.
If INFLU > O Program calculates the
thermoelastic influence coefficient
matrix. This matrix is written in a
data file through I-0 unit 4.
Radial node of single patch input.
Angular position of single patch input.

Patch angle for single patch.



Parameter

PH

PAN(I}

DO
DI

FNO

E(1,M)
E(2,M)
E(3,M)
G(1,M)
G(2,M)
G(3,M)
V(1,M)
V(2,M)
V(3,M)
ALF(1,M)
ALF(2,M)
ALF(3,M)
CK(1,M)
CK(2,M)
CK(3,M)
CP(M)

34
Heat input rate for single patch. (Negative
is input; positive is output.)
Patch angle for i-th radial node in full pat-
tern generation.
Outside diameter of mirror,
Inside diameter of mirror.
Thickness of mirror.
F-number of the mirror= Focal Length/Diameter
of Mirror.
E. of layer M (M=Bottom, Core, Front)
E, of Tayer M. (See equations II-1)
EZ of layer M.
G, of layer M.

rg

Grz of layer M.

Gez of Tayer

Vor of layer

M

M

Vo of layer M,
M

Vze of layer

of layer M,

Ay
o, of layer M.
a, of layer M.
kr of layer M,
ke of layer M.
kZ of layer M.

Specific thermal capacity of layer M,



Input Data Card Listing

‘Card No.

1
2

Parameter
NUMPAT
M

JM

CF

T0

DELT

NTS
IPRINT

T1

NM

IS

KM

52

S3

INFLU

Ip

KP

PA

PH
PAN{1)...PAN(7)
PAN{IM-7}...PAN(IM-1)
0o

DI

H

FNO

Data Field

1-5
1-5
6-10
11-20
21-30
31-40
41-45
46-50
51-60
1-5
6~10
11-15
16-20
21-25
26-30
1-5
6-10
11-20
21-30
1-70
1-70
1-10
11-20
21-30
31-40

35

Format

15
15
I
F10.5
F10.5
F10.5
I5

IS

F10.5
I5

15

5

I5

15

I5

15

I5

F10
F10
7F10.5
7F10.5
F10.5
F10.5
F10.5
F10.5



The following cards contain the material properties for each layer.

There should be three sets of these two cards.

7 E{1,M) 1-8 F8.5
E{2,M) 9-16 F8.5
E{3,M) 17-24 F8.5
G(1,M) 25-32 F8.5
G(2,M) 33-40 F8.5
G(3,M) 41-48 F8.5
V(1,M) 49-56 F8.5
v{2,M) 57-64 F8.5
V{3,M) 65-72 F8.5
8 ALF(1,M) 1-8 F8.5
ALF(2,M) 9-16 F8.5
ALF(3,M) 17-24 F8.5
CK{1,M) 25-32 F8.5
CK(2,M) 33-40 F8.5
CK(3,M) 41-48 F8.5
CP(M) 49-56 - F8.5

Card 2 through the end constitute one data set. There should be

NUMPAT data sets.
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Qutput of Program

A. Option INFLU = 0
Repeated input data.

Table of temperatures and deflection of the node (I=IM, J=JM)
for each node for a check of convergence.

Table of displacements and temperatures of the nodes on the
front surface before the support constraints are added.

Table of displacements of the nodes on the front surface after

supporté are added.

* B. Option INFLU = 1

Repeated input data.

Patch angles of each patch ring.

The displacements of the nodal points on the front surface of
the mirror corresponding to each patch location are read into

a file,

Program Listing

A listing of the program and its subroutines appears on the

following pages.
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FROGRAM TO DETERMINE TEMPERATURE DISTRIBUTION AND
THERMAL DISTORTION OF A MIRROR

PARAMETERS

CPzSPECIFIC HEAT

CR=THERMAL CONDUCTIVITY

CF=RALIATION FACTCR FOR FRONT FACE
TO=REFERENCE TEMPERATURE

1,J=ROW AND COL INDICES OF GRID PT

R{IvJ) o Z(IvJ)=COORDINATES OF GR1D POINT
IMyJM=MAX VALUES OF I AND J

NC=NUMBER OF THE HARMONIC COMPONENT
TC(I)=TEMPERATURE COMPONENT
DELT=INTEGRATION TIME STEP

NTSZHNUMBER OF TIME INTERVALS

ALF=UINEAR COEFFICIENT OF THERMAL EXPANSION
E=YOUNGS MODULUS OF ELASTICITY

V= POGISSONS RATIO

UO=O0UTSIDE DIAMETER OF MIRROR

DI=SINSIUE DIAMETER OF MIRROR

H=THICKNESS OF MIRROR

FNOZF=-NUMBER OF THE MIRROR (FOCAL LENGTH/DO)
UDIMENSION U(15.195)

OIMENSION D(75)sR(15+5)9Z{15+5)sCUTS5e75¢2) v QR(15),GB(15¢14),

LTCATO) w X(T5) s AT 75)9QUT75) e GLITS) fP(14) ¢ F{15+15)

DIMENSION WF(15012)0WB(12) o TT(15¢12)

1»TR(15.12)

UDIMENSION HEAT(1uD)

DIMENSION PAN(LY4)

DIMENSION WBR(12)+WFR{15,12)

COMMON/STIF1/PDePSePLeA

COMMON/STIFZ/KL.KD KS

COMMON R, 2

L IMENSION CN(3:3:3)vG{3'3)vALF(5n3)uCK(3-3)ndL(Z)vCP(Sl
COMMON/DAT/CNy G2 ALF»CKrJL o CP

INTEGER S1,52,53

COMMON /CND/C+D2GR. OB

DIMENSION KD(15»15¢15)+1KS5(15+15,15),PD(15,5, 15} P5(15,5,14),

APL1S+5,14) KL (15,15,15)

DIMENSION AA(6750)¢DDI6750)»3B(225)
EQUIVALENCE (DD(1)eKL(1e1,s1))
REAL KDeKS,KL

LOOP TO INPUT ALL THE PATCHES

3100

READ (52 53100)NUMPAT

FORMAT (15)

DG 72 NUZ1,NUMPAT

WRITE(6¢6500)

FORMAT (1H1)
READ(Se100) IMs UM, CFoTODELT ¢NTS» IPRINT,TI
FORMAT (215+3F10.5¢215+F10.5)
WRITE(6+102)IMsJMeCFTO»DELTNTS
READ(5»2600)NMy ISe KM, S29S3y INFLU
FORMAT(015)

NMP=NM+1
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WhITE (6,28000T71
- 2800 FORMAT (27H INITIAL TEMPERATURE, T1 = «F10,5/77//)
WRITE(6:2601)INMP KM, 15,592,530 INFLU
2601 FORMAT (33H NUMBER OF HARMONIC COMPONENTS = 15/
1371 NUMUER UF ANGULAKR PATCH POSITIONS = »15/
231H RADIAL NODE OF SUPPORT RING = oI5/
S48H ANGULAR POSITIONS OF SUPPORTS ARE«K = 1y K = 122X
L10H AND» K = o127
5 9H INFLU = (12)
IX=15%
N1z=3
MAT=IM
FKM=KM
MTPZNTS+1
IMi=IM=1
M= IM«JM
FUMizdMm~1
FIM1=IM1
IFCINFLULGTL0)GO TO 2500
RKEAD(S5r2602)IP+KP+PA,PH
2o02 FORMAT(21I5:2F10.5)
WRITE(6+2603)IPKP+PAJPH
2603 FORMAT (51H THERMOELASTIC RESPONSE OF THE MIRROR IS CALCULATED/
124H RADIAL NODE OF PATCH = .15/
229H ANGULAR POSITION OF PATCH = ,15/
3LuH PATCH ANGLE = »F10,.9/
414H PATCH HEAT = »F10.5)
IPLO=1P+1
w0 TO 2501
2500 READ(Se2604) (PAN(I)»121,1IM1)
READ(S»3500) IPLO+IFHI
3500 FORMAT(2I5)
2604 FORMAT(TF10.5)
WHITE(6»2605) (I»PANCI)»I=1,»IM1)
2605 FORMAT(72H THERMOELASTIC INFLUENCE COEFFICIENMTS ARE CALCULATED AND
1 WRITTEN ON FILE/
2uXe1HI »HXs L1HPATCH ANGLE/
3(I5¢5XeFl10,5))
WRITE(6,3501) IPLO,IPHI
3501 FORMAT(8H IPLO = »I2:5X¢8H IPHI = ,12)
IF(IPLOLEQ.1l) GO TO 2501
KSTOP=(IPLO-1)%12
D0 3503 KRD=1,KSTOP
3503 READ(4¢1600) ((WFR(I K)»IzZ1,IM) KTl sKM)
2501 CONTINUE
PI=3.141%927

6RID GENERATION FOR SPHERICAL MIRROR

READ(S+112)D0+DI¢HsFNO
WHITE (6e113) DO:DI»H+FNO
IF(FNO.GT.99) GO0 TO 201
RF=2,*DO*FNOQ

REZRF +H

GRz=H/FJM1

S5I=z.5*DI/RF
CI=SGRT(1.=-51%51)
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S0z« H5*DO/RF
COZSURT{1.-50%50)
THETI=ATAN(SI/CI)
THETC=ATAN(SO/CO)
UTHETZ(THETO=THETI) /FIM]1
EM=THETI

UG 39 I=i.IM

RR=RB

DO 38 Jzle.d™
R(I+J)=RR*SIN{EM}
ZLIvJ)=RE=~RR*COS5(EM)
REK=RR~=DR
EM=EM+DTHET

@0 TO 202

ODH=. 5% {LO-D1)/FIM1
DE=H/FJM]

DO 200 I=1.IM
Fl1=1-1

DO 200 J=1l,JM
Fd=J-1
R(IyJ)z0.5«DI+FI%0H
Z2{TIed)=FJIxDZ
CUNTINUE

CALL DATACUM)

CALL SUBROUTINE TO CALCULATE CrD+sKDeKS)PDiPS.PL

CALL CAND{IM»JIMeM,CF)
SCP=CP(1)+CP(2)+CP (3)

COMPONENTS OF PATCH HEAT

C

C
C
C

c
C

C

2505

2502

2000

IN

2001

$00

IF(INFLUGLE.Q)GO TO 2502

1P=1PLO

PA=PAN{IF)

IP1=1P+1
AP=PA*3.14159265/360,#{R{(IP1,1)%%2=R(IP,1)%x2)
PHz=1./AP

CONTINUE

O 2000 Nz=1.MNM

FNz=N

HEATO=PH*PA/360.

