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ABSTRACT

The progress report covers the work performed for the contract entitled "Analytical
and Experimental Determination of Localized Structure to be Used in Laboratory Vibration
Testing of Shell Structure-Mounted Components, SATURN V.'" The work was carried out
during the period of May 1966 to November 1966 inclusive. In the report, the detailed pro-
cedure in designing a localized shell is described. Also presented is a computer program
using the finite difference method which serves to guide the engineers in designing and pre-

dicting the vibration responses of the localized shell.




FOREWORD

The progress report was prepared by Northrop Corporation, Norair Division, Hawthorne,
California, under conti'act no. NAS8-20025, "Analytical and Experimental Determination of
Localized Structure to be Used in Laboratory Vibration Testing of Shell Structure-Mounted
Components, SATURN V., "

The subject contract is administered under the direction of the Structures Branch, Pro-
pulsion and Vehicle Engineering Laboratory, George C. Marshall Space Flight Center of the
National Aeronautics and Space Administration by Mr. J.H. Farrow and Mr. R. Jewell, prin-
cipal and alternate technical representatives, respectively. Mr. L.D. Saint is the program

monitor.

The program manager at Northrop Norair is Dr. Chintsun Hwang, M.T.M., Structures
and Dynamics Research Branch. Dr's.W.S. Pi, N. M. Bhatia and Mr. J.R. Yamane partic-
ipate in the project. Mr. P.E. Finwall is responsible for the experimental tasks of the pro-

gram,
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SECTION I

INTRODUCTION

During the first year of the contract on localized shell structure to be used in laboratory
vibration testing, analytical techniques were used to guide the actual shell design which has
been progressing on a trial basis. In the process, it was realized that once a technique has
been established, a documented procedure is needed for the test engineers to design and test
the localized structures. The present report serves as the document to guide the users in

carrying out the design in a rational manner.

The report presents the analytical and experimental techniques in a mixed fashion.
They are described in a logical sequence corresponding to the design process. The users are
assumed to have available the first year progress report of the same contract which is dated
May 1966,

The major supporting computer program for the design procedure is the finite difference
program. The basic theory, program mechanization, the program listing and the input-output

format are included in the report.
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SECTION II

SHELL RESPONSE AND IMPEDANCE STUDY

In order to design a localized shell structure for laboratory vibration testing purposes,
preliminary tests are conducted using the complete shell structure such as the Instrument
Unit with proper supporting conditions. Applying a frequency sweep technique, the shell re-
sponses and the point impedance function are plotted. Typical response data for a scale model
is plotted in Figure 1. Typical impedance data are shown in Figure 2. Similar plots may be
obtained for a full scale structure. Note that, in general, each peak response of Figure 1
corresponds approximately to a minimum impedance point of Figure 2. The above response
and impedance plots are for a specific driving point. In the present case, the driving point is
at the center of the localized shell panel. Considering the nodal line distribution, as well as
the possibility of certain non-symmetrical patterns of the natural modes, it is advisable to
either move the driving point, or to plot the cross-impedance of the shell structure during the
test.

6 | NOTE: NUMBERS AT THE PEAKS
OF THE CURVE INDICATE THE
CIRCUMFERENTIAL WAVE NUMBERS

I b QO

LAY R Nk

100 200 300 400 500 600 700 800 900 1000
FREQUENCY (CPS)
FIGURE 1. MICROPHONE RESPONSE VS FREQUENCY FOR POINT AT CENTER

OF INSTRUMENT UNIT 5° FROM ELECTROMAGNETIC DRIVER

The circumferential harmonic number is obtained by a microphone type pickup travers-
ing along the circumference of the shell structure. For convenience in correlating the test

data with the analytical data, it is preferable to test the shell with no components attached.
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FIGURE 2. TYPICAL DRIVING POINT IMPEDANCES FOR THE
1.U. SCALE MODEL

The purpose of the procedure is to design a segmented shell with equivalent dynamic charac-
teristics as the complete shell. Experience has shown that if the segmentation procedure
generates a configuration with satisfactory dynamic characteristics for the unloaded shell,
then the dynamic response of the same segmented shell with component attachment will be
satisfactory. In other words, the segmented shell will simulate the complete shell structure

when the components are attached.

Referring to Figure 1, the prominent responses of the complete shell correspond to its
natural frequency modes. In order to design a dynamically similar shell segment, the crite-
rion is to retain as many natural frequency modes as possible in the segmented shell. For
this purpose, it is necessary to investigate the detailed deformation pattern, the internal
stresses, etc. of each major mode. The detailed shell response information collected in this
manner is used for segmentation design. In general, the lower the natural frequency, the
longer is the characteristic wave length of the deformation. As a result, the corresponding
mode response of a specific localized panel is more dependent on the remaining portion of the
shell structure. For high frequency modes, the deformation wave lengths are relatively short.
The local response of a panel is not overly influenced by the remaining structure. As a
result, in designing a localized structure, it takes less elaboration to retain the high frequency
modes as compared to the low frequency modes. It is thus advisable to pay more emphasis
in retaining the lower frequency modes. For a shell structure of the size of the Instrument
Unit, the natural frequency modes under 100 cps are considered most significant and justify

special attention.



SECTION III

GENERAL STIFFENED SHELL PROGRAM

In order to investigate the shell detailed deformation pattern and the internal stresses,
the general stiffened shell computer program may be used. The program can handle an
arbitrarily shaped shell of revolution with a number of ring stiffeners. The modal data cor-
responding to a circumferential harmonic number is printed out in a table together with the
natural frequency. The detailed procedure of using the computer program is given in the
contract yearly progress report, NOR 66-201, Vo. II, dated May 1966. The discussion here

is limited to the application of the computer program for localized shell design purposes.

The computer output consists essentially of a table of eight variables along the meridian
of the ring- stiffener shell. The eight variables are:

w un7 vn, Bn, Qn? N b N ) M

n’ en’ " n’ Tegn

Among the eight variables, u, v, w are the displacement components, g is the angle of rota-
tion of the tangent to the meridian in a meridian plane. The subscript n indicates the cir-
cumferential harmonic number, or the number of full wave patterns along the circumference
of the shell. The four remaining variables Q, N_, N, Mw are the stress variables. The

P
details of the stress variables will be explained later in the section.

Table 1 is an example of the printout data from the general stiffened shell computer
program. The data is for the complete Instrument Unit scale model including the supporting
shell structures. It represents the first mode corresponding to circumferential harmonic
number n = 4. The natural frequency is 87.245 cps. The tabulated data is set in eight col-
umns representing the eight variables listed above. Each row of the tabulated data refers to
a section of the shell structure from one end to the other as defined by the input data. In
Table 1, the data referring to the Instrument Unit proper is listed in rows 11-14. The data
is in non-dimensional form. The dimensional values used to normalize the variables are
listed directly above the table. The data Wohax in inches has been used to normalize the first
through third columns w, u, v. The data Bmax in radian has been used to normalize g data in
the fourth column. The N(pmax data in (Ib. /in.) has been used to normalize Q, N , N data in

4

the fifth through seventh columns. The M(pmax data in (Ib. in. /in.) has been used to normalize

the M(p data in the eighth column. To obtain a dimensional value of the modal data, the non-
dimensional quantity of Table 1 is to be multiplied by the proper normalizing data W oax’

Bmax’ etc.
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Among the eight variables, W U Bn, Qn’ an, M@n are in phase to each other, while

Vo and Nn are out of phase. For instance, corresponding to a given meridian location of the
shell, the circumferential position with the largest wo also has largest u Bn’ Qn’ N(Dn’

Mgan' The displacement component Vo and the stress component Nn vanish at the same posi-

tion. Moving one quarter wave length along the circumference of the shell, which corres-
L .

ponds to an angle of (Zn radian, W U Bn

amplitudes. From the normal displacement point of view, the latter circumferential position

, etc vanish, while Vi Nn are at their maximum

is the position where a meridian nodal line passes. Altogether, there are (2n) nodal lines
evenly spaced along the circumference of the shell. The nodal line distribution described
above has been confirmed in tests with some exceptions. In the exceptional cases, the modal
shapes are influenced due to deviation in symmetry of the shell structures or other related
reasons. The exceptions include skewed nodal lines or a change of harmonic number from

one shell segment to the next where a ring stiffener acts as the barrier.

The four shell stress components Q , N | N , M deserve further explanation. Q
n “en’ n’ e¢n n

is the amplitude of the modified transverse shear along a meridian. Ignoring the periodic

time function cos wt, the transverse shear may be expressed below:

oM
_ 1 0y _
Q—Q(p+; Y =Q cos né
1 oM
where Q(p is the transverse shear force, the term <; _%p) represents the additional trans-

verse shear force needed at an open edge to compensate for the variation of the twisting mo-

ment M In general, when a shell is cut by a plane normal to its axis of revolution, the

modifie?iwtransverse shear force Qn cos né is to be supplied by the supporting system in order
to retain the response pattern for the segmented shell. In practice, it is not possible to
design a supporting system satisfying all the edge conditions. Tests and analyses have shown
that in a localized shell with substantial weight attachment along the edges, the mode shapes
and natural frequencies of the original shell may be retained. Corresponding to the retained
mode shapes, certain internal stresses may vary substantially from the stresses in the orig-
inal shell. The reason for the deviation is partially due to the variation in boundary conditions
such as the transverse shear Qn described above. On the other hand, the added weights,
which are used to retain the modal patterns of the original shell, have substantial inertia
during vibration. The inertia forces have a decisive effect on the internal stresses of the
localized shell. The inertia effect of the attached weights may be observed from the modal

data obtained by the finite difference program described later in the report.

