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NOTATION

SG: steam generator treated as a rigid body;

OXYZ: rectangular cartesian coordinates fixed in space;

~ ~ ~

I, J, K: unit vectors along OXYZ coordinates in usual order;

gravity in Kdirection; in equilibrium position, c.g. G

of SG is on OZ axis.

01 is point at which OZ axis intersects roof of SG in

equilibrium position;

0lG I = c;

Gxyz: rectangular cartesian axes fixed in SG and parallel to

OXYZ axes in equilibrium position;

jth rod is attached to fixed space A. with coordinates x.,
JO J

jth

y., p. relative to OXYZ axes:
J J

rod is attached to SG at A. with
J

coordinates x., y., ­
J J

(c + A.) relative to GXyz axes.
J

~.: length of jth rod:
J

t.: tension (force) in jth rod in equilibrium position:
J

k.: spring constant (force/unit length) of jth rod;
J

e.: extension in jth rod measured from equilibrium posi­
J

tion:

c. = c + A.;
J J

m: mass of SG;

G~ns: rectangular cartesian axes fixed in SG that coincide

with GXyz axes used to specify mass distribution of SG;
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A,B,C,F,G,H: moments and products of inertia of SG with re-

spect to G~ns axes;

e. : initial extension of jth rod in equilibrium position;
JO

u, v, w: displacement components of G, with respect to OXYZ

axes, from equilibrium position;

~, e,~: angular rotations of SG about GXyz axes in order

given;

A '.j .

A . :
J

p . :
J

displaced position of A .•
J

distance jth vertical rod attachment point is above top

of SG

distance jth vertical rod attachment point is below

reference plane of top girder system

position vector of A.
J o
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Figure 2.2a shows the rotation ~ about Gx; we see that

FIG. 2.2a

-r -+
1

1
= I

(2.1 ) -r -+
sin ~

-+

J 1 = cos ~ J + K

-+
-sin

-+
k

1
= ~ J + cos ~ K,

where -r --r -+

1 1 ' J ! , k 1 are

intermediate unit vectors

after rotation ~ about Gx

We next have the rotation 8 about jithe next diagram shows that
1

intermediate unit

vectors.

The unit vectors i 2, ]2
-r
k 2 are the second set of

lk, 7- e 7- sin e ki~
1 2 = cos 1

1 -
1K.z

1

~ -- -+ -+(2.2) J 2 = J 1

k sin 8 -+ + 8 k= 1 1 cos2 1

1l! }-+---------.,lI

FIG. 2.2b
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-+
Finally, we have the rotation ~ about k 2 i we see from Figure 2.2c

that
.

J1

-------- FIG. 2.2c

-t -t
sin -t

1 = cos ljJ 12 + ljJ J 2

(2 .3)
-t -sin ~

-t- -t
J = 12 + cos 1JJ J2

it -+
= k 2

-t- -t -+
Here, 1, J, k are the

final displacement

position of the Gxyz

axes.

The formulas we want connecting
7- -t it in the displacement1, J ,

position with 1,
-+ -+J, K are

-t-
)/, 111

-+ -+
1 = + )/,12 J + )/, 1 3K

(2.4) -+ -+
)/,22j

-+
J = )/,21 1 + + )/,23K

it )/, 31 1 )/, 3 2j
-+

= + + )/, 3 3K

where the direction cosines t rs are given by

)/, 1 1 = cos e cos ljJ

)/,12 = cos ¢ sin ~ + sin ¢ sin e cos ljJ

)/,13 = sin ¢ sin ljJ - cos cP sin e cos 1JJ

(2.5) )/,21 = - cos e sin 1JJ

)/,22 = cos ¢ cos 1JJ - sin cP sin e sin 1JJ

)/,23 = sin cP cos 1JJ + cos ¢ sin e sin ljJ

)/,31 = sin e





FIG. 2.3
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.R,32 = - sin <p cos 8

"Q, 3 3 = cos <p cos e

The special arrangement of the various sets of vectors and

axes is shown in Figure 2.3.

If <p, 8, l/J are assumed small, then to within 2nd order

of small quantities, (2.5) became

.R, 1 1
2

1 8 2 + l/J2- 2

.R,12 ~ '¥ + <pe

.R, 1 3
2

<Pl/J e-

.R,21
2

l/J-

(2.6) .R,22 ~ 1 <p 2 + l/J2- 2

.R,23
2

<p + 8l/J

.R,31 J: e

.R,32
2

<P-

.R, 3 3 J: 1
<1>2 + 8 2

- 2

It can be shown that the angular velocity of the body is given by

(2.7) ~ = (~ cos 8 cos l/J + e sin l/J)! + (-¢ cos 8 sin l/J + e cos l/J:

sin
• +e + ljJ)k
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3. Derivation * 1 of Potential Energy V of System

Let us first determine the potential energy V. of the jth
J

rod.

