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1 PURPOSE

The purpose of this calculation is to parform a stress evaluation of
the Reactor Coolant Pump (RcP) flywheel, Unit 3, for brittle
fracture. The results of the analysis will be used to provide
technical basis for a waiver of compliance from the requirements of
Technical Specification (TS) Limiting Condition for Operation (LCO)
3.0.3 and 3.4.1.1 until February, 1992. These LCO's relate to the
inspection schedule associated with the RCP motor flywheels per TS
4.4.9.
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RESULTS/CONCLUSIONS

The stress intensity factor, K,, was calculated for a crack depth of
0.6" representing the depth o* the keyway plus twice the depth of
the largest nondetectable crack. The flywheel loading combinations,
included rotating disk stress, interference fit stress, key loading
due to pump coast down deceleration, seismic loading and vibratory
motion. All loads were calculated assuming overspeed condition;
thus representing the most severe conditions. A safety factor (SF)
was then calculated as follows:

<
GF: 1c :tf_7

,"“L.' L 5(:*\3“ ")
K

Where K,  is the critical stress intensity for the flywheel material
at the operating temperature (=220 ksivyin, Reference 1). It was
concluded that the case of pump rotor seizure and motor acceleration
are enveloped by the pump overspeed conditions. It was alseo
concluded that start-up stresses are enveloped by the pump overspeed
conditions,

Total crack growth of 0.005" was calculated based on 100 pump stop
and start cycles (the projected total number of cycles for the
duration between 2/1/87 and 2/29/92 is less than 50).

Based on the abo » results, it was concluded that continued
operation until 2/¢9/1992 will not result in crack propagation
resulting in loss of flywheel structural integrity.
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4.1

4 METHODOLOGY

Stress Evaluation

The fracture mechanics evaluation of the flywheels at Units 2
& 3 is based on the methodology of the vendor's design report
(Reference 1). Only Mode 1 edge cracks at the bore were
considered, as explained in Section 3, since the maximum
stress colpomnt is in the tangential direction (s).
Conservatively, the depth of the keyway was added to the cnck
depth.

A combination of static and dynamic loads act on the flywheel
simultaneously during operation. The tota! stress, therefore,
is equal to the sum of the individual components Jue to each
type of loading. Specifically, the total load (or stress) is
the sum of the following:

(a) Rotating Disk Stresses

The tangential stress, as a function of the
radius (r), and the angular velocity (w), due to
rotation i given by the following expression
(Reference 1):

- e DN N® 3D 2 < ’lL v
(®) = i A 4+ b 4+ —_— e
= = S .
[ 422 2 |
Ny
S+ & =
JNnert
e o ) r j
15.57¢r L & Rederence 1)
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(b) Interference Fit Stresses (aR)

The stress in the flywheel {s due to the
interference fit between the flywheel and the
spider arms. The stress is a function of the
interface pressure P, which is a function of W
and the initial interference AR.

It was calculated in Reference 1 that

S 334 :q ( at e TPW‘.)
“t T ¢ 0.‘53&4@ (af\Qoume)
where (Eelerevce |
o ‘ " 1oL L"‘;‘ : 1{: ':!"JL;‘AT oy
'-:(Trw)‘: 4 - ‘ - F
r . h - \)»\ r’;‘ ‘\ -44\’ ISo9 'i', lh)

(c) Key Loading

The torque (7,) due to the deceleration of the RCL
pump is calculated as follows:

s oy g RN 8

'Q =\Jp / P
This torque is transmitted tc the flywheel
through the axial keys, which results in a

tangential load acting on the flywheel at the
axial key. This load (F,) 1s calculated as

follows: s
kFéY X (z/

where s assumed that one key 1is only
transmitting the roast down deceleration torque
to the flywheel. (See Sectian 3).
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(d) Seismic Loading

Seismic loads were calculated based on the
fyllouinq acceleration components: (See Section
5

Au = 2 Sa

\ =
! - = a

F | =
y -~

Tangentiz) stress due to horizontal acceleration
ts given by: (Reference 1)

\
F=d mn

<= H
where A = T (a-b).