The sixth column of the tabulation gives the in-plane force along the meridian direction:

N =N _cosné
¢ ¢n




The seventh column of the tabulation gives the modified in-plane shear force along a section

normal to the meridian

N =N_sin né
n

=(N + 8¢ Vsinne

épn T 0<Pn)

where the term including M9<pn represents the additional edge shear force needed to form a
couple to balance the twisting moment component due to the shell curvature. The eighth

column of the tabulation gives the bending moment in the meridian plane
M =M _ cosné
@ $n

The remaining stresses in the shell may be computed using the following formulas:

B Eh .
Non = VN(pn +— (Wn sing +u_cos¢+n vn)
3 2
- Eh  n_ N g
M9n B VM(,on * 1oy ( r ¥n? Bn cosg+ sin® vn)
M _D1-y) -2n cos E+nJu + H cosov —2nﬁ:|+Sin(pDN
gon  2r L n PV n] Kr n
d cosQ pw2 h3
=-._n qa .
QGn =-3 MOn * 45 M(wn + 2 T Mo@n + o7 (nwn v sing)
where
J- ﬁl' . sing
o T
.
@

P is the material density, w is the natural frequency in radian/sec. D is the shell section
modulus. The reader is referred to the first year progress report for definitions of the shell

geometry.



SECTION IV

LOCALIZED SHELL DESIGN

In designing a localized shell, it niay be convenient to start with a major modal pattern
of the complete shell structure. Along the circumferential direction, cut a section somewhat
less than two half -wave lengths of the major mode. (Each half-wave encompasses an angle
of m/n radian.) In case there are more than one major mode under consideration, then if
physically possible, select the one with the longer wave length. In this manner, the mode(s)
with the shorter wave length(s) may be retained through proper design of the localized shell
and its supporting system. Along the meridian direction, the localized shell may be cut along
some convenient locations. For a thin shell of the cylindrical shape, it has been found that
the interaction of the shell stresses along the meridian and the circumferential directions is
weak. As long as the two major dimensions of the localized shell assume a reasonable
proportion, the meridian length of the localized shell is flexible. For a conical shell section,
the situation is somewhat different. In either case, it is best to design a localized shell

with ring stiffeners along the two circumferential edges.

The localized shell is supported by a number of cantilever beam type springs. A
typical design for a scale model is shown in Figure 3. The spring has a free hinge connection
to the shell structure. The formula for computing the spring linear stiffness at the connec-
tion point is:

K= _3E1 1b./in. for a beam with a uniform section

13
) E
l([—x

I

(¢)

K 5 1b./in. for a beam with a variable section
)

In either case, the length of the cantilever beam is /. x is measured from the built-in end.
The integration for the variable section beam may be carried out using the area-moment
method as shown in the numerical example of Section VI. In designing the spring support,

it is advisable to leave the beam length / somewhat flexible subject to final adjustment. The
number of spring supports used at each edge of the localized shell is arbitrary. At or near
the spring supports, it is necessary to attach a number of weights in order to bring the
natural frequency of the localized shell down to the level of the original shell. An approxi-

mate formula to determine the weight needed for each spring is:

w=_Kg_
2.2
4rnf

Ib.
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where K is the linear spring constant computed previously, the g isthe gravitational constant,
f(cps) is the natural frequency of the major mode of the original shell structure. The above
formula is used as a general guide. The actual frequency of the localized shell will be
influenced by the shell structure which will be determined by the finite difference computer
program described later in the procedure. The weights are usually attached to the edge of
the shell near the spring supports. In attaching the weights, consideration should be given
to the dynamic stress concentration which may cause damage to the shell structure. For a
honeycomb sandwich shell, filler material should be used to replace the honeycomb material
along the edge.

The shape of the attached weight is determined essentially through its moment of
inertia Iy about an axis coinciding with the edge of the shell. Again, no precise formula is
available. The following formula may be used to determine the approximate sectional dimen-
sions of the attached weight:

2

MOHL - Ien ﬂ9nw

where M on is determined by the equation given in Section III based on the general stiffened
shell data. Ben is the amplitude of the angle of rotation of the shell which may be computed

by the following formula

L is the length of the edge influenced by the attached weight, w is the natural frequency in

rad./sec. For instance, using the data of row 14 of Table 1 and the formula for MO in

Section III, the following numerical values are computed: n

M, = 1.818x 0.1136 x 1073 = 0. 206 x 10”2 Ib. in. /in.
g8 - 2.70x 107% raa.
on

L= 2.7 in.
w= 2m(87.2) = 548 rad./sec.

which yield an approximate value of the moment of inertia of each attached weight:

1,=1, =6.85x 10°4 1b. in. sec.?
Because of fabrication considerations etc., the actual value of IS in the test setup is
5.85 x 10-4 1b. in. secz. Along the circumferential edges, additional weights are attached.
These weights serve to pull down the natural frequencies of the localized shell as well as to
force a nodal line along the meridan direction for certain low frequency modes. Again, the
manner in which the mass and the location of the attachment influence the over all modal

pattern is obtained through the finite difference computer program.
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SECTION V

FINITE DIFFERENCE COMPUTER PROGRAM

The finite difference approach, based on the coupled shell equations of Vlasov is
developed for a curved panel cross-stiffened by two sets of orthogonal stiffeners. The panel
considered may have a number of rigid or spring supports at arbitrary points along the edges
of the panel.

Any number of concentrated weights may be attached to the edges or the internal points
of the shell structure. For a component connected to the shell through a number of attach-

ment points, the moment of inertia of the component is considered.

The computer program uses a grid pattern prescribed on the localized shell. The
distance between two neighboring grid lines is a constant in each direction. The shell
structure data, the spring support data and the attached weight data serve as input to the com-
puter program. The program also interprets the local boundary conditions which are con-

verted into finite difference equations.

All the shell equations are reduced by the program into a matrix form. After a num-
ber of internal operations which reduces the size of the eigen-matrix, the natural frequencies
and the corresponding modal shapes of the localized shell are obtained using a standard
eigenvalue eigen-matrix routine. The program produces the first five (5) natural modes.
More modes may be generated as needed. The details of the program and its usage are

described in the Appendix.

The modal data generated by the computer program are the basis of the localized shell
design. For a given localized shell configuration, the computed data are compared with the
test and analytical data of the complete shell structure. If the major modal patterns of the
localized shell duplicate those of the complete shell, then the design may be considered
satisfactory. Otherwise, the localized shell configuration including the spring supports and
the weight attachments may be adjusted in order to reach a better correspondence in the
modal patterns. The process may be continued until a satisfactory localized shell design is
reached. Typical modal data obtained by this program and the corresponding test data are
shown in Figure 4. Experimental results for both mode shape and frequency compared well
with the predicted analytical values. Additional deformation data are given in Appendix I.

11
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FIGURE 4. TYPICAL (a) ANALYTICAL AND (b) TEST MODAL PATTERN
OF THE LOCALIZED SHELL STRUCTURE
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SECTION VI

USE OF THE SCALE MODEL

The full scale shell structure of SATURN V system is large in size and is expensive.
In order to ensure a satisfactory testing technique using localized shell structure, the analyt-
ical techniques are developed which are described in the previous sections. Experience
indicates that no matter how extensive are the analytical techniques, there will always be
some deviation between the predicted analytical data and the test data. Thus, if time and
expenses are allowable, it is advisable to use a simple scale model to investigate the dynamic
responses of the proposed localized shell design. The work in Northrop has shown that with
proper design, the scale model and the corresponding full scale data are quite comparable
when proper scale factors are used to interpret the data. The basic technique for a scale
model design is given in p. 91, vol. I of Northrop Norair Yearly Progress Report NAS 8-20025.
Essentially, the technique is based on the dynamic shell equations which resolve certain
important design factors to establish the ratio of the natural frequencies of the scale model
and the full scale structure. The same technique is used to correlate the impedance data.
For the design of the shell proper, the following equation is used:

od (b )G,

o (5),64,6),

In the above equation, w is the frequency in rad./sec. Subscripts s,f indicate the scale model

and the full scale structure respectively. On the righthand side of the equation, —]—;— isa

measure of the bending stiffness of the shell. For the Instrument Unit, the scale model is

made of a solid sheet, while the actual structure is a honeycomb sandwich. In this case,

different formulas are used to compute the shell stiffness D. The factor has a

Ph
dimension of acceleration. It is a measure of the relative significance of the shell internal

forces and the inertia effect of the shell element. For the sandwich shell, the value h is
replaced by H which is the compact thickness of the shell. In other words, H is the thickness

of the sandwich shell if it is crushed into a solid sheet. The value —IT is the contribution
L
due to the overall scaling factor, L being a typical overall dimension. As explained in the

Yearly Progress Report, the equation applied to the Instrument Unit scale model yields a

frequency ratio as shown below:

W
f—: 3.25
f
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The above frequency ratio is based on an overall scaling factor of 6.67. Now that the fre-
quency ratio has been determined, the other design parameters are to be adjusted to reach
a consistent design. For instance, the concentrated mass M is scaled according to the fol-

lowing relation:

Loy @)

Y | 1
“y D; > <2>
\ F ¢ \L /¢

where F is the amplitude of the concentrated force with circular frequency w. The scale

model of the segmented Instrument Unit is shown in Figure 3. Based on the above scaling
relations, the design of the corresponding full-scale localized shell is shown in Figure 5.
In the following, the determination of the attached weights and the spring supports for the

full scale structure are explained.