(3.1 )

The position vector of A. is
JO

-+ -+ -+
= XII + y.J + p,K

J J J

The position vector A. I, the displaced position of A., is
J J

given by

(3.2)
-+ -+ -+ ~ 7 -+

uI + vJ + (t + c + w)K + X.1 + y.J - (c.)k
o J J J

77-+k -+-+-+ (
1, J, are related to I, J, K through 2.4) ~ thus

(3.3)

-+
The vector ~A. from A. to A~ is

J J o J

-+ ± -+
(3.4) ~A. = HA~ - RA .

J J J o
-+

= (u - x. + ~llX. + ~21Y' - .Q,31 C .)I
J J J J

-+
+ (t + c + w - p. + t 13 X. + t 23 y. - ~33C.)K

o J J J J

To within 2nd order of small quantities

-+ 2 8 2 + ljJ2 -+
(3.5) ~A. (u - x. - ljJ y. - 8 c.) I

2 J J J
J

+ (v + {ljJ epe} ~2 + ljJ2 + epc.)j+ x. - 2
y.

J J J

(w + {cjJlji-8}x. {cjJ 8lji}y.
cjJ2 + 8 2 -+

+ + + + 2 c. + ~.) K
J J J J





11

Let e. be the extension of the jth rod due to motion from the
J

equilibrium position. Then,

(3.6)
-+

(J1,. + e.) 2 = ~A.
J J J

. -+
• R-A.

J

In what follows, we only need e. to within 1st order of small
J

quantities; we obtain, on combining (3.5) and (3.6)

( 3 • 7) e.
J

w - x.e + y.cjJ
J J

The magnitude of the tensile force in the jth rod is

t. + k. e., where t. is load supported by the jth rod in the
J J J J

equilibrium position and k. is the spring constant of the jth
J

rod. Clearly, in equilibrium

(3.8) It.
J

mg, Ix.t. = 0,
J J Iy·t. = °J J

(3.9)

The force acting on the body due to the jth rod is
-+
~A.

-+ JF. = - (t. + k. e .) -;;"o-~""--
J J J J Nj + e j

The virtual displacement of A~ is obtained from (3.5);
J

we find that

(3.10 )
-+

(ou - y.o~ - c.o8 - {8oe + ~o~}x.)I
J J J

-+
+ (ov + xJ'o~ + c.ocjJ + {cjJoe + 8ocjJ}x. - {cjJocjJ + ~o~})J

J J

+ (ow - x.o8 + ocjJy. + {cjJo~ + ~ocjJ}x. + {eo~ + ~oe}y.
J J J J J

-++ {cjJocjJ + 8oe}c.)K
J

The virtual work6W. of the force F. acting on the body due to
J J





in virtual
+

the jth rod the displacement ~A.
+ J
~A.

(t. + k.e.) J +
(3.11) oW. = - • o~A.J J J J 9,. + e.

J J J

We have from ( 3 • 5)

~A. u - e.e - y.1jJ v + e.ep + x.1jJ
(3.12) J J: J J I + J J + +

J + K9,. + e. 9,. t·J J J J

Equation (3.11) now becomes

12

(3.13) ow. =
J

+

{(
t. t.e. t. y .)
J u - -2.-1 e - -L.J.. 1jJ OU
9,. 9,. 9,.

J J J

t. t.e. t.x. "']l'VJv+JJep+JJ'f'U
9,. t. 9,.

J J J

+ (k.w + k.y.ep - k.x.e + t.)ow
J J J J J J

rt .e . t.e.2
+ ~ v + k.y.w + (t.e. + J J

N. J J J J 9,._ J J

-k.x.y. +
J J J

t.x. +
J J

t.e.x.
J J J

L
J

t.e.
JJ u - k.x.w - k.x.y.ep
t. J J J J"J

J
+ [t.e. +

J J

t.e. 2

J J
.Q,.

J

] [
t.e.y.] ~+ k.x. 2 e + t.y. + JtJ J 1jJ 88

J J J J j
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+ tt.y. t.x.

+ [

t.c.x.