HEAT(N)= (2, #PH*SIN(FN*«PA*PI1/360.) )/ (FN%PI)

ITIALIZE WwF AND WB

DO 2001 K=1+KM
Wid(K)=0.,0

DO 2001 I=1.,1IM
TT(1,K}=0,0
WF(I,K)=0.0

START MOUE LOOP
IF(INFLULGTL0) GO TO 6000

WRITE(6,500)
FORMAT(///7//731H CONVERGENCE OF MODAL RESPONSES//
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11X 4HMODE » 11X e LOHHEAT INPUT»4Xe IHE s 4Xp1HJ» 10X 1OHDEFLECTION,
29X LIHTEMPERATURE)
6U00 U0 2002 NT=1,NMP

N1z3

NC=NT=1

IFINC.£Q,D)N1=2

SM3IZNL*JM

LCV=JM3

TJM=IM%xJIM3

CALL STIFF{IMyJUMsNCHCF)

REARKRANGE KD AND KS AND FORM KL FOR POTTER

DO S50 I=1,1IM
U0 S0 Llx1,dM3
U0 50 L2=1,JM3
50 KL{Ll,L2,1)=KD(L1,L2,1)
DO 51 I=1.1IM
DO 51 Li=1,JM3
DG 51 L2z1,JM3
51 KD(IeLLpl2)=KL(LLIWL2,1)
Lo 52 I=i,IM
DO 52 Li=l,JM3
DG 52 Le=1,dM3
D2 KL(LiI»L2,1)=KS(L1eL2,1)
DO 53 I=1.IM
DO 83 Ll=1,JM3
BO 53 L2=1.JM3
53 KS5(I,L)leL2)=KL(L1,L2,1)

Lo 9500 L1=1,15
DO 9500 L2=1,15
DO 9500 L3=1,15
9500 KL({L1.,L2.,L3)=0.0
DG 54 1=2,1IM
DO 5S4 L1=1,JM3
DO 5S4 L=l ,JM3
54 KL(I LLoL2)=KS(I=1,L2,L1)
INITIAL CONDITIONS ON TEMPERATURE

IF{NC.NE.DQ) GO TO 131
DO 37 Iz1.M

37 TC(I)=T1
GO TC 132

131 U0 133 I=1.M

133 TC(1)=0.0

132 CUNTINUE

INITIALIZE DISPLACEMENTS
DG 24 Li=1,1IM
DO 24 L2=1,JM3
24 U(L1,L2)=0,0
RADIATION FROM FRONT

FC=NC
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D0 20 Liz1l.M
X{L1)=0,0
Wl (ti)=0.0
[IF(NC.NE,O) GO TO 22
DO 21 Liz1,IM
LRzL1%JM
Q1 (LR)=QI(LR)+ TO*QR(L1)
CONTINUE

SET UP AND INVERT EFFECTIVE CONDUCTIVE MATRIX IN A

BC 2 Ll1z=z1,M

O 2 L2z=1«M
A(LL1,L2)=C(L1/L2,1)+4FC*FCAC(L1,L2,2)
IF(LI.EG, L)ALl L2 =A(L1,L2)4+2.0«D(L1)/7DELT
CONT INUE

CALL INVERT(A«M»75)

INITIALIZE SOLUTION AND HEAT INPUT

DO 99 I=1,IM]l
P(I¥=0,0

STEP B8Y STEP SOLUTION

IPR=O )
IF{SCP.6T,.0.00U1) GO TO 73

NTP=2

IPRINT=1

U0 6 II=1.NTP

OO0 45 Klz=1.M
X{Kl1)=0.0

Fi=1i~-1
TIME=FI*0ELT
IF{(Il.EQ.1)GO TO 40
IPR=IPR+1

HEAT INPUT ON BACK

IF(RNC JNE. 0} P(IP)=HEAT{NC)

IF(NC JEQ. 0) P(IP)Y= HEATO

DO 28 L=2,IiM1

Td=(L=1)*JM+]
QI(IN=EB(LL~-1)*P(L=1)+QB(L,L)*P (L)
QlL{Y)=QB{1,1)*FP (1)

I12zM+l=Um

Qi(I2)=GE(IM, IM1) %P (IML)

SET UP THE COMBINE HEAT INPUT VECTOR

DO 3 LizisM
Q(L13=2.0«D(L1)*TC{L1)/DELT +G1(LY)

CALCULATE THE NEW TEMPERATURE

LG 10 Llz=1.M
DO 10 L2=z1eM

42
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5000
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41
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43

44

49

ALL)=X(Li)+#Aa(LL,L2)*Q(L2)
IF(S5CP.LT.0.0001) 6O TO 70
LU 4 Llizl.M
TC(LL)==TC(L1)+2.4X (1))
IF(IPRGNELIPRINT)GO TO 6
1PR=D

CONTINUE

IF (5CP,.6Y,0.0001) GO TO S000
DO o2 Liz=1.M

TCLL1Y=xX (L1}

IFINT.EQ.1)GO TO 8600
IF{(DI.6T,0,0001)G0 70O Be00
D0 8601 J=1l.JM

TC(J)=0.0

CONTINUE

SET UP THE THERMAL FORCE VECTOR

IF{NC.,NE,O0) GO TO 71

w0 55 Liz=1+M

TCtL1)y=TC(LL1)~-T1I

DO 41 Liz=1,IM

DU 41 L2z1l,JdM3

F(L1.,L2)=0,0

DU 43 I1l=1,IM

UO 43 L2zledM

DO 43 JzledM

U0 42 Kz1leNL

L1I=N1x(J=1)+K

L3zdMx(I1=-1)+L2

La=L3+JM

L5zL3=JM
F{IL,L1)==PDI(LL1,L2,11)*TC{LIY+F(I1,L1)
IFCILI NEJIMIF{IL L) (I LY1)=-PS(LL,L2,T11)xTC(LY)
IFII1.E4,1)G0 TO 42

FCIL L1 )=F{I1.L1)=-PL{LL1,L2,)I1=1)*TC(LS)
CONTINUE '
CONTINUE

IMPOSE BOUNDARY CONDITIONS

N=NC

IF(NJ,NE,D)YGO TO 49

DO 44 Liz1l,JM3

IF(IX NELLYKS(IX-1sl1,2)=0.
IF(IXNE,IMIKL{IX41,L1,2)=0,
KD(IX'Ll'a):G.
KS(IXe2,L1)20.0
IF(IX.NE1YKL(IX,2,L1)20,0
KUutIXxe2:L1)=0.0
ho(IXs2,2)=1.0

F{IXe2)=0.0

&0 TO 48

IF (N.NE,1)GO TO 48

DO 4o L1 =1,dM3
KL{IX»1,L1)=0C.0
KL(1X»3,L1)=0,0

43
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KL(IX+1,L1¢1)=0.0
KL(IX+1s0L23)=0.0
KS(IXeleL1)=0L0
KS5(IXe39L1)=0,0
KD(IX»1,L1)=0.,0
KDCIX»3.L1)=D,0
KOULXeL1lel)=0.0
KUCIX»L1le3)=0.0
IFCIXNE,LIKS(IX=-1,L1,1020,0
4o IF(IX.NELLIIKS(IX<1,L3,3)=0,0
KUCIXedrldz=l 0
KO{IXe39»3)=1,0
F(IX,1)=0.0
FIIX,3)=0,0
48 CONTINUE
IF{N.EQ.0)GO TO &a500
IF¢DI.GT,0,0001)X60 TO 8500
UG 85%02 Liz1l,JM3
DC 8501 L2z=1,JM3
Ki{l,L1,L2)=0.0
KS{1l.L1,.L2)=20,0
8Lul KL(2,L1sL2}=0.0
KD(1.L1s1.2)=1,0
gube F{lsL1)=0,0
8500 CONTINUE
()6 8000 Li=zl,a75hU
duod AA{L1)=0,0
Do 8001 Liz=1,225
SuUl BH(L1Y=0,.0
pO adGge Lizt,IM
pDU 8002 La2z1i,JM3
o 8002 L3z=L2yJM3
LzL3+2 #(L2=]1 )xJM3~L2+]1 +(L1=1 )%2 *JMIxJM3
Ul AALL)=SKDILLIL2,L3)
00 8003 L.1=1,1IM1
DU 8003 L2=1,JM3
LU0 8003 L3z1,JM3
Lol3+42 x(L2~1 )&JMI=L 241 +{L1=1 }*2%JMIxIMI+JIM3
B003 AA(L)ZKS(L1,L2,L3)
DO 8004 Lli=1,IM
U0 8004 L2xi,J M3
LzL24{L1=1)%JM3
Buud B (L)=F(Ll.L2)
NEQzJIM3xIM
Mis=JM I+ JM3
UG 8050 L3=1,.NEQ
DO 8050 Lu=1,MB
LizL3+(L4~1)«NEQ
Lezlyg+(L3=1)*Mp
8050 DUL(L1=AA(L2)
MOSZMBRNEQ
DO 8060 Ll=z1,M0S
s060 AA(L1)Y=DDI(LY)

SOLVE THE STIFFNESS £QUATIONS

CALL TRIA (NEQ,M3,AA)
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CALL BACKS (NEQ.MB.AA»BB)
Du 8005 Lizl,Im

U0 #8005 L2=1,JM3
Lzt2+{li-1)*JM3
UiLleL2)=6HB(L)

CONTINUE

CONT INUE

COMPUTE WB AND WF
C

OO

4001l
#uoo

2003

501
27v2
2uo0z2

3400

2503

1002
1601
1000

IF{NC,NE.D)GO TO 4000
DO 4001 L1=1,M

TC(L1)STC(LL)+TI

CONT INUE

DO 2003 K=1eKM

FIN=NC

FK=K

WE (K)ZWB(K)+U (IS N1 ) *COS(FN* (FK=1,)*PI#2, /FKM)
DO 2003 I=1,IM

IT=1+JM

TY(L KISTICLoK) +TC(IT)COS (FN# (FK=1,) %PI%2, /FKM)
WE (LK) ZWF {1 K)+U(T ,UM3) #COS (FN* (FK=1, ) *P1#2, /FKM)