The attached weights to the scale model Instrument Unit segment weigh 1/2 1b. each
(see Fig. 3). The width of the weights is 1 in. Based on the actual dimensions of the weights,
the polar moment of inertia IS of each block along an axis parallel to the edge of attachment
is:

I = 5.85 x 10'4 1b. in. sec. 2

so that
gl = 0. 2258 Ib. -in. 2

Scale relation for the mass moment inertia may be based on the following:

I (ML) .

s (ML 2)8

Hl
)

Alternatively, the scale relation may be determined based on edge moment:

Edge moment = % ﬂwz

I2
o <p ¥,
L L
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so that

2
% :<£ <_D_ ML
L \,2 f 2 . ML)

S

For the full scale piece, the attachment weighs 35. 25 1b. each. The required ratio between

the mass moments of inertia is:

£ 10.5x6.67% = 3130

S

With no consideration to stress concentration, position of edge stiffener, and convenience
in fabrication, the dimensions in Figure 6 are first suggested for the full scale piece attach-

ments using steel blocks. Based on the dimensions shown, the moment of inertia is computed:

. 70.5 2 10.3 2 .2 2
gl, = 2212657+ 2 (10.3)% - 1% - 70210, -in.
so that
el 702
el T a8 3110
o

10”

A\

1.265"

FIGURE 6. SUGGESTED DIMENSIONS FOR ATTACHED WEIGHTS
As may be observed from Figure 5, the actual dimensions of the attached weights have been

modified from the suggested configuration for the four longitudinal edge pieces. The mod-

ification was due to design and fabrication considerations.
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The scaling formula for the spring supports of the localized shell is:

2 2
_IES_: (w M)S i (D/L)S . 1
K, (sz)f D /Lz)f 6.67

The spring constants Ks for the I. U. model are obtained in the following manner for a soft

spring and a stiff spring.

Case I SOFT SPRING, 50 < (ws/27r) < 250 CPS.

1ib.
0.14"
* I b = 0.375"
A
A 0.375 6
N * 1 E . 10.3 X 10" PSI
| —] °
r 1.5" 0.375"

<

wisss ] T |__{_ B

5 Ly 08 X (0.375)°

l fo‘:ws K, 3
1 ) ) -
g 11,670 & 15 X 4375 X 1.5 X 0.873
— T 60 L X 21860 X 1.5 X 1.375
™ -
m
T

- 25,480 IN. -1

228
_ K 404.2 LB/IN.
, ] 1.375 S

CASE II STIFF SPRING, (ws/Zn) > 250 CPS

M1 21.860

1 1b.
0.2"

4/t

4 0.375 b - 0.37

4 71 L1 .

Y i 6

- - 10.3 X 10% st

gl

X 1140 X 1.882

x[mm
L wm

z
>_|
|
t<-
177
ol

X 1275 X 1 X 0.708

g 4.000 % M
X 4670 X 1 X 1.042

}
1 2238 L 4230 1IN, 7}
—j— mm K - 2440 LB/IN.

M/ 1. 140} T -1 1} | s

I Y

17



Based on the scaling formula given previously. two spring supports for the full-scale

unit Instrument Unit panel are designated below using carbon steel stock as beam material.

Case I. LOW FREQUENCY REGION (wf/zm <77 CPS.

0. 63"
4 |
STEEL ] C—3 E  30x10° pst
Ve 1
/
—t 12.00"
. 2.5"
K[. 2700 LIB./IN.  6.67 KH_
CASE 11, HIGH FREQUENCY REGION. (uf/Zm> 77 CPS
% 1.143"
STEEL ]
e
7 * |
et 12.00" —
2.5"
K. = 16250 LB. /IN. - 6.67 K

{
The driving point impedance plot of the full scale shell with component attachments
is shown in Figure 7. Also plotted is the corresponding impedance data for the scale model
test specimen with proper adjustment in the scales used. From the figure. it may be seen
that the general impedance pattern is preserved to an agreeable degree through the dynamic
scaling technique. In the high frequency region, the deviation is believed due to the high
structural damping of the intricately fabricated full scale shell structure as compared to the

simple scale model.

The arrowheads shown in Figure 7 indicate the computed eigenfrequencies of the full
scale I. U. segment. The frequencies are computed for mode shapes symmetrical with re-
spect to both center lines of the segment using the finite difference program. Among the
computed eigenfrequencies, none corresponds to the test frequency for the first low
impedance point. Possible reasons of the omission of the frequency may be due to the non-
symmetry of the mode shape, the local vibration coupled to the mechanical excitation device,

etc. This point will be further investigated.
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APPENDIX I

THE FINITE DIFFERENCE COMPUTER PROGRAM USED
IN LOCALIZED SHELL VIBRATION TESTS

The finite difference approach is developed for a curved panel cross-stiffened by two
sets of equidistant stiffeners. The reinforcement, which is assumed to be symmetrical
about an axis normal to the middle surface of the shell, is attached to the skin of the cylindri-
cal panel in either circumferential or axial direction. The panel to be considered may have a

number of rigid or spring supports at discrete points along the edge of the panel.

A. BASIC EQUATIONS

1. Strain-Displacement Relations

The extensional strain-displacement relations for the middle surface of a cylindrical

shell are given by au
¢ - 0u (1)
X o0X
1 /év
€= o (aTo*W) (2)
_ .1 oeu oV
)'X(P— a 50 + 53X (3)
where

u,v,w = displacement components in the axial, circumferential and radial directions.
x = distance along axial direction
¢ = cylindrical angle (radian)

a = radius of cylinder (see Figure 8)

AR
s

FIGURE 8. ELEMENT OF A CYLINDRICAL SHELL
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The changes of curvature of the cylindrical panel may be represented as follows:

62W
k= (4)
X 6x2
1 < a2w oV
kK --— (2% _av (5)
© a2 602 aw>
1 azw v
ko = 'T(*—axaa - ‘5) (6)

For a cylindrical panel, experience has shown that the effect of the v-displacement on the
bending moments is negligible. With this simplification, the following expressions are
obtained:

e
S
i
i
oo}
@
£
G

2. Stress-Strain Relations

For a cylindrical panel cross-stiffened by two sets of equidistant stiffeners, it is
assumed that the reinforcement is symmetrical about an axis normal to the middle surface of
the panel. Using the above assumption, the following approximate stress-strain relations
(Ref. 1) may be established:

E Asx Eh
NX = ado GX + i—_ Vz (€x+ Vf(p) (7)
EA
_ S@ ___Eh
Ny = —3%— €0 * I (€p + v e) (8)
Nx@ = N(Px :Ghyx(p (9)
Ek
X 2 E 2
Mx = AAC fzx dA+T7§~ (kx+ v ko) f zx dz (10)
A panel
SX
Ek
_ ¢ 2 E 2
M, = —1x | z, A+ s kp+v k) [ zp,7dz (1)
panel
S
3
Eh
xQ M(px =" 12T +v) “xo (12)

Ref. 1 S. Timoshenko, S.Woinowsky-Krieger, "Theory of Plates and Shells," pp.364-370.
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where

! A ,A =cross sectional area of stiffener*
sx’ " s@
st, Isgp = moment of inertia of stiffener about its own centroid axis*
zx, z2y, = distance measured from the neutral axis of shell-stiffener combination (see
Figure 9)

o

h

+ o

N.A.
2

O
<

7 ~ - z
/////M

/ Asw

| Lso
FIGURE 9. CROSS-SECTIONAL VIEW OF A SHELL-STIFFENER

COMBINATION
h = thickness of a solid panel or the total facing thickness of a honeycomb

sandwich panel
E = Young's modulus

v = Poisson's ratio

The following sectional rigidity properties are defined:

K = _El_‘__z
1 -V
E Asx
Kx = K+ ale
E As<p
qu = K + %
| 3
‘ Eh 5 for solid panel
12(1 - v°)
D = (13)
Ehth + 2c)2 for honeycomb sandwich panel
16(1 - vz)
D' =D +Kz 2
X cxX
D, =D +Kz 2
2 cy
N ' E _ 2
Dx - Dx * 24e [st * Asx (zsx Zcx) ]
, E 2
Dy, = Dy + —5% [Isw + Ascp(zsq) - zccp) I

*Note: For a stiffener which is placed along one boundary of the panel, double the values of
the corresponding cross sectional area and the moment of inertia as input.
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where

st’ZSgp = distances from c. g.'s of the stiffeners to the middle surface of the panel

2. ZC(p = distances between the centroids of the stiffeners to neutral axis of shell-
stiffener combination (see Figure 9).

c = core thickness of a honeycomb sandwich panel

Using the newly defined rigidity expressions, the stress-strain relations may be re-

written as:
Nx =K € +vKey (7"
Ny = Kpep+vKe (8")
XQ N(,Dx - - ;V)_ ny<p (@)
Mx = DX kx + VD;( k(p (10"
M(,D = D‘pk(p + IJD’(pkx (11"
Mx@ = -M(,/)X = -D(1 -v) kX(p (12"

Figure 10 shows the notation for coordinates, displacements, force and moment components

for a cylindrical shell element.