Bending stress due to vertical acceleration is
calculated as fcllows:

total distributed load (w) * ———— A 4 o )
v F/biaz) ¥ ot

o

7(b% a L :341)

saximum tangential stress occurs at the inner
diameter; and it is given by: (Reference 2)

—

2 W P Ly e, b

G'; MAN ) & S s L__“?‘b .».,4}1,0’ { b)+

‘e (bZat) "
#{ \b-q )
balb?, a% (L )=bT(¥'+3) | ~+

where W 4 o= —]- = 133
-2
L’ -

Shear stress is negligible (it was calculated at
106 psi in Reference 1).
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(e) Stresses due to Vibratory Votion
This snalysis is based on the maximum allowed
eccentricity in the orbit of the flywheel
(Reference 5). The radial force, F_, is given by:
F,e=e'r »
This radial force results in tangential stress
of:
o .
o = | (5)
t a2(p-0)¢t '
( [ (‘y‘rn‘(”‘\ \'F?J 'n F:‘| :\ ure z*‘ l b(j’ ,OV"
N’
(v
.
-
-
<
« —~ —ly .
F r
ol 2
-
&
-
-
-
Figure 4.1 Stress due to Vibratory Motion
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The total tangential stress, o, is given by the

sum of the components
Subsection, 1.e.,

calculated

in

o (total) = ¢ (rotating disk stress) +

this

o (interference fit stress) +

(seismic) +

(vibratory motion)

(key loading stress) +

(6)

An additional evaluation was made assuming pump rotor seizure.
An upper bound key loading, corresponding to failure in the
curvic coupling, was calculated and the total stress in this
case was based on the normal speed condition.

Details of this

analysis can be found in Section 8 of this calculation

SCE 26428 NEW 4/%0
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4.1 Crack Growth Evaluation

A radial crack, of depth d, was postulated, and the wodel
shown in Figure 4.2 was used to calculate the stress intensity
factor versus crack depth.

e ——————————— . ]
-~
\ Ve,
3
P4

A. Postulated Crack B. Analysis Model
Figure 4.2 Model for Brittle Fracture
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NES&L DEPARTMENT

~ CALCULATION SHEET

ICCN KD,/

PHELIM. CCN MO PAGE of
" - CON CONVIRS ION
Project or DCP/MMP _SONGS 2&3  Cale No. _M-DSC-250C ‘N N0. CCN -
=
Subject See Title Sheet - Sheet No. | -
REV | ORICINATOR ﬁ‘ DATE IRE DATE REV ORIGINATOR DATE I RE
e - e e -t p— +
0 N, M, EL-AKILY 11/07/91 ) (s | ¥y |
..... e el — 4. - a st L4 + 4 ‘
|

the safety factor.

cycles.

The computer program PCCRACK was used to perform the analysis,
and calculate the stress intensity factor (K,).
calculated K;, a comparison was made with the critical stress
intensity factor of the flywheel material (K,) tc calculate

Based on the

A crack growth evaluatior is made based on A K=K, for one

SCE 26-426 NEW 4,90
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5 DESIGN INPUT

- Flywheel Description: (Reference 1)

Figure 5.1 shows the assembly of the flywheel, the shaft and the
right spider arms. The flywheel has the forwm of a disk with outside
diameter of B2", inside diameter of 31" and thickness of 7.9%. The
flywheel is attached to the eight rotor shaft spider arms by a hetvy
interference fit, and keyed by two axial keys and six
circuaferential keys.

- Material Properties. (Reference 1)
Material - ASTM A-543-72 GrB, Class !

Young's Modulys (E) - 30x10* psi

Poisson's Ratio (p) - 0.3 A

» ft‘lq) A F?‘:::'J | ;i—-—-'

! .