OUTPUT RESULTS OF A MODE

IF (INFLU,GT,.0)160 TO 2002

IzIM

JzJIM

JdzJxN1

JId=JME (=11 +J

WRITE(G,S01) NC,PUIP)»IsJeU(10JdU)y TC(JJID)
FORMAT{IS5,E20.8,215,2E20,.8)

CONTINUE

CONTINUE

ROTATION OF OUTPUT FOR SUPPORTS

CONTINUE

Sizl

IF(INFLUL.LE.D)GO TO 2503
KP=x1

CONTINUE

FEKMzKM

#5252

F53=53

UTHET=2 .*PI/FKM
LTHD=360./FKM
KR=ZKP=-1

O 1001 K=1,KM
K=KR+1

IF (KR.EQ. KM+1) KR=1
00 1002 I=1,IM
TRI,KR)=TT(I,K)
WFR{IKR)ZWF(I,K}
WHR{KR)ZWA(K)
CONTINUE

Wlz=wizk(51)

45
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100b

1004

1506
3002

5099
1000

7065

1587
1501
1502
1505
1503

1504
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W2z WBR(52)

W3=WBR({53)

RS=R(ISr1)

THET2={FS2=1, }*DTHET
THETAz(FS3=1,)+«DTHETY

X1=RS

X2=RSxCOS(THET2)

XI3=RS*COS(THET3)

YZ2zRS*SIN(THET2)

YI3=RS*SINITHET3)

DET=Y3% (X2=X1)+Y2x (X1=X3)
IF(DET.6T.0.0001)60 TO 1003
WRITE(6+1510)

FURMAT(23H SUPPCRTS LOCATED WRONG)
GO TO T2

WO {(X24Y S X3xY2 ) xW1=X1.YI%W2+X1*Y2xW3) /DET
THXZ ((X3=X2) W1+ (X1=X3) W24+ (X2=-X1)*W3}/DET
THYZ((Y3=Y2)xWi=Y3xW2+Y2xW3}/DET

UG 1004 Kz1,KM

FK=K

PG 1UusS I=1,IM

HI=R{1sJM)

TE=(FK=1,0)*%DTHET

XIK=RI*COS{TK)

VIK=HI*SIN(TK)

WFRCI K)=ZWFR{I oK) ~WO=YIK*THX+XIK«THY
XIS=RS*COS(TK)

YIS=RS*SIN(TK)

WHR (K)=WBR({K) =WO=YIS*THX+XIS*THY
IF(INFLULGT,.0)G0 TO 3002

WRITE (6,1501)

DO 1506 Kz1,KM

WRITE{6,1505)

FKzK=1

THO=FK*DTHD

DU 1506 1I=1,1IM
WRITE(6+1502) 1K eR{LI s JIMI»THD e WFRII»KY e TR(I+K)
CONTINUE

IF({INFLULLELD)GO TO 72

FORMAT(BH IP = »I595XsS5HKP = ,1I%)
WRITE(4,1600) ((WFR{I K) pIlz1,IM)oK=1,KM)
FORMAT (6EL3.8)

WHITE(6,5099) IP,KP

CONT INUE

IF (INFLU,.GT.0) 60O TO 3003

WRITE (6,1503)

DO 1507 K=1,KM

FKzK=1

THD=FK*OTHD
WRITE(6,1508)}K RS« THD + WBR(K)

FORMAT {29H Z~-DISPLACEMENTS ON THE FRONT //4X+e1HI4Xs1HK, 10X,

11HR p 14X o SHTHETA» 12Xy 1HWs 16Xy 1 1HTEMPERATURE }

FORMAT (215+2E15,5,2E20.8)
FORMAT (/7))

FORMAT (//50H Z-DISPLACEMENTS AT THE SUPPORT RADIUS ON THE BACK//

14X p 1HK p 14X ¢ 2HRS ¢ 13X » SHTHETA» 210Xy 1HW)

FORMAT{IS,3E20.8)
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3003 CONTINUE
lu2 FORMAT(////39H TEMPERATURES AND THERMAL DISPLACEMENTS.///

119H NG. OF GRID ROWS = »1I5,5Xr20H NO, OF GRID COLS, = IS5/
2/7/18H MIRROR PROPERTIES/
4euH RADIATION FACTOR, CF = +E15,6/294 REFERENCE TEMPERATURE: TO =
S¢b£15.6/7/724H SOLUTION TIMER CONTROLS/32H INTEGRATION TIME STEP. DEL
6TA = +E15.6+5X,28/IINUMBER OF TIME STEPS, NTS = ,I5//)
112 FORMAT(4F10.5)
113 FORMAT(////16H MIRROR GEOMETRY//20H OUTSIDE DIAMETER = +F10.5/
119H INSIDE UDIAMETER = ¢F10,5/13H THICKNESS = »F10.,5/12H F=NUMBER =
2 »FlU.5/77)
LF (INFLULLE.0)GO TO 72
KPz=KP+1
IF(KP.GT.KM)GO TO 2504
G0 TO 2503
2504 1P=IP+}
IF(IP.LT,.IPHI) 60 T0z%0%5
12 CONTINUE
STOP
END
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SUBROUTINE CAND(IM»JM»MsCF)
DIMEMSION CN(39e3¢3)0S(3¢3) e ALF(393)»CK(3+3) 2 J(2)CP(3)
CUMMON/DAT/ZCNISvALF»CK» JL,CP
COMMON R, 2

COMMON /CND/CeD QR QE
UDIMENSION C{7S,79%:2),0(79)eR(15¢5)+2(15,5)
ODIMENSTON CT(3¢3¢2)eCA(5r5:2)2GT(3¢3¢2)eDQ(4)Y1A(3¢3)0FL{5:512)
CEElOr5r2)0G(5e592)0D1(5)sD2(5) 60 (3) e QGRI15),QB(15,14)
UIMENSION RZ(3)+Z2R(3)+X(10)
IMIzIM=}

JMIzJdM=-1

DO 20 Liz=1.M

p(Lly=0,0

vl 20 L2=1+M

DO 20 L3=1.,2

C(L1+L2,L3)=0.0

DO 47 L=1,1IM

GR{L)=0,0

GO 60 MizislM

DO 60 M2=1,sIM1

QB {Ml,M2)=0,0

00 25 Ll=1.,JM

DleLi)=0D,0

D2(L1)=0,0

LO 25 L2=1.JM

00 25 Lazle2
FliL1.L2.L3)=0,0
Fe(LleL2,L3)=0,0
G(L1,L2,L3)=20,0

VO 24 I=1,IM

DO 46 L=1,JM

p2(L)y=0.0

00 46 LL=1.,2

DO 46 K=1,JM

GiLeKeLLL}=0.0

Fei{l KoL} =0.0

GO 21 Jzl,JdMi

IF (1.EQ,IM)GO TGO 21
IF(J. LY (1) yMT=1
IF{J.GE.JL (1) s AND.J LT, JL(2)IMT=2
IF(J,GE.JL{2) MT=3

RI=R(I+J)

£1=2(1»J)

Re=R(I+1,d)

2ez=Z(141+d)

R3zR(I+1,J41)

Z23=Z2(14+1+J41)

R4z=R(IrJ+1)

ZuzZ(IyJd+l)

Rel=zr2-R1

R3Z2=R3=R2

H4l=R4=R]

R34=R3-RY

221=722-21

L£32=23=-22

241z=Z4=L]
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LU l3=lY

AREAZ S {RG L+ 24 1-R21%Z21~R32*232+R34xZ34)~R32+Z21+R34%xZ4]
ARZ s H* (RU1.Z4 1) 2 (R142 e *R41/3,0)=.5%R2Z1%Z21%(R142,x%R21/34)~RI2*2Z21%
A(H2+.5%R32) = 5¥R3I2xZI2%x (H2+2 . *R32/3.) +.5%xRIY*Z34* (RU+2,. %¥R3U4/3, ) +R3
YyxZulx (R4+,5%xR34) .
AL 5%RULAZ41%x{ 214241 /3.)~,.5«R21%221%(Z1+221/3.)=R32%2 1*x{Z]+.5%72
51)=eHuR32% 2324 (224Z232/3e )+, O%RIUNZIGe (ZU44Z34/ 3. Y +RIG* 2412 {Z1+.5%Z4
6l)

RC=AHR/AREA

ZC=AZ/AREA

DO 1e Liz1.5

00O 16 L2=1+%

OU 16 L3zl.2

Cetli,L2,L3)=0.0

DO 17 L1l=1.,4

pa(L1y=0,0

0C 1% Kzl b4

IF(K.NEL1)GO TO 1

RI=R(1,d)

21z=Z{1+J)

R2ZR(I+1sJ)

£2z2Z2(1+1+J)

60 10 4

IF{K.NEL2)GO TO 2

R1=R{I+1+J)

2i=Z(1+1+d)

Rez=R(I41eJd+1)

Ze=Z2il+1sJ41)

60 TU o _ :

IF(K.NE.3)GO TC 3

R1=R{I+1.J+1)

Zi=Z(1+1,J41)

Rez=R(IrJ+l}

£2=Z(1rd+1)

o TO 4

IF(K.NE,.4)YG0O YO &

Ki=zR({I,Jd+1)

Z1z=Z(IsJ+1)

RezR{I¢Jd)

£2z=Z2{1+J)

KR3=RC

£3=2¢C

ATZD 5% (R2*Z23=R3*%Z22+R3*Z1~-R1*23+R1%Z22-R2%x71)
A{1e )= (R2%Z3-R3+Z22) /AT
AL2rl)= 5% (22=23) /AT
Al3+l)zeS5x{R3I-R2) /AT