Q
w X Ny
M
'—’)&
Mg
Qe ¢
@V ¥ -
/ Mt
/7
X,u 0x "’
‘ N .
No <+ 7 Nyx, g
/
y X(,9+"
=’M + ¥x
7 M+
XQ ..
NX+

FIGURE 10. TYPICAL SHELL ELEMENT SHOWING THE SIGN CONVENTION
OF COORDINATES, DISPLACEMENTS AND INTERNAL STRESSES

3. Equilibrium Equation

For a cylindrical shell element, the equilibrium condition in the radial direction is

62M azM 62M 2
i S xo oMo 1 no,g-0 (14)
ox ARXOV ad0xouv 2%50

where q is the external load density applied on the shell element in the radial direction. By

substituting equation (10')-(12') into (14), the following expression is reached:
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4
D, o¥ L om —1-2— L s D(pl‘}— L —;— N,=q (14"
X a o0X oY a ow

where 2H = v (D;{ + D'y) +2D (1 -v»)

4. Stress Function and Compatibility Condition

A stress function ¢ is introduced in this analysis in order to reduce the number of
unknowns from three (u, v, and w) to two (w and ¢). The membrane forces Nx’ Ny and

Nx;a can be expressed in terms of the stress function ¢:

2
Ny = --_(?2-22_ (16)

a oP

2

o P
N =-22 (17)

¢ 6X2

2
; N

Nxco - Ngox T agxey (18)

In order to use the stress function approach, an equation of compatibility is needed to define

@®. This is accomplished by combining equations (1)-(3) to obtain the following relation:

a2, L1 o2y 1 8%7xe 2w
" 2 T2 A ox00

=0 (19)

Using equations (7")-(9") and (16)-(18), the strain components €€ and Yx oAy be

expressed as:

2 2
1 [ CIK 4 K ]
€, = - — K , - vK —5—5
¢ KKk - 02k L * ox2 2502 (20)
x4
2 2
1 [ o @ o @ ]
= - —a K - -V K (21)
€ 35
% KK -v2k: 1 ¢ au? ox’
X'Q
2
2 K 4
Y = T
x0 = (T - V)K asxod (22)
Substituting equations (20)-(22) into equation (19) yields the compatibility condition:
2
ote BEKy - vKia Sty oo KXo~ v2%2% 5%
Ke — 4+ (1-»K 2 22Xz a* 2 5 =0 (23)
ax a 9xX oY a oY X
The equilibrium equation (14') can be rewritten in the form of
4 4 4 2
oW 1 a W 1 d W 1 o'y
Dy—7 + 2H —5— —%—5 + Dy 5= —F - 4~ —5 =1 (29
ox a 89X 8¢ a oy 8x
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Equations (23) and (24) are the two governing differential equations mechanized in the com-
puter program using the finite difference approach. It can be shown that for the special case
of a cylindrical shell without any stiffener, the above equations are identical to the coupled

shell equations of Vlasov applied to the cylindrical panel. The Vlasov's equations are:

2
202 1 ¢ _
| DV 14 v - 5 -—-2—' =q
} ax
\
| V2V2¢ Eh azw -0
*Ta 2
oX

where Vz is the Laplace operator.

5. Boundary Conditions for a Panel with Spring Supports

The cylindrical panel under consideration has spring supports at discrete points along

the edges of the panel. These springs are assumed to be restrained against deflection but
not restrained against rotation. Lateral deflection at spring supporting point may be either

restricted or free. The boundary conditions to be considered are:

Along the edge x = constant,

M, =0 (25)
M K
3 19 XQ X
Ve "3 Tee T FTase v (26)
Nx =0oru=20 (27 a, b)
S =N _+- M__=0 (28)
X XQ a XQ
‘[ Along the edge ¢ = constant,
M, =0 (29)
oM K
(154 @
Vo = Qo+ S5~ = * Fx ¥ (30)
Ny = 0 orv =0 (31 a,b)
N(/)x = (32)

At the corner point, x = constant, ¢ = constant,
= +R
2Mx<p v (33)

where V V. are the effective transverse shear forces, S is the effective in-plane shear

force, Kx K(D and K1 are the spring constants for the pomt supports whose unit is (force/

| length). The spring constants equal to zeroat a point where the edge is free.
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The problem at hand is to determine the natural frequencies and the corresponding

mode shapes of the panel. Thus, the loading on the panel is the inertial force:

q = i wz w (34)
where 1n is the mass per unit area of the panel and w is the natural circular frequency of the
panel. For an interior point where a weight W is attached, then the additional loading due to

this weight is:

sz

9% 7 gadxde w (35)

Similarly, for a boundary point where there is an attached weight Wx’ W, or Wl’ equations
(26), (30), and (33) are as shown below:

X = constant,
Vv = +{K - V_Vi w2 A
X X g ady (26")
¢ = constant,
W
= @ 2 w
- 4 - w
Vo i<ch z > Ax (30)
X = constant, ¢ = constant,
w
M = f<1_( o1 w2>w (33")
X 1 g

The signs used in equations (26"), (30'), and (33") depend on the relative positions between
the boundary lines and the directions of the coordinates. Figure 11 shows the sign con-
vention to be used in the equations corresponding to the coordinates system of Figure 10.

w

FIGURE 11. SIGN CONVENTION OF TRANSVERSE FORCES
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B. FINITE DIFFERENCE EXPRESSIONS

1. Grid Setup and Basic Finite Difference Operators

The geometry of the scaled-down Instrument Unit panel under test is shown in Figure
7

12. Since the panel is symmetrical with respect to both the x = b and ¢ = »TO axes, one-

2
quarter of this panel is considered for the finite difference solution.

shown in shade in Figure 12.

The quarter panel is

b= 5.4"

FIGURE 12. GEOMETRY OF SEGMENTED INSTRUMENT UNIT SCALE MODEL

Figure 13 shows the grid pattern with a station numbering system appropriate for finding
the modes which are symmetrical about both the x = g and ¢ = ,TO axes. It should be
emphasized that the grid pattern used is not a unique and fixed pattern. Different patterns
may be used for various specimens, boundary conditions, etc.

designed with such a flexibility in mind.

The computer program is

Using the grid pattern of Figure 13, it may be visualized that the deformation function
w and the auxiliary function ¢ may be plotted over the grid as two surfaces. The finite dif-
ference computer program translates the coupled equations (23) and (24) into linear equations
of w and ¢ at various grid points. In order to facilitate the translation, the conversion of the

partial derivatives into finite difference relations is first explained.

Using a grid with a grid pitch Ax in the x direction and a A¢ in the ¢ direction, the

coefficients of the basic finite difference expressions for the partial derivatives of a function
at a point i are as follows:
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44 42| 40 38 n=6
m =4
43 45 43| 41 39 31
|
71 13 19/13/1/ 32 25
8 14 20 14/8/2 33 26
/,/ )
9 15 211/15 9 3 34 217
// /
10 16 22/16/10 4] 35 28
11 // //
17 23 17/11 5] 36 29
/ / P AXIS OF SYMMETRY
12 18| 24, 18] 12 6 37 30 B
|
17 23 17 11 5 36
22 16 10 4
G,
AXIS OF SYMMETRY
FIGURE 13. GRID PATTERN USED IN THE FINITE DIFFERENCE PROGRAM
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-1 2 -1
2 33
2(Ax) " (Ae) 5 = 0 0 0
ax 8¢ (1)
1 -2 1
1 0 -1
2 83
2(ax)(A@) 5 = -2 0 2
83X 8P (1)
1 0 -1
4
(Ax)‘li4 = [1 -4 & -4 1
8x (i)
1
-4
4
4
(ag)* — = 6
Y (1)
-4
1
1 -2 1
2 64
(AxAp) 5 9 = -2 4 -2
ax" 8@ (i)
1 -2 1

2. Equilibrium and Compatibility Equations.

Consider Equation (24); it may be rewritten in the following form:

4,/D 4 2 4 D 4

2 4
(290(22) o g (22 (28) tma? S () 00 £
D ax 8% 8¢ o9

30
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Using symbols A =

_(a4¢ 2 ag)’ (ax%)2 50 _m(@de
AX D ax2 D
= 4 2
a A . .
% , 2= %Dﬂ—w—, Equation (36) is:

4 Dy 4
X (a0 v, 2 <_2_E> (axa0)® 2W
o ) 5
oX 9@

2 2 2
Ma(4de) 2 5¢ _ o
-5 (4ax) 5 = Q2 <1 +

oX

4,2 [1+

w
—_—\w
rﬁgAxaA(p)

y :I
= w
mgAxady

D 4
@ 4 g'w
5 +<“D >‘A‘/’) ot

4

(36)

(36")

Applying the finite difference operators to replace the partial derivatives, the coefficients for

various points on the w-grid and ¢-grid are determined in the following manner.