U 4 . ;»\_ ':
el = 3 |}
cée detal) A 075"

- -

Figure 5.1 Flywheel, Spider Arms and Shaft Assembly
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Mass density (p) - 0.000735 1b, sec’/in®
(490.8 1b,/ft’)

Yield Strength - 85 ksi

Ultimate Strength - 105 ksi

Critical Stress intensity factor (K,) - 220 ksi/in

- Rotational Speed (Reference 1)

Design Overspeed - 1500 rpm
(w = 157.1 rad/sec.)
Normal Speed - 1180 rpm (1200 rpm used conservatively)

(w = 123.6 rad/sec.)

- Weight (Reference 1)
Weight - 10,115 1b
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o, . Axial Stress, ksi.
T - Time, sec.

t - Thickness, in.
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8 CALCULATIONS
8.1 Stress Evaluation

Figure 8.1 Locations at which o, was evaiuated
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Section 4.

(a)

Locati g)(Fig. 8.1)

These stress components

Rotating Disk Stresses
Equation (1), Section
tangential stress due

(N=1200 rpm),
Results can be susmari

(2)
(3)
(4)
(5)

and design

g -norw (ksi)
16.0

Tangential stress o was evaluated at eo.al intervals between r=a
and r=b, as shown in Figure 8.1, usirg equations 1 through 4,

were calculated for norwmal speed

(1200 rpm) and design overspeed (1500 rpw), as explained below.

4, was used to calculate the
to disk rotation at norwal speed

awverspeed (N=1500 rpm).
zed as follows:

g.-overspeed (ksi)
25.9

11.5 18.6
9.1 147
7.3 11.7
§.5 8.9
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(k) Interference Fit Stresses

Equation (2), Section 4, was used to calculate the
tangential stress due to the interference fit at the

bore of the flywheel. This stress component is

evaluated at normal speed (N=1200 rpm) and overspeed

(N=1500 rpm) Results can be summarized as fol)lows:
Location (Fig. 8.1) g, - norw (ksi) g - overspeed (ksi)

(1) 1.9 3ol

(2) % . 0.6

(3) 1.9 0.4

(4) 1.2 0.3

(5) 1.0 0.3
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(¢) Keyway Loading

Per Reference 1, the keyway d'mensions are:

Keyway Width * 0.750 in.

K-_yway Depth e 0.470 in.
There are two keys 0.75"X0.75" 180° spaced.
In this subsection, the key load:ing due to flywheel
inertia at the time of RCF trip from normal operating
condition will be determined. This condition results in
maximum rate of change in the pump speed vs. time.

Polar inertia moment of the flywheel, per Reference 2,
Page 174, the sectional polar moment of inertia is:

k -
T B
f ;

oo A c_u(,;\o; F'u{"( v T '\uJ(vg b

Multiplying by the mass densny.‘.; and flywheel thickness

' b

o P ; r q p
X — - t 52( "‘U(C"
AL _F I

e nyev by ;.(uL|¢r‘ 4\0\
u J

s
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For wheel with a hole in the center, subtract inertia
moment for the missing mass and using steel density P
0.283 "/in’,

vy b“'- A Q')

T - 0.213 _
egy = : X0
. i Lo
9 | . A >
3 - s
* 2¢113.5 b | n S
...’;‘ = ’
Torque Due to Deceleration

Using & generally known ‘orwmula,

).«VC‘\'-CI
g;‘f.:) | S "’u( Dirl. w» G a(c(‘e:'aeloﬂ
0k “
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To calculatoi&. used fs F . ve 3.1.2.1 from the updated
FSAR, Reference 4, It is ..sumed that the core flow is
closely proportional to the pump speed and therefore
could be used 1o calculate i with sufficient accuracy.

it
' ™ "' :/ r:,';r/ j@(m:\e O.07XKI20O
|7‘w”"‘ A s
I [ see
d 1 (&2 g.79 g
J:- & b4"5&-): K.796 Yadﬁ'»

It follows that,

'Q s X 796X :5113.5 » 220 & 40 i'»m .'b

Since at full pump speed the shrink pressure at the
flywhee! bore is very minimal, it is assumed that the
entire inertia torque (T ) is being transmitted to the
shaft via shaft key. One key is conservatively assumed
to support the entire torque load, as shown in Figure
8.2.