A{1r2) 5% (R3xZ1-RK1%23) /AT
Al2,2)=e5%x(23~21) /AT
Al3r2)=.0%{R1=R3) /AT

ALY r3) 5% (R12Z22-R2%x21) /AT
Al2e3)zox(21=-22) /AT
AlJe3)=o5%x(R2=R1) /AT

Lo 5 L1z1+3

Gu({L1)=0,0

v 5 Lezl.3

DG H L3zL1s2

GT{LLL2,L3)=0,0



50

3 CT{L1,L2,L3}=0.0
1F(AIS(R1=R2).LT,0,000001)G0 TO 6
ALFle=t(Z1-22)/(R1~-R2)
BLTlz2=(Z22#R1=Z1aR2)/ (R1=R2)

20 TO 7

ALFl1l2=0,0

BT1i2=0.0

IF (AUS{R2-R3).LT.0,0000013G60 TO 8
ALF23={22=23)/(R2=-R3)
BET23=(23*R2«22xR3)/ (R2=R3)

60 TO 9

ALF23=0,

BET23=0,

IF(ABS(R3=-RL).LT.0,000001)G0 TO 10
ALF31=(Z23-21)/{R3~R1)
BET31=(Z21*%R3=23xR1}/ (R3=-R1)

60 TO 11

ALF31z0.0

HEY31=0,0

CONT INUE

RZI(1)=R1

RE(2)Y=R2

RLUSI)=RS

Zin{l)zZ1

IR(2)=22

FALY B P

Call INTGRL(RZ,ZH.X)
GT(Z2+2¢1)ZX(3)2CK(1MT)

GTI3e 391 )=X(3)xCK (3, MT)

6T(1l,1,2)2X(1)

GT(lr2e2)zX(2)

GT(l,3s2)2X(6)

GT(2,12)2X(2)

CT(2+202)=X(3)

GT(2+302)2X(7}

GT(3:102)=X(6)

GT(Ir2e2)X(T)

GTL3v3s2)=X(10)

DO 50 Llzl.3

DO 50 L2=1.,3
GTILLsL2e23=GT{LLIIL2:2)%CK{2:MT)
IF{J.NELJM1}GO TO 51

IF(K,NE,3)6G0 TO 51

SA=SART(1.+ALF12%%2)

N=1
GT(1r1eMN)=GT{Lr1eN)+CFASAx(RIx22~R2%x%x2) /2,
GT{1le2/N)=GT(L122¢N) +CFESAR(R1%x3~R2*%x3})/3,0
GT{le3eNIZGT(1+3/N)+CF*SAx(ALF12#(R1%%3~R2%%x3)/3,040,5
1*BETI2% (R1%xx2=R2%22))

GT(2e1eNI=GT(102¢N)

CGT (2,2 N)=GT{2+2/ NI 4+CF*SA%0.25%x (R1%kY4=R2%kxY)
GTL(2r3/N)=CT (2,3 N)+CF*SA%{0,25+ALF12% (R14*%4=R2x%4)

1 +BET12%#{R14x3-R2x*3)/3,0)
OT{(3rliN)=GT(1+3:N)

BTL3,2eNIZGTI203,R)
GT(3r 3o N)I=GT(3e3sNI+CFASA* (0, 254ALF12%#2% (R1#k4=R2 x4 ) +2, D4ALF 12

1 ABET124(R1#¥3-R2*%3)/3,04+0.5%BET12#%24 (R14%2-R2%%2))



32

51

48

iz

31

13
14

15

i8

19

51

GU(L)=CF*SAX0,5% (R13x2=R2%x*¥2)

GU(2)=CF*+SA% (R1*+%3=R2+%3) /3.0
GU(S)=CF*+SA*x(ALFI2* {R1*%x3-R2x%3)/3,0+0,5*BET12%(R1**2=R2*%%2))
CONT INUE

DO 48 L1l=1,3

QR{IV=GRIIN+A(L1,2)%GO(L1)

IF(I.EQ,IMBGO TO 48
GR{I+1)=GR{I+1)1+A(LL1,1)%GG(LL)

CONTINUE

DO 12 Liz=1.,3

DO 12 L2z1.+3

DO 12 L3=1.:3

DO 12 L4=1,3

DG 12 LS=1.2
CT(LIL2/LS)=CT (L1 sL2oLB)+A(L3 L1 %GT(L3sLG/LE)xA(LYL2)
DA{K)=DO({K)+,5%CT(2+,2+2)%CP(MT) /CK(2/MT)
IF(K.EQ,4)GO TC 31
DOIK+1)1=DO(K+1)+.5%GT (2,2, 2) #CP{(MT) /CK(2MT)
GO0 TO 32

UG{L)=DAI1) +.5%GT(2+2+2)*CP{MT) /CK{2MT)
CONTINUE

OC 14 Li=1.2
CO(KeKeLL)=CA(KK,LL)4+CT(1,1,L1)
CatKsS.L1)=CA(K»S,L1)+CT{1,3,L1)
IFIKJEQR.4)GO TO 30

CO(KeK+1oLL)=CT(Ls2/L1)
CAlK+1leK+1oL1)=CO(K+1,K+41,L1)+CT(2¢2sL1)
CO(K+1,5,L1)zCO{K4+1,5,L1)4CT(2+5,L1)

GO TO 13

Ca(le1,L1)=CO(1»1,L1)+CT(2s2,L 1)
Ca(lru,1)=CT(1,2,L1)
CullrSrl1)=CO(1e5,/L1)+CT(203eL1)

CulHr5 L11=CO(5¢eS5eL1)+CT(303,1L1)

CONTINUE

IF(J.NEL1)GO TO 15

IF(K.NELL)GO TO 15

IF(I.EG,IM)GO TO 15
SAR=SORT(1.+ALF12*%2)/ (R1=-R2)

Gi(I»I)= SAR*(R2*%*2+4R1*¥R2=-2,0*R1**%2}/6.0
AB{l141,1)= SAR*{2.0*%R2**2-R1*R2-R1%%x2)/6,0
CONTINUE

DG 19 Liz=1.,2

DU 18 Le=2+H

Ly=L2~-1

DO 18 L3=1.Ly

Ca(lz L3 L1)z=CA(LA)L2,L1)

L0 19 Lexleg
DO 19 L3z=1.,4
CO(L2,L3/L1)=CAL2/L3sL1)~CO(L2,5eL1)*CQIL3sS,L1)}/CO(S5¢5,L1)
0O 40 L3=1.2
FliJeJdoLI)=FL(JeJdeL3)+CQR{191.,L3)
Flided+1loL3)FLl(JaJ+1,.L3)4+CA{1e 4L 3)
FliJ+leJ+1eL3)F1(J+1,J+1,L3)4+CQ(424,L3)
FezldrJeLIIZF2 (JedeL3)+CQR(2,2,L3)
F2lJdeJd+1lelL3)zF2{JsJ+1,L3)4CA(2,3,L3) ,
Foldtled+lel3)=F2(J41eJd+1sL3)+CG(35:3:L3) '
GlJo e LI)=G{JyJrLINHCACLs 2L 3)



40

21

22

26

23
24

G(JrJ41 L 3)=6(JrJ+1sLII+CA(1¢ 3L 3)
GlJ+1rdpL3) =6 {J+1 o JeLIIHCAMHL2,L3)
GiJ+lrJ+1oL3)=GlJ+1s0+1,L3)+CA(LHs3sL3)
CONTINUE
D1(J)=01 D) 40A(1)
D1(J+1)=D1(J+1)+DG(Y)
p2(J)=D2(J)+DAac2)
D2(J+1)=D2(J+1)+DO(3)
CONTINUE

vl 22 L3z1.2

DO 22 Llz1l,edM

Lo 22 Le=Li,JM

IR=JMx (I~1)

LR=IR+L]

LC=IR+L2
C{LR.LCo/L3I)=FL1(L1,L2,L3)
FL(Li.L2,L3)=F2(L1,L2.,L3)
DO 26 Ll=1,JM

IR=JNM%x([=1)

LR=IR+L1

U(LR)I=D1(L]1)
DICL1)=D2(L1)
IF(I,EQ.IM}GO TO 24

DO 23 L3z=1,2

DO 23 Ll=1sdM

DO 23 L2=1,UM

IR=JM%(]1=1}

LRZIR+L]

LC=IR+JM+L2
C(LRyLC,L3)=G({L1,L2,L3)
CONT INUE

DC 27 L3z1,2

DO 27 Liz=2.M

LiM=L1=1

PO 27 L2=1,L1M
C(Ll,L2.,L3)=C(L2,L1,L3)
RETURN

END
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90

100

2u0
500

SUBROUTINE TRIA(NEQeMsA)
DIMENSION A(CL)
NE=ZNEQ=1

M=M=1

MM=MN2NEQ

MK =NE Q=M

DU 300 N=1.NE

NT=N=-MK

IF(NT.GT,.0) MM=MM-NEQ
IF(A(N).EQ.0,0) GO0 TO 300
L=N

IL=N+NEG

IH=N+MM

U0 200 I=IL,IH.NEG
L=t+1

o=

C=A(I)}/A(N)

DO 100 K=I,»IHsyNEG
AlGJIZATI)=Cxa(K)
JTJHNEQ

A(lr=C

CONTINUE

CONTINUE

RL TURN

END
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SUBROUTINE INTGRL(R»Ze¢X)
RLAL ICONsICONPI1Zy1Z2P9122+122P
DIMENSION R(3)¢2(3)X(10)XI(10),AI(10)
Ri=IR{1)
RJ=R (2}
RK=R (3)
DATA(XICI)»AT(I)eI=1,10)/~,97390653,.066671344,-,86506337,.1494513
1Hr=. 67940957, ,21908636r=~,43339539, ,26926672r~. 14887434 29552422
2.,14887434,,290552422) ,43339539, .26926672+.67940957,,21908636
3.86506337,.14945135,,97390653,.066671344/
00 2001 N1=1.,10
X{N1)=0.
CALCULATION OF INTEGRALS BY GAUSSIAN QUADRATURE
RMIN=AMINL(RI+RJIRK)
RMAX=AMAX1 (RIRJ»RK)
DO 7 N1=1+3
IF(ABS{R(N1)=~RMIN) ,LE.0,00001)1I1=N1
DO 8 N1z1.3
IF (ABSIR{(N1)=-RMAX) ,LE.0,00001)I3=N1
DG 9 N1I=1.,3
IF{N1+.NE.,I1,AND.N1,NE.T3} I2=N1
R1I=R({IL)
rR2=R(12)
RAIZR(I3)
£1=2(11)
Z2=Z(12)
L3=24(13)
FAC=1.0
UR12=ABS{R1-R2)
LR13zABS(R1=R3)