Referring

to Equation (36'), the partial derivatives are translated into finite differences on the w-grid

and the ¢-grid corresponding to a grid point marked by (wi) or (¢i).

inertia term in the equation is omitted for the time being.

In the formulation, the

0}, 0
b

Py
D
2H )2 _a(H 2 Do
D D D
D D D
2("x ,2 H x ,4 H 2 T
(Wi)
D
2H 2 H,2 ¢
Dy
D
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_2\2(5111@0)2 9 _)\z(aA 0)?
aD aD

(9,)

_ Y@aso)®
aD

The above finite difference operators are applied to all stations on one-quarter of the panel
including boundary points (Sta. 1-24). In laying out the coefficients of the finite difference
equations in a systematic manner, visualize a square matrix of size (rxr), where r is the
number of the total unknown w and ¢ values for all the grid points.
correspond to the coefficients of Wis Woeeon ¢1, 4’2.

The columns of the matrix

. arranged in that order. For Equation
(36") applied to a grid station, a row of matrix is established listing all the coefficients of the

finite difference equation as described above. Other rows are added to fill up the (rxr) matrix

representing the equilibrium equation, the compatibility equation and the boundary conditions.

The detail of the matrix organization will be further explained later in the section.

The finite difference operators for compatibility equation (23) are illustrated below:

o
K
K
9p A2 4 g2+ PA2> 2P A2
K K K X
e 4 a2 (p+5 00 6.2 +apaZ+ 60t - paXa?) Naf
X\ X g K K K
K )
(®,)
K
2p A2 _4 < =+ PA2> 2PA2
K
_9¢
K
R@a0)2A2  -2R@40)2A%Z  R(aaw)?r® (237)
(wi)
K K -vK?
where P= —-—i——z—
(1-v)K
KK - v2 K2
R- Y
akK
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Experience shows that it is sufficient to apply Equation (23) only to the interior points (sta.

8-12, 14-18, 20-24) in order to fill the final coefficient matrix described above.

3. Boundary Conditions.

Equations (25) - (33) are rewritten in terms of w and ¢ for this particular panel as shown

below:
62W ! azw
[Dx ) +va 5 2] =0 37
ox aa9” |,
3 3 K w w 2
\D —?aw +l§0! o W 9 + }Z l =[—-——}2w w] (38)
X ox a OXOY =0 gady x=0
2¢
—Q—z =0 or u =0 (39 a,b)
oV x=0 x=0 .
] 2
P ,DA-v) o'w ] - 0 (40)
| 0x8¢ a  9x0¢ | g
[ % o%w
t —_— =
LD(p s + VD, 2] 0 (41)
a 8y oX ©0=0
3 1 3 K w W w?
D c’;W3+_Bazw + -9 =[ L w] (42)
@ a oy a 8x 9o Ax =0 gAX' ©=0
2¢
4 =0 or v =0 (43 a,b)
ax (p:O (p:O
2
ia‘" =0 (44)
%8¢ | ;o
azw ‘ ' Wy “’2
[ZD(I -v) EY T KIW] <=0 =[ z w] <=0 (45)
(p: (D-—-O
where a = va' +2(1-v)D

B VD(p' +2(1-v)D

Q
Since only the mode shapes which are symmetric with respect to both x = g andov = TO axes
are considered, the following conditions governing u, v, ¢ along the axes of symmetry are

made use of:
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v =0 o o, =0
Vip= -2 B0 lo= -2
¥=9 s8¢ o 5
and
ul b =0 od =
X=3 ox | b ~°
"2

¥
Equation (2) is substituted into (20) which is then integrated from ¢ = 0 to ¢= 9. The re-

2
sulting condition for v = 0 at ¢= 0 is:

Yo/2 2 2
—_— 0P o
¥ |o=0 i/ [I(K 52 <Kx o ”Ka%W2>+W} de
X:x* o X (p X=X*
Y0/2 K 5
3 1 "x &8¢ v o¢ -
'/ [T{K— z*W]_*d‘“z <a<,o>x=x*-° (48)
80X X=X a R
0 ©=0
Similar approach gives:
b/2
K 2
- 1 "¢ 09 v [o® -
ulx=0 —/ [ 2 K 2] dx + ¢ <ax =0 (47)
Y=9* 0 a 0 dp=op* , X=0*
(,0:({)

The finite difference operators corresponding to equations (37) - (47) and the stations on which
each operator will be applied are given below. The inertia terms are excluded.

2
(4x)"

D X
X

= 0. Apply to points along the edge x = 0 (Sta. 1-6),
x=0

1

U'U
»

X
D

—_

w

D ]

U'x

X

1_
R

1
X

1
1 201 +v=— —3 )
A

X

~—

1

1
2
A

3

4

(37')



_ 2(Ax)3 Ky

2(Ax)3 v
ady

Dx X x=0 X

w. Apply to points along the edge x = 0 (Sta. 1-6). Use

Kx = 0 at points where there is no spring support.

‘ _ a 0 a
| 2 2
| D A D, A
| L . 2K _ (as0)’ .
\ - 1+ - —— -2(1 + 1 (38")
< D x2> p_»3 < D A2>
X X X
(w,)
- a 0 o]
D }\2 D )‘2
X X
(ad (p)z Nx = 0. Apply to points along the edge x = 0 without spring support.
x=0
1
-2
39'
(®)) (39)
1
ZK(LKA(’D)}‘—Ru = 0. Apply to points along the edge x = 0 with spring supports. This con-
@ x=0
dition is not used for the panel under consideration because no spring support exists along the
edge x = 0.
:(auisl of symmetry)
]
|
1 2 2 2 1
-2 -4 . -4 (-4+VA2 -E——) -2 o2 = (47"
\ @) ¢
1 2 2 2 1
)
|
(44 xady) Sx‘ = 0. Apply to all points along the edge x = 0 except the corner point. For

x=0

points not on the axis of symmetry (Sta. 2-5)
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D(1-v) D(1-v)
-1 0 1 T 0 3
0 0 0 0 0 0 (40'a)
) @)
D(1-v) _D(1-»)
1 0 -1 3 0 —a
For points on the axis of symmetry (Sta. 6)
-1 0 1 _D(-v) 0 D(1-»)
a a
(40'p)
1 0 -1 D{1-) 0 _Db(-y
a a
() ®,)
(a0’
_Uz_M‘PI(p . = 0. Apply to points along the edge ¢ =0 (Sta. 1, 7, 13, 19).
1
D D D
i 2[14mP5 A
© @ @ (41")
(w,)
1
@40)° @ao)® Ko
2——3(%— V(’0|<P =2 Tq)— 7x W Apply to points along the edge ¢ =0 (Sta. 1, 7, 13, 19).
=0 @

Use K(p = 0 for stations with no spring support.

1
2 2 2
Br_ -2<1 L BA ) B
D,, Dy D,
- 2
-2XAKp(ady) 0
0 D
¢ :
(42)
(w,)
2 2
_at . (1 LB ) _a
D, D, D,
-1




(Ax)2 N(PI

K

X

(44xadp) N

= 0. Apply to points along the edge ¢ = 0 without a spring support.

¢=0

KR (4x%)2

K
X

w,)

1

2 KR

K
X

(ax)2

KR 2

KR

2 a aR(4A x)v|¢ 0= 0. Apply to points along the edge ¢ = 0 with spring supports.

(Ax)2— -

&

(axis of symmetry)

<Px|<,0=0

_ vK
)\2K
X
1 -2 1
()
K
2 (_V K -4) 2
)\2 Kx
2 -4 2
2 -4 .2
- __1T~ 2 - 1..
(axis of symmetry)

point not on axis of symmetry (Sta. 7, 13)

-1 0
0 0
(®)

1 0

For point on axis of symmetry (Sta. 19)
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= 0. Apply to points along the edge ¢ = 0 except the corner point (1).

(43"

(46")

For

(44'a)



-1 1
0 0 '
(®,) (44'D)
1 -1
(44xadyp) 2Mx<p x=0 = -(44x49) f{-lw. Apply to the corner point x =0, ¢ =0 (Sta. 1)
=0
-1 0 1
2il(aA@)2
0 AT ) 0 (45")
(w,)
1 0 -1

Furthermore, ¢ is an auxiliary stress function whose second derivatives give corresponding
stress values. The value of @ may be arbitrarily assigned at a certain station without in-

fluencing the stress distribution. The condition is represented as:

9. =0 (48)

@) (48")

The above condition is applied to station (24).