Figure 8.2 Key loading for one key
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(d) Seismic Loading

Tangential stress due to DBE load was calculated using
equation (4) which gives the maximum value at the bore
due to vertical acce'eration A,. This maxisum value was
conservatively used at each of the five locations
defined in Figure 8.1, The DBE stress, which was used
in combination with other stress components under norwma
conditions, was assumed to be equal to one ha'f of the
DBE load. The full DBE load was used in the overspeed
case.

Results can be summarized as follows
Normal conditions (N=1200 rpm),
o, s 0.4 ksi
Overspeed conditions (N=1500 rpm),
e, . 0.8 ksi
The tangential stress due to the horizontal component of
acceleration (A,) was calculated in Reference 1 at 0.03
ksi; 1t was ignored in this analysis since it is very

smal!l compared with the other stress components
calculated in this section
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(e) Vibratory Stress due to Synchronous Orbit

Figure 8.3

Unit 3 RCP's, maximum allowed vibration “Peak to Peak"

is
20 mils, (Reference 5)

i.e. r = 0.010 in.

Flywhee)l mass,

b
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Flywheel radial force,

Assume design speed = 1500 rpm
“ 2 X500 . "7,

A = SRRV —— -

s 0O

FP = Mmr*= Sl Wi

b Fe

Figure 8.4
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Assume inner half {s supported by the shaft, while outer
half tends to fly outward (Figure B.4)

Stress due to synchronous orbit
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The total tangential stress is given by equation s

It 1s sumaarized in Table 8.1 below:

Table 8.1
Total Tangential Stress Distribution

Location Total Tangential Stress, o (ksi)

(s00 Figure 8.1) Normal Condition Overspeed Condition
(N=120 rpm) (N=1500 rpm)
(1) 25.2
(2) 14.1
(3) no
(4) 8.8
(5) 2, 6.9
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8.2 Crack Growth Evaluation
The computer progras PC CRACK was used to perform |inear
elastic fracture mechanics (LEFM) analysis on the single edge
crack plate shown in Figure 8.6,
—..‘—‘_._____‘__,,.._..--»c—--—\__________'
5 . LT
\\\\_. -
\‘w’,
" P, /
\\_\ A ,L' . \\1&{~
el S
S—
\\‘N T & &
S e 6.9 Wy
-3 d >
Figure 8.6 LEFM Single Edge Crack Plate
The figure shows the normal and overspeed stress distributions
based on Table 8.1.
Analysis was performed for crack depth (d) up to 3". Results
of the analysis, in the form of stress intensity factor (K,)
versus crack depth (d), are plotted in Figure 8.7. These
results are also listed in Table 8.2
-
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Numerical Results

Stress intensity factors are given for different crack depths,
O<d<3®, in Table 8.2. Safety factors can be calculated based
on the values of K, (from Table 8.2) and the critica] stress
inteusity factor K". as follows:

r -
: y &

M o
-

where

L0 kr,l'\/l.", { ‘\t’J(é’Y\"*.'(’ ' )

o

e -
» o e

Safety factors were calculated for 3 representative cases
based on design overspeed condition:

(a) W Crack

This is larger than the smallest detectable crack
(% of the keyway depth)

(b) Keyway depth + 1/8" crack
In this case, d = 0.47 + 0,125 = 0.595"

$.ra = 0.0
‘f"’ ()
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(¢) Crack depth equals twice the keyway depth
In this case, d = 0,94"
- “ O
e a 42 - B 7g

- ———— o

St

The crack growth rate 1is estimated wusing
Reference 6. Maximum crack growth rate (for
crack depth of 0.595") fs 50X10™* in/Cycle.
Conservatively, 100 cycles are assumed

total crack growth = 100x50x10*

« 0.005"
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8.4 Postulated Pump Seizure
It s assumed that the pump impeller, or the 24" main pump
bearing, seizes, resultir almost instant angular deceleration
of the pump shaft. A
As shown on Figure 8.8, the pump shaft is coupled to the motor

shaft via coupliny spacer, which is coupled to the pump shaft
via curvic coupling.