512=(Z22=Z1)/{(R2=-R1)
$13=(23~Z21)/(R3-R1)
523=(23-22)/{R3-R2)
DizR2-R1
DRP =it 3=-R2
U0 iz Nlz=1,10
RR=R1+DR*(XI(N11+10)/20
RRP=2+DRP* (XTI (N1)+1,)/2.
221=513*x (RR~RL)+21
2Z1P=513%{RRP=-R1)+21
222=512x(RR=~R1)+Z21
2432523« (RRP-R2)+22
ICOoHzABS(Z222=-221)
1CONP=ABS({Z2Z3~221P)
12222 x%2«=272%xx2) /2,
IF(221,LT,222) 12z =12
17P=(Z2Z1P*x*2=-Z723%%x2) /2,
IF(ZZ1P LT, 223) 1ZP= =12P
122=A8S{222+%3-221%%x3)/3,
1Z22P=ABRS{ZZ5%x3-«221P%*3) /3,
LU 10 Nezi1+S
KINZ2)I=X{N2)+AT(N1)*ICONP*RRPx% (N2=2) *DRP
IF(AQYS(RR) .6T,.0,0000001)
IX(N2IZX(N2)Y+AT(NL)* { ICON*#RRA* (N2= 2)*DR)
DO 11 N2z=6+»9



XINZ2ITX(N2)+AT (N1) % 12PxRRPxx (N2=7} *DRP
11 IF(ABS(RR) .GT.0,0000001)
IXINZ2IEX(N2)+AT (NL)* ([ Z*xRR=% {N2=T71%DR)
le X(103xX{(210)+AL(NL) *(1Z22/7RR*UR+1Z22P/RRP*DRP)
DU 13 Nl=1,10D
15 A(NL)=X(N1)/s2,
AlL)=FAC*X (1)
Xi{b)=FAC*X (&)
X{1U)=FAC®X(10)
RETURN
END

55



1

1

SUBROUTINE DATA (JM)

56

OIMENSTON E(3¢3)eV{3,3)0PD(1515,15),PS(15,5,14)PL{15+5¢14),

ALT3e75)

WIMENSION CN(3+303)0G(3e3) 0 ALF(3¢3)oCK(3¢3)sJL(2)»CP(3)
COMMON/DAT/CN»Ge ALF »CK o JL»CP
COMMON/STIFL/PDPSePLeA

DO 1 M=1,3

READ (S »1U0JECL oy M) s E(2rM) vE(I M} o G(LeMIsG(2¢M) 2 G(32sM)

VILeM)» V2 MY VI3M)

1 READ(S5¢110)ALF (1 oM) b ALF(2,M) pALF (3sM)pCK(1 M) s CK{2sM) »CK(3oM) »CP(M

1

)

100 FORMAT (9F8,.5)
110 FORMATI(7E8,5)

2 WRITE(G,101)MeE(LeM) dE(2+M)+E(3+M)eG(LeM)2GL2¢eM)sG(3eM)y

y
3

luz

150

1

1
2
3
4
5
o

1
2

Lo 2 Mz1.3

VILeM) s VIZ2eM) e VIZoMIPALF (L1, M) pALFE(Z2sM) s ALF (3 ,M)
SCKLLeM),CK(2oM) »CK{J3:M)CP(M)
101 FORMAT(//7/13H MATERIAL NQ.,.I2/

TH ER = »sE12.5:5Xs6HET
7H GRT = +E12.5¢5Xe6HGRZ
TH VIR = ,E12.5¢5%Xs6HVZR
TH AR = rE12.5¢5X:6HAT
T4 KR = tE12.5¢5Xs6HKT
TH CP = JEl2.5//7)
U0 3 Mz1,3

Alle1)=1.7E(L M)
A(l,2)==V(1,M)/E{2sM)
A{led)z=VI2/M)/E(3 M)
A{Z2e2)z1.7E(2:M)
A(2r3)==V(3:MI/E(3 M)
Al393)=1./E(3etM)
Al2:s1)=A(1,2)
A(3+1)zA(1,3)
AlS,2)=A(2+3)

CALL INVERT(A+3,75)
DO 4 I=1.3

DO 4 Jzi+ 3
CN(LyJerMIZAC(CINJ)
CONTINUE

READ (S 102) (JL (L) e IZ12)

FORMAT(21I5)

o n

vE12.5:5X»6HEZ
+1E12.595X+6H6TZ
' E12.5,5Xe6HVZT
'E12.595Xs6HAZ
tE12.5:5X06HKZ

WRITE(6»130)JL (L) rdl{1l) e (2)edL(2) M
FORMAT(//21H LAYER NO.1 J =1 TO .12/
15H LAYER NO.2 J =,12,4H TO ,12/

15H LAYER NO.3 J =¢I1204H TO ,127/)

RETURN
END

st

rE12,5/
'E12.5/
tE12.5/
vE12.,5/
!E1205/



AN

SUBROUTINE INVERT(D ACT,DIM)
INVERSION OF SYMMETRIC MATRIX
INTEGER ACT.DIM

DIMENSION D(DIM,DIM),LOC{T76)
OOUBLE PRECISION DP

OF=1.00

DO 1 Nzl.ACT

LOC (N)=N

U0 6 NI=1,ACT

M=D

FIVOT=0.

0O 2 N2=N1.,ACT

NN=ZLOC {N2}

IF (ABS(D(NN,NN)).LE ABS(PIVOTY)Y GO TO 2
M=N2

PIVOT=D (NNeNN)

CONTINUE

IF {(M.EQ.0) GO TO B8

HN=LOC{M)

LOC{M)=LOC{N]}

LOCIN1)=N

Di{NeN)z==1.

O 3 Jdxl.ACT

B{NeJIZDINeJ) /PIVOY

DO 5 11=1,ACT

1=LOC(Il)

IF {(NJEQ.I OR.D{1¢N) EG.U.} GO TO 5
PO 4 J1=11.ACT

JzLOC(J1)

IF {(N,EQ.J) 60 TO 4
DITeNZD(IrJd3=DCI+N)YADINsJ)=DP
DlJeld=D(Ipd)

CONTINUE

CONTINUE

DO O I=1.8CT

DOLeld)=p(NeI)

DO 7 I=1+ACT

LU 7 J=1.ACT

D{IsJd)z=D(I+¢J)

RETURN

WRITE(6,9)

EURMAT {42HOMATRIX 1S SINGULAR = EXECUTION TERMINATED
>TOP

LD

57
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<865

300

400

SUBROUTINE BACKS (NN+MMsALB)
DIMENSION A(1):R(1)

MMMaMMe= ]

NzD

WZN+ 1L

CzB ()

IFCATN) NELD,0) BINIZBIN)/ZA(N)
IFINJEQ.,NN) GO TU 300
IL=N+1
IHZMINO (NN N+MMM)

M=N

DO 285 IzIL,IH

Mz=M+NN
BII=B(I)}~A (M) %L

GO TO 270

IL=N

N=N=-1

IFI(N.EQ.,0) RETURN
TH=MINO {NNsN+MMM)
M=N

DO 400 Iz=IL,IH
MzM+ NN
BiN)=B(N}=A(MY*(])
GO TO 300

END
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OO0

OO0

lul

loz

222

59

SUBROUTINE STIFF (IM,JMeNeCF)

DIMENSION CN{3e3913)0G(3e3)sALF(393)sCK(393)»JL(2)»5P (3}
CUMMON/DAT/CN»GrALF s CK o JL,»SP

COMMON R.Z

COMMON/STIF1/PD+PSPLD

COMMON/STIF2/KL KD KS

REAL KDoKT KO sKS

DIMENSIUN R(15¢5)9Z2(15¢5) ¢eKD(15415+15)2KS (150159153 +PD(1545¢15)
IPS{19eSe L4) s PLUL1SeSs 14D (T5+T79)

DIMENSION A{3+s3)/NN(10)+RT(9¢3)sKT(9,9) e KG(15+15)+PT(9¢3)»
2PU(15995)96T(3+392)eCA(5+522)+1CP(5+5)»DAU) +6Q(3)1CT(3¢302)
ODIMENSION RZ(3)Y+ZR{3) X (10Q)

DIMENSION KL(15+15,15)

FN=N

IMl=]lMa=]

JvilzuM=1

NME1)z1

NN{2) =3

NN{3) =4

NN{4)=6

NN(S) =7

NN{B)=9

NN(T)=10

NhN{g) =12

NN (O9)=13

NH{LUO)=15

INITIALIZE

0O 101 L1=1,15
00 101 L2=1,15
DO 101 L3=1.15
KS{LLeL2,L3)=0,0
KG(LleL2,L3)=0,.0
DO 102 L1=1,15
PO 102 LZ2=1%

DO 102 L3=1+15
PO(L1,L2,L3)=0.0
PO 222 Llz1.15
DO 222 L2=1,5

Lo 222 L3z1il.14
PL(LY.LZ2/L3)=0,0
PS{L1.,L2,0L3)=0,0

QUTER LOOP ON I BEGINS HERE
DO 4062 I=1.1IM1
INNER LOOP ON J BEGINS HERE

pu 21 J=l,JMl

IF(J LT, JL(1))IMT=1
IF(J.GE«JL (1) ANDaJ LT JL(2)IMT=2
IF{J.GE,JL (2))MT=3

INITIALIZE FOR I.J QUAD

DO 104 L1=1,15



104

105

16

17

601

bu2

60

0O 164 L2=1,15%
Ka(Li.L2)=0.0

Lo 10% Li1z=1,19

DG 10% L2=1,5

Pa{L1,L2)=0,0

R1I=R(I,J}

21=Z2{1.+J)}

R2=R({I+1,J)

£2=22(1+1,J)

R3I=ZR({I+1le¢J+1)

23=Z(1+1sJ+1)

REzR(IeJ+1)

ZU=Z2(1rJ+1)