4. Finite Difference Expressions in Matrix Form.

Assembling of all of the equations described previously yields a set of homogeneous

equations of the following form:

i [0 o [l
[A] Hwelt -@ [Mg] o o %]t =0 (49)
el L o o o] |le]

where [AI = the coefficient matrix.

|w l = the normal deflection matrix for the stations on the quarter panel.
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lwbl = the normal deflection matrix for the exterior stations.
IMll = the interior mass matrix representing the mass of the shell proper.

|M2' = the boundary mass matrix representing masses attached at the edges of the
panel.

Consider a quarter panel covered by m equidistant grid points along the x-direction and
n equidistant grid points along the ¢-direction. A total of (mxn) grid points are located on
the panel. A stiffener with sectional area ASx may be located along any grid line parallel to

the x-axis. A stiffener with sectional area As may be located along the circular grid line

parallel to the ¢-direction. The number of sti(fpfeners are not limited. Using the above
structural panel, and referring to Equation (49), it may be shown that there are (mn) elements
for lwal. There are (2m + 2n + 1) elements for !wb, corresponding to the exterior stations
extending two grid pitches from the panel edges (Figure 13). The auxiliary function ¢ is
accounted for extending one érid pitch from the edges. In this manner, [(m + 1) (n+1)- 1]
elements are established for |¢l Adding the numbers of the elements listed above, a total

of [2mn +3(m +n) + 1] is counted, which is the order of the square coefficient matrix [A] .
The details of organizing the [A] matrix is illustrated in the diagram shown on the next page.

In the matrix shown on page 40, the finite difference equations used to generate the rows
of the coefficient matrix are listed which are marked with the equation numbers described in
the text. The following procedures may be used to generate the basic pattern. The pattern

is used as the input to the computer program which computes the elements of A
a. Draw the grid pattern and the station numbers on a transparent paper.

b. Simplify the finite difference operators by assigning an index number to each co-
efficient. Make a list of the index numbers and the corresponding coefficients. A
typical index table used to generate the [A] matrix for the localized 1. U. panel is

shown in Table 2 at the end of Section B.

c. Rewrite the finite difference operators by placing corresponding index numbers in

position with the grid pattern as shown on the transparent paper.

d. Place the transparent paper over a finite difference operator and keep the center

coefficient coinciding with the station for which that operator will be read.

e. Locate the row number as defined in the [Al matrix diagram shown on page 40.
Read each station number on the transparent paper and the corresponding index
number on the bottom sheet representing the differential operators of an equation.
Enter the index number as an element of [Al whose column number corresponds to
the station number read. Repeat the operation for w and ¢. If a station number
appears more than once for a certain operator, assign a new index number to the
sum of the coefficients referring to that station. Enter the new index number as

an element of [A] which is also included in Table 2.
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- 2Zmn+ 3 (m-n -1 -
- Wa ~|4 Wb po @ -
mn l 2 (m+n) +1 mn - m -+ n
- Wy Woooovn ¢1 ¢2 ......
Equilibrium equation -1
4 Dx 4 4w = 2
mn A ——D—' (A X) -6——-_1_ + - A “_LA.,(’_Q) (AX) 9_...:9;
(8] 2
6x o~ X >0
(36"
@ >0
B.C. 3 -
n li_Z_JA_XL .(V __Kx \):‘ 38")
__________I_DX___f_ﬁMﬁ__ X 0.¢9:0
1 [(4A X a i) (ZMX(ﬂ - Kl \&)J Xx=0. ¢ = 0(43")
N P R 0
1{ ‘:Dx Mylx=0.920 (37"
3 K
m [éﬂ% P w)] (424
v Do Q@ X >0,¥9=0
2
m [gaA@_ M ] _ (41"
Dy 0ix 20,0 =0
COMPATIBILITY CONDITION 4 _
K o ¢
(m-1) (n-1) 4 2w X 23Y
R@ag)* &3 + | @ae” & — - <0 (
X DN @ >0
.B. C (M ):'
n-1 XY (40"a. b
[(4A X 249) a NXQD x=0.¢>0 )
1 0 o T TT T T T ( —IB )
n 2 2K (24¢) AR (39) or
__l___ 0 [(aA‘P) Nx]x—o.wzoor[ Ko Ul x=0,920 (47)
m-1 0 [(4Aqu(,7)wal 0.0 0 (44' a.ly
i KR '3 (46" or
i _[Zf;a"xv]xz_o.gozoor [(A") Nﬂ"]xzo,qho, (#39]

f. Repeat procedures (d) and (e) until the matrix is filled with the index numbers. In

the input format to the computer program, only non-zero elements are included

where the index numbers are identified with proper row and column numbers.

40




WVHIDOUYd HONTYHAAIA HLINII HHL A0 dTdV.L XIANI TVOIdAL

¢ dA'1dVL

(82)+(¢2)+(g2) (99) N<xm\m&s§v e (s€) msm\mév + mw - (81)
oxe- (se) Axxm<\m;v + ¥ - (¥e) sa\m.«n (L1)
(L1)xg (¥9) X

3 Y/51A - (g8) *a/_@Eversve - (91)

(82)+(g2) (g2) ¢

X
(e0)+(c2) (z9) v - (z8) mxom<\_ o\.v + 1|z - (D)
(¥1)xg (15) N<xm\m N?:SE (18) xam<\,xm= 1)
(62)%xg~ (12) (L3)%F (0s) e/ - )a (08) _HAon/\\av N m_m _ (1)
(61)xz (02) (S)xy (6%) <

z - (62) QNQa (11)

(81)- (69) (T1)xg- (8%)

& X o e) N -
:-:/\a\N@qﬁﬁMN (89) ()% (2%) A/ (82) gt W/0ver e fov
(11)- L9 (8)+(9)+(g) (9%) N,E b4 L2) Dm\mAsqamx - (6)
- (99) (®+(9) (s%) _HN,E + C_\smM_w - (92) a\ﬁsom + NHE + ¢<x§v (8)

(6)xz (s9) (8)+(g) (§42]

m\t\xm (¢2) e/, (@ve) ()

(0g)- #9) (9)xz (t52]

X _ O,

(D)xg (g9) ©)xz (@) [ + (/0 MM_ 7 (¥2) a/”a (9)
(82)%z (z9) (§2>4 (1%) (1/939) + ZYds + AM\*»\M@V (€2) Q\N<:N (g)
(22)xg (19) (e)xz (07) 8@V X (z2) a/(®a+ N,Ev« - )
(92)x7 (09) (3)xg (68) <

mN@qu«N - (12) Q\¢< a (¢)
(cz)xg (69) (62)- (8¢) :
ey ) O - B -
(vg)xg (8¢) (L1)- (18) _.nA a/Paxa) + HH_N (02) o\? *g¢ ovwi @
(32)%g (29) (z1)- (98) sa\_soms. (61) 1 (1)
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XILVIN XAANI XTYLVIN XAANI XIMLVIA XAANI XIMLVIA XAANI
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The interior mass matrix lMII is a square matrix of order mn. The diagonal terms are

generated as follows:

W, +pg [A ade+ A A)El
(Ml)ii =1+ ! B __ip_i___ _i),:i,f for interior points (50)
mgdxade
M,).. =1 for points on the boundaries (51)
1/ii

where the subscript i indicates the station number and Wi is the concentrated weight attached
to that station.

The off diagonal terms of M1 matrix appear only for a component connected to the

quarter panel through more than one attachment point. All values of (M . must be

Vg i ]
precalculated as input to the computer program. Considering the loaded I. U. segment

(Figure 14) as an example, the inertia forces acting on the attachment points A and B due to

q,
|
} _— -9
XA BX x X
@ S _ —
X X x x
A
o
. d
X
A B
M .®° |
o
Pa

B
FIGURE 14. LOADED INSTRUMENT UNIT SEGMENT

a component with mass Mo and moment of inertia © with respect to the axis through centroid

in x-direction may be expressed in the following forms.

Mo 2 (WA+WB)_ e ,2 VB VA

FA =71 2 /) 24 Y d
= i [(M L )w +(M —@—-) w :| (52)
-8 o} d2 A o} d2 B
w2 40 40 1
Fp = 9 [(MO dz) W, + (M0+;~2-) " | (53)



where d is the distance between A and B in circumferential direction. If each attachment

point coincides with a grid point, it follows that

1 40
AM)p A=0 Mg B = SHaxade (Mo * ?) (54)
_ 1 40
Mpp, g =Myp A * FHaxadd (Mo - ;‘2‘) (55)

The values computed from Equation (54) represent the concentrated weights attached to

stations A and B. The values are to be added to the corresponding elements of Equation (50).