]~-2:..1. u + .....L.J.. v t.x. + J ] J
L 9,. J J L

J J J

t.c.y. ] t. (x. + y. )

~ow}+ t.y. + J J J + J J J
J J L 9,.

J J

The total virtual work W
t

of the forces acting on the body

in the virtual displacement is

(3.14) OW
t

= mg ow + EOW j

Using (3.8) and (3.13), we find

(3.15)
t.
2u
L

J

t.
LJ v +9,.

J
Ltl~j ~ + Ltt~j ~]ov

J J

+ Ik.w + Ik.y.~ - Ik.x.e]owJ J J J J

[

t.c. [
+ I-t-l v + Ik.y.w + I t.c. +

Nj J J J J

t.c.x. ~
- Ik.x.y.e + L J9,J J ~ o~

J J J .
J

t.c. 2

J J
9,.

J
+ k,Y.2].~

J J
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t.c.
~ u - Ik.x.w - Ik.x.y.~

N. J J J J J
J

.( t ..C~
+ I t.c. + i]

J J .
J

)
t.c.y. ~

+ k.x. 2 e + I J~J J ~ oe
J J .

J

t.y.
I--l:.1. u +L

J

t.x. t.c.x.
I~ v + I J J J ~

~. L
J J

Since

(3.16) oV = - OWt

we find from (3.15) that

(3.17) 2V = 2 + 2CI sue + 2CI6 u~CI I U

2 + 2C21jV~ + 2C2 6V~+ C22 V

+ C33 W2 + 2C31jW~ + 2C3 swe

+ CIjIj~2 + 2cljs~e + 2CIj6~~

+ c ss e 2 + 2CS6e~ + C66~2

where

t.
= IJ

~.
J

-CIS
t.c.

= I-L2
~.

J





t.y. t.x.
C16 = I -L.-l , C26 = I-tJ-Q,.

] ]

C33 = Lk. , c 31+ = Lk.y. , C35 = - Lk.x.
] ] ] ] ]

t.c~
(3.18) CI+I+ = I(t.c. + ---LJ. + k.y. 2J Cl+5 = - Ik.x.y.,

] ] Q,. ] ] . ] ] ]
]

t.X.C. t.C. 2

CI+6 = L
] ] ] C55 = L(t.C. + ] ] + k.x. 2

Q,. ] ] Q,. ] ]
] ]

t.y.C. t . (X~ + y~)

C56 = L ] ] ] C66 = L ] ] ]
Q,. Q,.

] ]

15
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4. Derivation # 2 of Potential Energy V of System

The potential energy V of the system can be written as

(4.1) v = ~ L k [ (e. + e. ) 2 - e. 2J - mgw
J JO JO

However, now e. must be evaluated up to 2nd order terms
J

since k.e. e. appears in V. Thus, the form of e. given by
J JO J J

(3.7) cannot be used.

Let us write (3.5) as

Here we have neglected the term w. 2 in comparison with 2£.w ..
J J J

Thus,

(4.5) e. = w. +
J J

u. 2 + v. 2

J J
2£.

J
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The substitution of (4.5) into (4.1) yields

(4.6) v = ~ Ik,e, + Ik,e, w, + Ik.e,
J J J JO J J JO

u. 2 + v. 2

J J
2.Q,.

J
- mgw

However,

(4.7) k.e. - t.
J JO J

Thus, (4.6) may be written as

(4 .8) v = ~ Ik.w. 2 + It.w, + It.
J J J J J

u. 2 + v. 2

J J
2£.

J
- mgw

We use (4.3) to obtain

(4.9) v = ~ Lk. (w + y. ¢ - x, e) 2
J J J

+ Lt.[W + y.¢ - x.a + x.¢~
J J J J

Remembering (3.8), we finally obtain

t. t.e. t.y.
2V = IJ u 2 - 2 I -.L.l ue - 2 I --l:...J. u~.Q,. .Q,. .Q, .

J J J

t. t.e. t.x.
+IJ v 2 + 2 I ....L2 v¢ + 2 I -1.J v~.Q,. .Q,. .Q, •

J J J

+ Ik,w 2 + 2 Ik.y,w¢ - 2 Ik.x.we
J J J J J

+ I t.e. +
J J

t.e. 2

J J
.Q,.

J

t.e.x.
+ k.y.2 ¢2 - 2 Ik.x.y.¢e + I J.Q,J J ¢~

J J J J J .
J





+ I[t.e. +J J

t.e. 2

J J
~.