Rel=R2=K1

R32zR3~R2

R4l=R4=-R1

R3GzR3=-RY

221=22=21

L32=23=2¢2

241=74=~21

C34=Z3=-2Y

AREA= 54 (RUL*2U41-R21%Z221=RI2*Z232+R34*234)=R32%221+R34xZ41
AR:.S*(RQI*ZHI)t(R1+2.*R41/3.U)-.S*REI*ZZI*(R1+2.*R21/3.)-R32#221#
3(H2+.5#H32)~.5*R32*232*(R2+2.*R32/3.)+.5*R3u*234*(R4+2.*R34/5.)+R3
G4xZylx (RU+,95%R34)
AZ:.;#R#i*Z#l*(Zl+ZR1/3.)-.5*R21*221*(21+221/3.)—R32*221*(21+.5*22
51)-.b*R52*Z32*(22+232/3.)+.5*R34*23u*(24+234/3.}+R34*241*{21+.5*24
6l1)

RC=AR/AREA

ZCzAZ/AREA

U0 16 L1lz1.5

UG 16 L2=1,5

DO 16 L3z1.2

CaiLl.t.2,L3)=0,0

DO 17 Lizl,4

vu(ll)=0,0

o 1% K=i.4

PO 601 Ll=1.9

DO 601 L2=1»9

KT{L1.,.L2)})=0.0

D0 602 L1z=1,9

DO 602 L2=1.,3

PT(L1,L2)=0,0

IF(K.NEL1)GO TO 1

Rl=R{l,d)

21=Z2(1sd)

KezR(I1+1,J)

L2z Z(I+41,4)

G0 TO 4

IF{K.NE.2)YGO TO 2

RIZR{I+1,J)

Ziz=2(I+1,J)

R2=R(1+17J+1)

Le=Z(I+1,J41)

GOo TO 4

IF(K,NE.3)G0 TO 3

RIZR(I+1,J+1)
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21=2(1+1sJ+1)

R2=R(IsJd+1l)

22=£(1ed+])

GO TO 4

IF(K.NELG4)IGO TO 4
H1=R(Isdel)

LizZ(1,d+1)

R2=R{I»J)

Ze2=Z(l+J)

K3=RC

Z23=ZC

AT=Z0, 5% (R2*Z3=R3x224+R3%Z21=-R1*xZ23+R1*Z22~R2%71)
A{Lr 1)z 5 (R2%Z23=-R3x722)1 /AT
A(201)=.5%{£2~Z23) /AT
A(3+1)= 5% (RI=R2) /AT
ACLr2)=.5%(R3x21-R1%23) /AT
Al2:2)z,5%(23=21)/AT
A(3+2)=,.,5%(R1-R3)/AT

ACLls )z Ox{R1%Z2=R2%21) /AT
Al2s3)=,5%(21=22) /AT
Al3r3)=.5x{R2=R1) /AT

DO B L1z1.3

Ga(kl)=u,0

DO 5 L2=1.3

DO 5 L3zxle2
GT{Ll,L2,L3)=0.0
CT(LLlL2Z2,L3)=0,0
IFCABS(RL1I=-R2).LT.0,000001)G0 TO &
ALF12=({Z1=22)/(R1=R2)
BET12=z(Z2*R1=21%R2)/(R1-R2)
G0 TG 7

ALF12=0.,0

Be¥lez0,0

IF(ABS({R2-R3) .LT.0.000001)G0 TO 8
ALFz3z(Z22=23)/(R2=R3)
BETZ23z(Z23*%R2=22*%13) / (K2=-R3)
@0 TO 9

ALF23=0,

pBeT25=0,
IF(ABS(R3-R1).LT,.0,000001)60 TO 10
ALF31=(Z23=21})/(R3~R1)
PBET31=(Z1*xR3-Z3%R1)/(RI=R1}
GO0 TO 11

ALF31=0.,0

BET31=0,0

CONTINUE

RZ{1)=R1

KZ{z2)=R2

RZ{3)=R3

ZR(1)=2Z1

LR(2)=Z2

LR(3)=Z3

CALL INTGRL(RZ»ZRsX)
GT(2,2,1)=X(3)
BT(3:,3,1)=X(3)
GT(lsle2)=X(1)
GT{Le2e2)=X(2)

61
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GF{le3e2)=X(6)

GT(2r1e2)=X12)

QT (2+2e2)=X(3)

CT(29132)=X(7)

GT(3r1s2)X(0)

GT(3e2¢2)=X(7)

VT (3:3,2)=X(10)

K314=R3xx4=R1%*y

R3I13=RIx*3-R1%%3

R234zR2x* =R Ix*Y

R233zR2 5% 3=K3%x%3

R3I12=R3I%x*2=~R] %2

HZ232=R2*%*2=R3%x%2 ,

G01=0.25% (ALF31-ALF12)*R314+(BET31-BET12)*R313/3.040.25%(ALF23~
YALF12) *R234+(BET23-BET12)*R233/3,0

GU2=0.125%« (ALF31%x2-pLF12x%2) *R314+ (ALF3I4BETA1=-ALF12%BET12) % K
5313/340+ .25 (BET31*%2~-BET12#%2) #R312+0., 125« (ALF23x%2~ALF12%%2) *
6RE3H+{ALF23xBET23-ALF12xBET12)*R233/3.0+4+ .25 (BET23%%x2-BET12%%2) %
2R232
GLDAI=(ALF31#%3=-ALF12#+3)*%R314/12,0+{ALF31%%2xRET31~ALF12%%2%3ET12
6)*R313/3.,0+0,5*% (ALF31+BET31%%2=-ALF12#BET12%%2)*R312+(BET31*#3~= RE
TT12%%x3) % (R3=R1}/3.0+(ALF23%%3=-ALF12%%3)xR234/12.0+ (ALF23%x2xBET23~
BALF12%%2*BET12)%R233/3.040.5%x (ALF23*BET23#%2=ALF12%BET12%%2)%xR232+
G{UET23*x 3~pET12%#*x3)%x{R2=-R3)/3.0

FORM KT AND PT FOR TRIANGLE

INSERT A

Yi=1.

Yozl

IF(N,EG.L)Y1=2,

IF(N.EQ.0)Y2=0,

DO 209 11=1,3

PDC 209 Jiz=1.,3

Al=a(l,11)

BizA(2,1I1)

DI=A(3.1I1)

AdzA(Lledl)

BJ=A{2sJ1)

DJ=A(3,dl)

6GGl=GT(2e2,1)

GG2ZAJ*GT {12+ 2)1BI*GGL+DJXGT (23, 2)
GGAzAL*GT(1+2+2)1+B1%xGGL+DIXGT(2+3,2)

GGUZAI*AJ*GT {1212} +(AI*BI+AI*BI)+6T(1+2+2)+ (AI*DJI+AIKDI) %GT(
11¢3¢2)4812BI*GGL+ (BI*xDJ+BI*DIIXGT(243+2)+DIxDJI*GT (31 3+2)
GL5=ATI*GGL+BI*GD1+DIxGD2

GCOZAI*AJ*GT (1+2+2) + (AI*BU+AJI+BI) %661+ (AI*DJ+AJIXDII*GT(2,3,2) +
IBI1x3JxGD1I+ (BI+«DJ+B8J*DI)%GD2+DI*DJ*GD3

GGT=AJXG61+BJxGD1+4DJ%GD2

U0 208 Li=1.3

DU 208 L2=1+3

LR={I1-1)%3+L1

LCz(J1=1)+3+L2

IF(L1.,NE.1)GO TO 202

IF{L2.NE.1)GO TO 200
PT(LR.JI):YI*((ALF(lrMT)*CN(I'lrMT)+ALF(20MT)*CN(loZvMT)
1+ALF(3.MT}*CN(1¢3aMT))*BI*GG7+(ALF(1»MT)*CN(2-1-MT)+ALF(2;MT)*
2UN(2, 29 MT)+ALF (3+MT)I4CN(2,3,MT) ) *x6G6)
KT(LR:LC]:YI*{CN(lvlrMT)*BI*Bd*X(3)+CN(1DZvMT)*BI*662+CN(2rloMT)
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Lo J#GOI+CN(20 2 MT I %GOUAGL2 MT) ¥ULADJX{I) )+ Y2 RFN2FNAG(1 M1 ) 4664
wy TO 208 :
2U0 I+ (L2NEL2)60 TO 201
KTILR LCI=YL4FN«(CN(1»2 e MTI*BI*GGE24CN{222 e MT ) #GGU) +T2#FNRG( 1 MT ) %
1(GGY-BJ%xGG3)
GO TO 208
201 KT(LRLCI=YLIx(CN(L1 3. MT)BIxDJEX(3Y+CN(2, 3, MTI2DIRGES
1+G (2, MT Yy xBJxDI*X(3))
GO TU 208
202 IF(L1.NE.23G0 TO 205
IF(L2.NEL.1)GO TO 203
PT(LRyJL}=YixFN.(ALF (1o MTIRCN(29o Lo MT)Y+ALF {2 MT)IRCN({Z2e 2 MT)+ALF(3
1eMT)*CN(2¢3,MT) ) %666
KT{LR»LCI=Y1%FN&(CN(2s 1, MTY%BJIXGGI+CN(Z222+MT ) #GGH ) +Y2%FN%
16(1 e MT) % (GGU=-BI*GG2)
GO TO 208
2U3 IF(L2.NE.2)60 TC 204
KT{LRyLC)=YLI*FNkFN®CH (292 MT) %G04 +Y2% (G(1 /MTY*BIBJxX(3)~G(1 ) MT)
L (BLxGE2+BJ*G65=664)+G (3, MT)*DIxDJ%X(3))
60 TO 208 )
2084 KT{LR/LCI=YL1xFNACNL2¢3oMT)*DJ2GLI=Y24FNAGII MT)xDI*GGE2
G0 TO 208
2U5 IF(L2.NEL1)GO TO 206
PT(LRyJIIZYI*(ALF (Lo MTIACNCI e Lo MT)+ALF {2/ MT) xCN(3e 2y MT)+ALF (3,MT)
LxCN(3s 3o MTYI*DIRGGT
KT(LRoLCIZY L (CN{3o 1 MT)xBJIxDIRX(IZI+CN(3, 2, MT) DI *GG24+G(2,MT)
1*PBLx0J%xX{3))
GO TO 208
206 IF(L2.NE.2)GO TC 207
KT(LRyLCIZYLAFN«CM(3, 2 MTI*DIAGG2-Y2xFN*G (39 MTI2DJI%GGS
G0 TO 208
207 KT(LR,LCIZYI*(CN(3+3,MTI*DI*DIxX{3)+G(2,MT)*BI*BJ%X(3))
1+Y2xFN¥FNxG {3, MT) %GG4
208 CONTINUE
209 CONTINUE