If the attachment points are off the grid points, similar approach can be used to evaluate the

corresponding elements of Ml' Numerical example is given later in Appendix IL

The boundary mass matrix [Mz ] is a rectangular matrix of size (2m + 2n + 1) x (mn).
It is composed of the inertia terms for the masses attached to the edge of the panel which is
reflected in the transverse shear equations. Referring to the grid pattern and number sys-

tems of Figure 13, the elements of M2 are defined as follows:

M.). . =0 t 56
( 2)1’] excep (56)
2D [(1/2)pg (A, 2AQ + A_ Ax) +W_
(Mp); 5 = — | (Aso; X ) Xl] i=2,3,....n (57
’ 3 2 _
DA (aa¢)” mg
i
Pg
2 | 4 [As(pl adQ + Asxle] + lel
(M,) = (58)
2n+1,1 A (1-v) (aA@)z g
2D A |(1/2)pg (Asxij + Aw]_aAq)) +w(pj}
(M,,) L. o=— i=2,...m (59)
22n+1+1,j D (aA<,0)2 mg j=(@{-1)n+1

]

C. THE EIGENVALUE-EIGENVECTOR PROBLEM

In the previous section, a procedure is described to generate the index numbers rep-
resenting the elements of [A], [Mﬂ and [M?;] The index number pattern is used as the in-
put to the subject computer program. Based on the input, the computer program generates
the matrices according to the local shell and stiffener data which is also part of the input
information. The final matrix equation generated by the computer is of the following form:

Ajp A Ay Ya (M) w,
Ay, Ay O w b o-e{M, w | =0 (60)
{A:n Agg  Ags ¢ 0
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or

A11 W + A12 Wy + A13 ¢—QM1 L =0 (61)
A21 W + A22 Wy -.QM2 W, = 0 (62)
Agy W+ Agy Wy + Agg @ =0 (63)

where
A11 = square matrix (mn) x (mn)
A12 = rectangular matrix (mn) x (2m + 2n + 1)
A13 = rectangular matrix (mn) x (mn + m + n)
Agy = rectangular matrix (2m + 2n + 1) x (mn)
A_, = square matrix (2m + 2n+ 1) x (2m + 2n + 1)

22

A31 = rectangular matrix (mn + m + n) x (mn)
A32 = rectangular matrix (mn+ m + n) x (2m + 2n + 1)

A33 = square matrix (mn + m + n) x (mn + m + n)

Equation (60) represents an eigenvalue-eigenvector problem. £ is the eigenvalue and
W, the corresponding eigenvectors. Specifically, matrix Equation (61) represents the dynam-
ic equations of equilibrium for the interior and boundary points of the system. Equation (62)
represents the boundary conditions involving bending moments and transverse shears. Equa-
tion (63) represents the compatibility equations and the boundary conditions involving the in-
plane forces. The column of vy pertains to the deflections at the exterior points of the

system. @ represents the stress function at all stations concerned.

Equations (62) and (63) are used to eliminate Wy and ¢ from Equation (61). The end
result is a matrix equation suitable for eigenvalue-eigenvector determination by the "MITERS"

routine which forms part of the computer program.

From Equation (62),

-1
W, = Agy (9M2 - A21>wa (64)
From Equation (63),
®=-A '1<A w +A w>
33 31 "a 32 b (65)
Substituting equation (64) into (65) yields:
®=-A, LA, + A A ‘1(9\4 SAL) | w (66)
33 31 32 7722 2 21 a
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Substituting equations (64) and (66) into (61), the standard format suitable for the "MITERS"

routine is obtained:
(&1[w,) _1 w,|=0 (67)
al £\ a
where
A=A, -Ao Ao AL A A (A, - Ano Ay, E AL N]E
11 12 7722 21 13 733 31 32 722 21)

-1 -1
I:Ml - (A12 - A3 As3 A32>A22 Mz] (68)
The computer program yields the eigenvalues and the eigenvectors starting with the largest
value of é . In other words, the lowest frequency and the corresponding modal data are
generated first, to be followed by modal data corresponding to gradually increasing fre-
quencies. After one eigenvalue and the corresponding mode shape are obtained, Equation

(66) is used to compute the corresponding ¢ values as partial output of the computer program.

The above writeup describes the general scheme used in mechanizing the computer
program. Results obtained so far have been promising as compared to the test data. The

complete program, the work instructions and the sample data are given in Appendix IL

D. SEGMENTED INSTRUMENT UNIT DATA

Four (4) sets of analytical data were acquired from the finite difference computer pro-
gram for the unloaded and loaded Instrument Unit segments. The computed natural frequencies
and corresponding mode shapes of the first five modes of the unloaded Instrument Unit scale
model segment supported by stiff springs (supporting configuration II) are plotted in Figure 4
and Figures 15 through 18. Figures 19 through 23 give the analytical data of the unloaded
I. U. scale model supported by soft springs (supporting configuration I). Modal data of loaded
scale model supported by stiff springs, and loaded full scale Instrument Unit segment sup-
ported by soft springs are shown in Figures 24-28 and Figures 29-33 respectively. Figures
34 and 35 are the plots of in-plane stress distribution and magnitude and direction of the top
surface principal stresses corresponding to the mode given in Figure 4, The in-plane stress
distribution corresponding to the first mode of loaded full scale I.U. segment is shown in

Figure 36.

Testing was undertaken on the segmented L. U. scale model supported by stiff springs.
Test data compared favorably with the analytical data for the first two modes in both un-
loaded and loaded configurations. The experimental frequencies and corresponding nodal
lines are shown in the bottom portion of figures 4, 15, and 24. The comparison between the
theoretical predicted frequencies and the test frequencies corresponding to the minimum

impedance points for the loaded I. U. segment is given in Figure 7.
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(a) ANALYTICAL DATA f = 289.7 CPS

(b) EXPERIMENTAL DATA f = 264 CPS

FIGURE 15. SECOND MODAL DATA OF SEGMENTED INSTRUMENT UNIT
SCALE MODEL, SUPPORT CONFIGURATION (II)
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(a) ANALYTICAL DATA f=172.8 CPS

(b) EXPERIMENTAL DATA f =172 CPS

FIGURE 24. FIRST MODAL DATA OF SEGMENTED INSTRUMENT UNIT SCALE MODEL
WITH SIMULATED COMPONENTS ATTACHED, SUPPORT CONFIGURATION (II)
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f = 263.8 CPS

fTEST =262 CPS

FIGURE 25. SECOND MODAL DATA OF SEGMENTED INSTRUMENT UNIT SCALE MODEL
WITH SIMULATED COMPONENTS ATTACHED, SUPPORT CONFIGURATION (II)

FIGURE 26. THIRD MODAL DATA OF SEGMENTED INSTRUMENT UNIT SCALE MODEL
WITH SIMULATED COMPONENTS ATTACHED, SUPPORT CONFIGURATION (1)

52



FIGURE 27. FOURTH MODAL DATA OF SEGMENTED INSTRUMENT UNIT SCALE MODEL
WITH SIMULATED COMPONENTS ATTACHED, SUPPORT CONFIGURATION (II)

f=542.2 CPS

FIGURE 28. FIFTH MODAL DATA OF SEGMENTED INSTRUMENT UNIT SCALE MODEL
WITH SIMULATED COMPONENTS ATTACHED, SUPPORT CONFIGURATION (II)
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f-93.92CPS

FIGURE 33. FIFTH MODAL DATA OF INSTRUMENT UNIT SEGMENT WITH
COMPONENTS ATTACHED, SUPPORT CONFIGURATION (I)

f -213.7 CPS

_ -3
WMAX = 10 7 IN.

FIGURE 34. IN-PLANE STRESS DISTRIBUTION CORRESPONDING TO THE FIRST MODE OF
SEGMENTED INSTRUMENT UNIT SCALE MODEL, SUPPORT CONFIGURATION (II)
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FIGURE 35. MAGNITUDE AND DIRECTION OF TOP SURFACE PRINCIPAL STRESSLES
CORRESPONDING TO THE FIRST MODE OF SEGMENTED INSTRUMENT
UNIT SCALE MODEL. SUPPORT CONFIGURATION (1)
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APPENDIX II

USER INFORMATION OF THE FINITE DIFFERENCE COMPUTER PROGRAM

The program gives the analytical predictions of natural vibration modes and frequencies
of a curved panel or a curved sandwiched panel with arbitrary boundary and supporting con-
ditions. Coefficient matrix derived from the finite difference expression for equilibrium
equations, compatibility equations, and boundary conditions is organized and read into the

program as input data.

The complete program consists of three CHAIN's. The first chain is used to com-
pute all necessary data and set up a table called "E table' - that has all the elements needed
in the coefficient matrix A. The second chain is mechanized to transfer these elements to
proper locations in the matrix and to reduce the matrix into an eigenmatrix. The third
chain is used to compute the eigenvalues and eigenvectors, and the associated stress func-

tion.

INPUT DATA
The program is set up for the grid pattern shown in Figure 13.

1. Solid Shell

Symbols used Fortran
in Analysis Coding Definitions
a A Radius of curvature (in)
b B Length of a panel in x-direction (in)
Yo PHIO Circumferential angle in ¢-direction (rad)
v PNU Poisson's ratio
E E Young's modulus of elasticity (lb/ inz)
p RHO Mass density per unit volume (lb—secz/in4)
h H Shell thickness (in)
n N Number of grid points in o-direction = 6
m M Number of grid points in x-direction = 4
NMODE Number of modes sought
IOPT =1 for solid shell

59




Symbols used

in Analysis

Fortran
Coding

Definitions

V4
zsx’ s

Lj

My) 1,5, 14

SZX,SZP

SAX,SAP

SIX, SIP

BARKX

BARKP
WX
WP
WT

IM1,IM2

AM3

IETBL, NEC

NZRO

NAC

Distances from c.g. of the stiffeners to the
middle surface of the panel in x-direction
and ¥-direction, (in.) numbers of values to
be read in are controlled by an index, NEXT;
their locations in the array by J1, J2 and K2.