Torsional Loads

Compared is torsional load into the curvic coupling, with the
torsionc] load into the flywheel keys.

The load into the curvic coupling due to pump seizure consists
of:

(a) Electric motor rotor inertia load,
Plus,
(b) Fiywheel inertia load
The load into the flywheel keys consist of:
(B  Flywheel inertia only
Therefore, a conservative assumption would be to ignore the

electr-ic motor rotor inertia, thus assuming equal torgue for
both, curvic and the flywheel attachments.

Task

Calculate torque required to fail the curvic teeth and then
calculate the stress level in flywheel keys at that point.
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Curvic Dimensions

! '-{4’*, 15 - !
Ryaw® T4 o
-

Fie wv@ w '1

-

Fiuw 18 Total Force Acting on Curvic Teeth,

About % of the curvic perimeter is occupied by teeth from each
side.

(N oter ';\dﬂ

| TAN

Figure 8.10

Approximate crossectional shear area of each teeth side,
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Per Reference: $23-922-157

“RCP Pump Manual"
Pump Side Material:

ASTM 351-Gr-CF 3A
Motor Side Material:

ASTM 182-Gr Fé

Sn = 70 ksi
Ultimate Shear Strength = -,:‘.: IF e,
Now, the F,,, can be calculated, at the point of curvic teeth
failure,

Foaw ® A © S, = 9.105 - 35,000

Fraw * 318,700 “1bs.

Torqus at Failure,
Tor ® Fran * Ry ® 318,700 X 3.2125
= 1,056,693 in, b,

Now, apply the torque T, to the flywheel keys, the shear
forces acting on 2 keys is,

f ,T'c;a/zR . lo5sé693
P ®
ex \5.64

i
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tach flywhee) key has shear area,
A, = 0,76 X 7,90 = 5,925 in’

Keys shear stress,
TP E42 s I
S © :..J_-—-——- = a67‘( v.

N S M8

L]
'

TleHl
Hoop stress in the flywheel = e
-@d 075 '

©LIINE — O €|

Assuming normal speed conditions, it follows that:

Maximum hoop stress at the bore = 11.356 +« 16.0 +« 2.9 =
31.3 ksi

Where stresses due to rotation and interference fit have been
included (seismic loads were excluded).

Since crack growth evaluation was performed for maximum stress
of 32.7 ksi (see Table 8.1), this case is enveloped by the
results of Subsection B.3. There will not be crack growth
under rotor seizure conditions,
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Key Loading Due to Motor Start-Up

The maximum angular acceleration during motor start up was
calculated using the motor speed vs. time data, Table 8.3,

(Table 8.3 is based on References 8 and 9)

Table 8.3
Time Speed
(Seconds) {rpa
0.5 200
4.8 584
6.0 790
7.0 932
8.0 1109
8.4 1132

The angular acceleratdon= 41.9 rad/sec’ at T = 0.5 sec.

* 10.1 rad/sec’ at T = 8 sec.

The corresponding key load can be calculat

based on the

methodology described in Section 4, or by app) ;3 simple ratio

to the results of Section 8.1,
Key Load . 22.6 ksi
. 5.5 ksi

at t = 0.5 sec.

at t = B sec.
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Rotating disk stress

Maximum tota! tangential stress

Maximum totei tangential stress

32.7 ksi.,

Maximum tarig=a 101 stress 1s calculated based on the actual
flywheri <psndl using equation (4) as follows:

Tangentie® stress due to interference fit

Both cases above are enveloped by the analyzed overspeed
condition since the maximum tangential stress in that case is

7.09 ksi at 200 rpe
3,35 kst &t 1180 rpm
0.5 kst at 200 rpm
16. ksi at 1180 rpe

22,6 + 0.5 «+ 7,09
30.2 ksi, at 0.5 sec.
3,35 + 16 + 5.5

24.9 ksi, at 8 sec.