FORM CT

DO 50 L1=1,3
DO S0 L2=1.3
50 GT(LL,L2,2)2GT(L1.L2,2)%CK(2,MT)

GT(2:2:1)=6GT(2:21)%CK{1,MT)

GT(3e321)2GT(3,3:1)+CK{3,MT)

IF(J.NE.JM1)GO TO S1

IF(K.NE.3)GO TO 51

SAZSCRT(1.+4ALF12%%2)

GT(1rlsl)=GT(1elel)+CF*SAX(RI*®2=R2%%2)/2,
OT(122+s1)=6GT(1s2s1)4+CF*SA%(RIx%x3=R2%%3)/3.
GT(1s3:L)=GT(1r3r1)+CF*SAx(ALFL12%(R1*%x3=R2%%x3)/3,+.5%BET12% (R1%%2
I=R2*%2))

Gl{2s1e13=6GT(1s2+1)

GT{2e2¢11=6GT (2121 1)+CF*SA*x ,25% (R1%xU4=R2%%4)
GT{2s391)=GT(2,3r L)+CF*SA% (0, 25%ALF12% (R12%4~R2% %4 ) +BETI2% (R1%%3
1 =R2%x+3)/3.0)

GT(3y1,1)1=GT(L1,r3:1)

GT{3+2+1)=6T(2:3:1)
GT(3e3¢e1)=GT(3r301)+CF*SA%(0,25%ALF 125 %24 (R1* xU=R2%%4) 42, 0%ALF12
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301

302
S00

304

305
303
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1 +BETI2% (R1%#3-R2%*3) /3,040, S*BET12%+2#% (R1%%2=R2%x2}}
CONTINUE

Lo 12 Li=1,3

00 12 L2=1ed

LO 12 t3z=1+3

U0 12 Ly=l, 5

Lo 12 LS=1,

CTcLly LdpLS)'CT(Ll L2rLS)+A L3 L1)*GT (L3 L4 L) %A (LG L2)
NOW FOR THE QUADRILATERAL

DU 300 Ki=1.3

DO 300 K2z=1.3

KR=3* (K~=1)+K1

KC=3%(K=1)+K2

KRS5=Z12+K1

KCS=12+4K2

KRR=32K+K1

KCC=3xK+K2
KQIKRyKC)IZKQ (KR s KC)+KT(K1,K2)
KGEKRAKCHITKO (KR KCSY+KT (K1, K246)
KQ(KRS ey KC)=ZKQG{KRSIKC)+KT (K146 K2)
IF(K.EQ.4) GO TO 301
KQIKRyKCCIZKGIKRKCCY+KT (K1 K2+3}
KGIKRRIKCIZKQ (KRR KCI+KT(K1+3,K2)
KO(KRRsKCCIZKQ (KRR KCCI+KT{K1+43,K2+3)
KG{KRRKCHIZKQ{KRR+KCBI+KT(K1+3:K2+5)
KA (KRS ¢y KCCIZKQ (KRS KCCI+KT (K146 K24+3)
GO TO 302
KG(KIpKZ)-KG(KHKE)+KT(K1+3:K2+5)
KGIKL K2H+9)ZKQ{K1/K2+49)+KT(K1+3,K2)
KQIK14+9,K2)=KQ(KL1+9r K2} +KT (K1 ,K24+3)
KG(KRRrK2)ZKQ{KRR K2} +KT (K1+6,K24+3)
KOIKL s KCC)ZKQ (KT o KCC)+KTL(KL+2/K2+6)
KOIKRDSIKCH)IZKQ (KRS I KCH)+KT(K1+6:K24+8)
CONTINUE

PO 303 Kiz=1,3

KR=3« (K=1)+K]1
PQIKR+KIZPGIKRIK)+PT(K1,1)
PRQ(KR+S)ZPQ(KR+SI+PT (K1, 3)
PAQIKL+12/K)=PQA(K1+12,K)+PT(K1+46,1)
IF(K.EG.4) GO TO 304

PR{KRoK+1)SPOQ{KR K+1)+PT(K1,2)
PRIKR+3)K)ZPO(KR+3sK)+PT(K143s1)
PRIKR+3 1K+ 1) ZPGIKR43,K+1)+PT(K143,2)
PQIKR+3,5)PRIKR+3,5)+PT (K1+3,3)
PQIK1+12/K+1)=PR(K1+12/K+1)4PT(K146,2)
G0 TO 305
PQIK1,4)=PR(K1,»4)+PT(K1+3,1)
PGIKL1:S)=PR(K1¢5}+PT (K143, 3)
PAIK1+9¢1)TPQ(K14+9,s1)}4+PT(K1,2)
PG(K1,1)=PQ{K1,1)+PT(K143,2)
PRIK1+12,1)ZPOQ(K1+12,1)+PT(K146,2)
POGIK1I+12¢5)zPA(K1+12:5)4PT(K1+6,3)
CONTINUE

00 14 Ll=1.,2

COIK KeL1)I=CRIKs K LL1)4CT (10 1,L1)

CO(K S L1I=CA(KISL1)+CT(1+3,L1)
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IF(K.LQ.8)GU TO 30
CUKyK+1,L1)=CT(1,2,L1)
COlK+LoR+1oL))SCUK+1 K+1oL1)+CT (24201 1)
COlK+1e5/L2)CO{K+ o5, L1)+CT(2s3eL 1)
GU 10 13
S0 COlLlel L1)=COQ{1,1,L1)+CT(2424L1)
Caf{ledel1)z=CT(Le2,L1)
CO(1eSeL1)=CC(Ls5S,L1)+CT(2:,3,L1)
13 CO(5eSel1)=CG(SeDeL13+CT(303,L1)
14 CONTINUE
LO 18 Lilz=1,2
CO 19 L2z=2+5
LyzL2=1
LO 19 L3=1i,L4
19 COIL2,L3,L1)=CR(L3,L2/LL)
18 CONTINUE
15 CONTINUE
DO %00 Li1=1.,5
DO 500 L2=1+5
HUS CPILL L2)=CA(L1sL2e 1) +FN*FNxCQ(L1,L2:2)

NEED TO ELIMINATE MICDLE NODE

INSERT A
N1=3
IFI(N.NE.O)GO TC 801
Niz=2
DO 800 M1z1,10
M3=NIN(M1)
DG 8U2 Mhz1.%
02 PRIMYLiML)ZPR (M35}
WO 8U0 M2=1,10
MY NN (M2)
800 KG(ML,M2)=KQ(M3I,Myu)
601 CONTINUE
Ne=2%N1
N3=3«N1L
Ny xN1
00 30e Kizi,nNl
DO 306 K2z=1,N1
306 D(KLrK2ISKQUKL1+NG ¢ K2+NY)
CALL INVERTI(D+N1.75)
U0 3u7 Kl=l.N4
GO 307 K2z=1+N4
DO 307 K3=1,N1
DO 307 Ku=1,N1
L3=K3+Ny
La=Ki+Ny
307 Ku(Kl;KZ):KG(KI;KE)-KQ(Kl:L3J*D(K3pK4)*KQ(L4rK2)
DO 309 L1z1,N4
DO 309 L2=1l,4
3ng PO(Ll'LZ):PQ(LI-L2)-PQ(L1;5)*CP(S.LZ)/CP(S-S)
DO 208 Llz=1,N1
00 308 L2=1.4
3u8 PQ(N4+L1.L2):PO(N4+L1-L2)-P0(N4+L1oS)*CP[S'LE}/CP(SrS).
DO 310 Liz=1.N4
U0 310 L2=1»4
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DO 310 K1=1.N1

DO 310 K2=1sN1
PO(LL1,L2)=PQR(LL1,L2)=KQ(LL,K1+NU)*D(K1,K2)*PQ(NLk+K2,L2)

ASSEMBLE THE ROW MATRICES KD:/KS.PDsPS

DO 400 Kiz1l.N1

DO 400 Ke=1,N1

KR=Nl*x(J=1)+K1

KCSNL1* (J=1)+K2

KD KRy KC» I)ZKD(KRsKC» L) +KQ(K1K2)
KD{KR+KCH+N1 I )=KD({KR KC+N1 IV +KQ{K12K24N3)
KOIKR+N1»KC)» I)=KD{KR+N1 »KCr 1) +KQ(K1+N3,K2)
KO(KR+NL o+ KC+N1y I)=KD{(KR+N1yKC+NL IV +KQ{K1+N3,K2+N3)
KO(KRyKCr I4+1)=KD(KRyKCr I+ 1) +KG{K14+N1,K2+N1)
KO(KRsKC+N1 s I+1)=KD{KRyKC+NL1,sI+1)+KQ(K1+N1,KZ2+N2)
KD (KR+NL1sKCyI+1)zKD(KR+NL1 rKCrI+1)+KQIKL1+N2,K2+N}Y)
KDIKR4ANL)KCHNLrI41)KDIKR4N1 o+ KC+NLI v I+1)+KQIK1+NZ2sK2+N2)
KS{KRIKCr I )=KS(KR/KCy I +KG(K1eK2+N1)
KS(KRyKCH+N1» I)=KS{KR KC+N1I)+KQ(K1,K2+N2)
KS(RR4NL KC o T)KS{KR+NLsKC s I ) +KQIKLI+N3K24N1 )
KS(KRANL KCHNL» IV =KS(KR+N1,KC4+N1» I} +KQ (K1 +N3 K2+N2)
CONTINUE

DO 401 Kl=1l.N1

KRZNL1* (J=1)+K1

POIKRyJs I )2PD{KRrJy I}+PQ(K1 1)

POCKR» J+1+ I)ZPD{KR»J+1 1) +PQ (K1, 4)

PULKR+NLs J» I)=PD(KR+N1»Js I} 4PG(K1+N3,1)