Cross sectional area of stiffener* in x-

airection and ¢-direction (in2). Controlling
indices are J1, J2, K2 and NEXT.

Moment of inertial of stiffener, * in x-
direction and ¢-direction respectively, about

its own centroidal axis (in4). Controlling
indices are J1, J2, K2 and NEXT.

Spring constant of a point-support along the
axis x = 0, (Ibs/in)
Controlling indices are 11, 12, and NXT1.

Same as above along the axis ¢= 0, (lbs/in)
Controlling indices are 13, 14, and NXT2.

Weights along the boundary x =0, (lbs)
Controlling indices are 15, 16, and NXT3.

Weights along the boundary ¢ =0, (lbs)
Controlling indices are I5, 16, and NXT4.

Weights at interior points of the panel (lbs)
Controlling index is JWT

Row and column number, respectively, of
off-diagonal term of mass (internal) matrix.

Actual element that corresponds to IM1 and
IM2 in the (internal) mass matrix.

Number of this off-diagonal terms is limited
to six.

Row number and column number, respectively
of the matrix element (F) table. The E

table is generated according to the definition
of Table 2 for all grid points. A particular
element of the table is to be transferred to a
particular location in the coefficient matrix A.

Number of non-zero elements in a row of
coefficient matrix.

Column number of the non-zero element in
the coefficient matrix.

NOTE: For a stiffener which is placed along one boundary of the panel, double the values
of the corresponding cross-sectional area and the moment of inertia as input.



2. Sandwiched Shell

The definitions made for the solid shell apply to the sandwiched shell with the following

exceptions and additional definitions.

Symbols used Fortran
in Analysis Coding Definition
h H Total thickness of outer and inner facings.
c CORE Thickness of core.
m BARM Mass per unit area of the panel.
IOPT = 2. For sandwiched panel.
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LISTINGS

The following listing contains the complete main program and its subroutines with the
exception of a subroutine named "MITER'*. The MITER subroutine is a standard eigenvalue,
eigenvector routine. Its physical package of the subroutine follows CHAIN 3. DATA are
also included here, and the technique for their arrangements is stated in the next section of

the appendix.

*The writeup and subroutine deck of "MITER" are available at IBM SHARE general program
library.
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SAMPLE RUN

Some of the preliminary computations for the arrangement of input data are shown
here, together with the definitions illustrated in figures. Appendix I supplements further

information needed for the use of the programs.

The sample run provided here is the segment of the full scale Instrument Unit with
sandwiched panel. Its idealized configuration is shown in Figure 37. The unit mass of the

panel is -3 31 1
BARM = 0. 2588 x 10 X(0.02+0.03)+ m x 0.9 x 336

0.1712 x 10°4 (Ib-sec%/in?)

A, B, PHIO, PNU, E, RHO, N, M, NMODE, CORE, and IOPT are defined in the list of
definitions and also in Figure 37. Referring to Figure 38, the distance from c.g.'s of the

stiffener to the center line of the panel is assumed to be small.

z. = SZP~0
s¢

Along the edge parallel to the x-direction, similar stiffening effect is assumed due to

the filler material used at the boundary to replace the honeycomb material.

The cross-sectional area and moment of inertia of the stiffener are calculated as

follows:
Ag, = (D(1.0)(0.125) + (1. 25)(0.1625) = 0.453 in. 2
I, - 2[(11—2)(1)(0.125)3+(0.125)(1)(0.38752)] +

(1) (0.1625)(1. 25)° = 0.0643 in.
12

\ 7/

Here, symmetry about the center line of panel is assumed. Since the stiffeners are
placed along the boundaries, the values calculated above (As and IS) are doubled for use in

the computer program:

) 2
A, = A, = 0.906 in.
I =1 = 0.1286in."
sx  s¢ :
\\ VA =~ O
SX

The Instrument Unit segment is supported by six cantilever beam type springs as shown in

Figure 5. For a quarter panel, two springs are assumed acting on stations 7 and 19 (see
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= |
4 7
7 8 9 10 11 12
I & @ |
7 |
Vy
7 13 14 15 16 17, 18
/ Ll
7/ |
7 19
7, 20 21 22 23| 24
7 | T/\J

|

ALUMINUM ALLOY

E =10.3x10° WP
PNU = 0.3

RHO = 0.2588 X 107>

A = 130"

B = 36"

PHIO = 0.7854 rad.

H = 0.05"

CORE= ¢.9"

M
10T

FIGURE 37. FULL SCALE INSTRUMENT UNIT LOCALIZED SHELL
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0.03"
- STIFFENER [N

/ C-DIRLECTION
/ |

~-—0,1625"

- - 7

0.125"

0.125"

\ i
0.02"

3.1 LB/FT3 5052
ALUMINUM ALLOY CORE

FIGURE 38. EDGE STIFFENER CONFIGURATION

Figure 37). The length of the cantilever supports is 9 inches. The corresponding spring

constant, T(-m, is

6 3
R (7) = i@ (19) - 3EI _ 3x30x10 x32. 5x0.625" _ 6. 270 1b. /in.

3 12x 9

For convenience in computation, the weights attached near the cantilever supports (see

Figure 5) are assumed evenly distributed over the springs (Figure 37).

1
W, () = W, (19) = 3 x70.5 = 23.51b.

3
Along the circumferential edges, boundary weights are attached at stations 2 and 3:
_ -1 -
WX(2) —Wx(3) = 5 X 35.2 = 17.6 1b.

The component-weight is assumed to be symmetrical with respect to both center lines
of the I. U. segment, as shown in Figure 39. Considering the mass and mass moment of
inertia of the component, if the attachment points A, B areboth coinciding with the grid points,
Egs. (54) (55) may be used to compute its mass matrix elements. In the present case,
point A falls on grid point 9. Point B is located between grid points 11, 12. The off-diagonal
terms of M1 matrix, and the equivalent concentrated weights used at the points of attachment,

are calculated as follows (see Figure 39).
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2F 2 F

(2/3)asol
ado |

FIGURE 39.

INERTIA FORCE DISTRIBUTION DUE TO A RIGID COMPONENT

M
o

2

mass of the component = % (1b. -sec. 2/in.)

moment of inertia of the component about the
axis through centroid in x-direction

3.5 (in. -1b. -sec. 2)

deflection at station 9 = W

7(w11 + dwl 2) by assuming that w., is linearly

B

proportional with Wiq and Wi

normal deflection at the centroid of the com-
ponent

1
76 (12wA + 14WB)
1 14
ap (12Wg +—g= Wy + 3 W)

dw
1 /12 2 1 o2 C
P <26 My @ W -96 ¢ Hw>

inertia force acting at A due to MO and @

99



dw
N U R P
FB"2<26 Myw We * 95 T @ adq))

i

inertia force acting at B due to M0 and e

3 2
FC_ Mo“’ Ve
2d“’c
MC='6-0J —:i?l?/?

The inertia forces applied on the panel at points 9, 11 and 12 are

_ _ 2 -3
F, = F —w(27.5w9+8.8w11+17.6W12)x10 1b.

9 A
3

_ 1 _ 2 -
F11 =3 FB = w (8.8w9+4.05w11+8.1w12)x10 Ib.

_ 2 2
F12 = (2 <?) FB = w (35.2w9+16.2w11+32.4w12) b.

Since the inertia force of the panel, as shown in the diagonal of M1 matrix, is unity

per unit area, the above inertia forces must be normalized accordingly:

w?x1073
Mg 11 = — 5 Xx8.8=8.4
’ m (4x) (ad9)w
2 -3
_ w x10 _
(Ml)g, 19 = x 17.6 = 16.8

o (4x)(addw?

The equivalent concentrated weight attached at station 9 is

WT(9) =1o'3x27.5xg = 10.6 lb.
2 . -3
Mpry9 - @210 g5 - 8.4
m {4x)(ad¥)w
s . 3
Miga2 - — @ X107 ygy -7y
m (Ax)(ad9w
WT(11)= 1073x4.06¢ = 1.56 1b
2 . -3
(M) 5 o —wx10 <352 - 336
’ m (Ax)(adPw
2 . -3
M)y gy = —< 20 o x16.2 = 15.4
’ Ax)(ady)w
3

WT(12)= 107 x32.4xg = 12.5 1b

The non-zero elements of the M1 matrix are computed as follows:
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1

1 R 9 10 11 12 138 cevecrenenn
L s
1
1
9L .................... ven 27.2 8.4 16.8
10 1
11 8.4 4.85( 7.7
12 33.6 15.4}31.9
13 1
1

The computer printout of the sample run
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is given in the following pages.
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