J

t.e.y.
+ k.x. 2 e2 + 2 L J~J J e~

J J .
J
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t. (x. 2 + y. 2)

+ I J J J ~2
L

J

This is the same result as obtained in (3.17).





5. Derivation of Kinetic Energy T.

The principal moments and products of inertia of the

body with respect to the Gsns axes are defined as

A = Im. (n~ + s~)
J J J

B = Im. (t; ~ + s~)
J J J

C = Im. (t,;~ + n ~)
J J J

(5 .1)

F = Im.n.s.
J J J

G = Im.s.s.
J J J

H = m.s.n.
J J J

where m. is a generic mass particle, and S., n., S. are its
J J J J

coordinates with respect to Gsn~ axes.

We shall assume that the supporting structure is fixed

in space. The velocity of G is then

19

(5.2)
+ + + +v = ul + vJ + wK

The angular velocity w1 of the body is found in the usual

way making use of (2.5); we find that

where

W 1 = ~ cos 8 cos ~ + e . ,I. 2sln 0/ 1 ~





(5 .4) W2 = - ~ cos e sin ~ + e cos ~ 2 - ~~ + e 1 e

• • 2 ,f. e + ,;, 1 ,j,W3 = ep sin e + ~ 'I' 'I' 'I'

We now use the theorem on kinetic energy of a rigid

20

body; keeping only 2nd order term; we obtain

(5.5) 2T = • 2 + • 2 + • 2all u a22 V a33 w

• 2 .. ••
+ altltep + 2altsepe + 2a1t6ep~

• 2 ..
+ as 5 e + 2aS6e~

Here

(5.6)

alts = - H, alt6 = - G, ass = - F





6. Equations of Free Motion

We use Lagrange's equation and T and V to derive the

equations of free motion.

a33 W + C~3W + C3l+cP + C 358 = 0

a44¢
..

C24 V + C 3 4W + + C44<P + a4S 8 + C4S 8

..
(6 .1) + a461)J + C461)J = 0

a4S¢
..

CIS U + C3 sW + + C4ScP + a ss 8 + C 5S e

+ as 61)J + CS61)J = 0

.. ..
CIS U + C2 SV + a46cP + C46cP + a56 e + CSse

+ a661)J + CS6l/! = 0

21





7. Results for Unit # 3, Paradise

Table 7.1 shows results obtained for Unit # 3 of Para-

dise.

22





Mode Numbers

N.£. in Hz

Mode

1

.125

Table 7.1

2

.209

3

.214

4

3.17

5

3.96

23

6

9.83

u

w

e

30.4 0 15.9 0 -.03 0

0 64 0 -.36 0 0

0 -.08 0 16 0 -62

0 0 0 -.97 0 .24

0 0 0 -.97 0 .24

-1. 87 0 .07 0 .019 0

The constants on which these results are based are as

follows:

A = 3.19 X 10 6 k. ft. sec 2 • , m = 750 k. sec 2 ./ft.

B = 3.87 X 10 6 II II II

C = 2.75 X 10 6 II II II

F = .44 X 10 6 II II II

G = H = 0
t.

Cll = C22 = l ---1.= 1309.13 = 1. 31 X 10 3 k/ft
9."

J

t.c.
C15 = C24 = l ~ =112,387.61 = 1.12 x 10 9 k

J
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t.y.
CI6 = - L~ = 13,780.20 = 1.38 x 10 4 k

J

t.x.
-p=0.00

J

C33 = L k j = 2,712,163.40 = 2.71 x 10 6 k/ft

= L k.y. =
J J

39,964,044.78 = -40 x 10 6 k

C3S = - I k.x. = 0.00
J J

t.C. 2

+ k:Y.,]C44 = I [t.c. + J J :;: 9.649 X 10 6 + 1. 590 X 10 6

J J Q" J JJ
+ 1. 918 X 10 9 = 1. 929 X 10 9

= 1. 93 x 10 9 k.ft.

C45 = - L k.x.y. = 0.00
J J J

= L
t.x.c.

J J J = 0.00
L

J

CSS
[

t.C.2 ]
= L t.c. + 1 J + k.x. 2 = 2.35 X 10 9 k.ft.

J J j J J

= 1,914,630.12 = 1.91 X 10 6 k.ft.

t.y.x.
CS6 = L J J J = 1 169 196 26 = - 1.17 X 10 9 k.ft.S/, • -, , •

J

t. (X.1l + y. 2 )
= I J J J

Q"
J