PUIKR4NL» J+1, I1)=PD(KR+NE+ J+1 /1) +PQ(K1+N3+4)
PUOIKRyJsI+1)z=PDIKReJdy I+1 )} +PQ(K14+N1,»2)

PLIKR)J+1 s I41)=PD{KR,J+1 ¢ I4+1)4+PQ(K1+N1+3)
PDIKE+NL»Jr I41)=PD(KR+NY  Jr I+1)+PQ(K1+N2+2)
POCKR+NL s J+1 2 I4+1)=PD(KR+N1+J+1,14+1)+PG(K1+N2:+3)
PSIKR»Je I)ZPS{KReJy I)+PQA(KY1 2)
PSIKRyJ¥1 o I)=PS{KR»J+1v 1) +PQ (K1, 3)

PSIKR+NL s Js JISPS{KR+NLrJr 1) +PO{K14+N3, 2)
PS{KE+NLeJ+ 1 I)=PS{KR+NL+ J+1, 1) +PG(K1+N3,3)
PLKRyJrI)=PL{KR s Jd» I} +PQ(K14N1,1)
PLIKRyJ+1» I 2PL(KRed4+1, 1) +PQ(K14+N1/4)

PLIKR+NL¢Je I)=PLIKR+N1sJr 1) +PQ{K1+N2+ 1)
PLIKR+NLeJ+1pI)=PL{KR+NL1»J+1,1)+PG(K1+N2:4)

CONT INUE

CONTINUE

CONTINUE

RETURN

END
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APPENDIX B

DESCRIPTION OF CONTROL PROGRAM

Purpose

This program computes the patch heats necessary to minimize the
weighted surface error of the mirror taken at designated sample points,
using designated heater locations. In addition it computes the surface
error both before and after application of the thermal input. The dis-

turbance errors are computed internaily.

Input Parameter Definition

Parameter Definition

IM Number of nodes in radial direction.
KM Number of angular divisions.

DI Inner diameter.

DO Outer diameter.

FNO Focal length/diameter,

NHP Number of heater locations.

NSP Number of sample points.

THP | Individual heater location.

Isp Individual sample point.

A(I,d) Coefficients of the influence matrix

computed in RESPONSE {read from file).
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Input Data Card Listing

Card No. Parameter Data Field Format
1 IM 1-5 15
1 KM 6-10 15
1 DI 11-20 F10.5
1 Do 21-30 F10.5
1 FNO 31-40 F10.5
2 NHP 1-5 15
2 NSP 6-10 15
3 IHP (1) 1-80 : 1615
4 1SP(1) 1-80 1615

OQutput of Program

1. Repeated heat patch points.

2. Repeated sample points. )

3, Coefficients of the reduced influence matrix corresponding
to the heat patches and sample points selected.

4. The surface error of the sample points before control.

5. The performance index before control.

6. The performance index after control.

Program Listing

A listing of the program appears on the following pages. The

program calls subroutine INVERT which has been listed on earlier pages.
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11

12

20

50

1

DIMENSION IHP(S0)¢ISP(180))A(180r168)eB(50+50)},C(50,180),
WD(180)WW{1l80)
LOUBLE PRECISION 14

UN=1.0
INITIALLZATION

DO 12 I=1,180
wD{I)=0.0
WWil)=0,0

SP(I)=0

DO 11 J=1.,50
C(Jrl]zﬂ.ﬁ

DO 12 Jzl1lr168
All,Jd)=0.0

DU 20 I=1.,50
IHP(1)=0.0

DO 20 Jz=1.50
B(led)=0.0
READ{5,50) IM,KM,DIDO»FNO
FORMAT(215:3F10.5)
RI=0DI/2.0
RO=D0Os2,U

COMMENT

C
C

GO0

INPUT SAMPLE POINT AND HEATER LOCATIONS

KEAD(59200) NHP»NSP

2599

260
26l

26l

263

130

FURMAT (215)

READ(5,110) (IHP(L)}.I=1¢NHP)

FORMAT(1615)

READ(5,120) (ISP({1)sI=1,NSP)

FORMAT(1615)

WRITE(6.273)

FORMAT (*1)

WRITE (6+259)

FORMAT (29H INDICES OF HEAT PATCH POINTS//4X,1HI2Xs3HIHP)
DO 260 Li=1,NHP

WKITE(6+261) L1+IHP(L1)

FORMAT(215)

WRITE(6,262)

FORMAT (25H INDICES OF SAMPLE POINTS//4Xs1HI2X,3HISP)
DO 263 L1=1,NSP

WRITE(6.261) L1.ISP(L1)

INPUT MATRIX A AND COMPUTE REDUCED MATRIX

READ (49 130) ((A(I,J)+1=19180),J=1,168)
FORMAT(6E13.8)
SUBTRACT OUT SPHERICAL PART OF A(I,J}

DIMENSION THET(15)+BE(15),Y(15)
FIMi=IM=1

FKM=KM

KF=2,0*D0xFNO

S5Iz.5*xDI/KRF
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39

b3
61
ol

150

152

200

198

199

195

70

CI=SORT{1.0-51%51)

S0z 5xDO/RF
COzZSORT(1,.0-50450)
THETI=ZATAN(SI/CI)
THETO=ATAN(S0/C0)
DTHET=(THETO~-THETI)/FIM1
THETO=THETO=DTHET

Be2=0,.

Lo 39 Izl.IM
THET(I)=THETI+ (I-1)*DTHET
BE(I)=COS(THET (1)) /COS(THETO)} =1,
UemBe+BE(L )Y %2

t2zB2xFKM

00 61 J=1le166

WH=0,

D0 62 K=1+KM

DO 62 1I=1,1IM
Iizc{K=1}*IM+1
WH=WB+A(I1l,J)2BE(I) /B2
D0 63 KzleKM

DO 63 I=1+1IM
I1={(K=1)*xIM+1]

ALy )=ACILsJY~WEH*BEL(L)
CONTINUE

DO 150 I=1,.NSP

0O 150 Jz1NHP

L5z ISPl

SHZIHP (J)
AlI+J)IzALISedH)
FORMAT(10E13,8}

10 COMPUTE I=-A(1/ATA)AT

0O 200 I=1.NHP

UO 260 J=1NHP

LO 200 K=1,NSP
BOLoyJ)=B(IsJ)+A{KsI)%xA{K,J)*BN
DO 198 Ll=1,NHP

DO 198 LZ2=1,NHP
utLi.L2)=B{L1.,L2} /BN

CalLl. INVERT (BeNHP¢50)

DO 199 Liz=1.NHP

DO 199 L2z1/NHP

B(L1.L2)= 8N *B(L1,L2)

BO 197 I=1,NHP

DO 197 Jz=1,NHP

V0 197 Kz=1lsNHP
C(Ioy}=C{I o D)+B(I,KIxD(Ksd)
WRITE(6:297)

FORMAT (1)

WRITE(6+152) ((C(IsJ)sI=1.10)sdz=1.10)
DU 185 I=1«NHP

DO 195 Jzl.NHP

CiIed)=0.0

DO 250 I=1,NHP

DO 250 J=1,NSP

DO 250 K=1.NHP -



C
c
C

OO

sEeRaNp]

aNaNe!

250

504

300

3ul

ioe

264

265

550

600

620

CiIed)=ClIo)4B(LeK)FA{JK)
CUMPUTE WD

DG 999 LL=z1.5

RSZRI+ (RO=RI)*(IM=2) /(IM=1)

DO S00 Iz=1.IM

LUO 500 JzZl+KM

KzIMx{(J=1}+1

RzRI+ (RO=R1}x(I=-1)/{IM=-1)
THz0,5235988% (J-1)
ARGZ3.1415927%R/RS

PY=R*xSIN(TH)

X=RxCOS(TH)

IFILL,E@.1) WD(K)=COS(ARG/2.)
IF(LLL.EG.2) WD(K)Z((RS=X)*(X+R5/2))/RS*%x2
IF(LL,EQ.3) WD(K)=SIN(ARG)**2
IF{LL.LE.3) 60 TO 500
RIZSGRT{(X=X0) *%24+PY*%2)
WOIKI=1+4C0S{3,.1415927xR1x4,/RS)
IF(R1.GE.RS/4,) WD{(K)=0,
CONTINUE

SUBTRACT OUT SPHERICAL PART FROM WD

Wii=0.0

DO 300 1S=1,NSP
JS=ISP(IS)
I=z1I5F(IS)Y/IM
IZISP(IS)~-IxIM
WEBZWH+WL(JS)»BE(])
DO 301 I=1,1IM
Y{I)=BE(1)*WB/B2
UO 302 IS=1¢NSP
JSZISP(IS)
IZISP(IS)/IM
IZ=ISP(IS)~IxIM

WO (JS)=WD (JS)Y=Y(I)
IKM=IM*KM
WRITE(&r264)
FORMAT(12H DISTURBANCE)
WRITE(6¢265) (WD(K)sKz1lsIKM)
FOGRMAT(15E8.3)

DO 550 K=1.NSP
IS=ISP(K)

WD (K)=WD(IS)

COMPUTE PERFORMANCE INDEX

AJ1=0.0

U0 600 Iz1eNSP
AJIZAJYI+WD(L ) %2
U0 620 I=1.NSP
ww(l)=0.0

LO 700 Izl .nNSP
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701
700

750

1000 FORMAT(//46H THE PERFORMANCE INDEX BEFORE COMPENSATION IS
1//745H THE PERFORMANCE INDEX AFTER COMPENSATION IS

999

1050 FORMAT{20H RMS ERROR BEFORE
20H RMS ERROR AFTER

A

JOQ 700 Jz=1+NSP
UIJ:U.O

IF(I.EG.J) DIJ=1,0
DO 701 K=1eNHP
DIJ=DIJ=A(L e K)%C(KsdJ)
WWIL)sWW{I)+DIJeWD(J)
AJ2=0,0

DO 750 1z1+¢NSP
AJ2=AJ24WO(T) «WW(I)
WRITE(6.,10006) AJL.AJ2

BJ1=SQRT (ABS(AJL/NSP))
BJ2=SGRT (ABS(AJ2/NSP) )
WRITE(6,1050) BJ1/BJ2
CONT INUE

STOP
END

Hn

rEZU-S/
PEZO.B}

tE10.5)
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