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1.0 PURPOSE

During a routine plant surveillance test of Auxiliary Feedwater Pump P-8B, the turbine overspeed
trip mechanism actuated resulting in a trip of the feed pump. As documented in Entergy Condition
Report CR-PLP-2011-02350 (Reference 1), the pump was declared inoperable. Investigations
determined that during recent maintenance of the turbine, lubricant was applied to the mating knife
edge surfaces of the trip linkage. These surfaces are not intended to be lubricated. This
calculation determines the applied forces and resulting moments on the trip linkage components.
In addition, this calculation determines if addition of the lubricant to the knife edge sufficiently
reduces friction at the knife edge such that a trip would be expected at Resetting Lever vibration
levels measured during normal operation of the pump.

2.0 SUMMARY OF RESULTS

The results of this calculation show that the given typical coefficient of friction values of 0.8
associated with dry conditions, 0.16 associated with lubricated conditions and a coefficient of
friction of zero, the geometry of the linkage is such that the following combined vertical and
horizontal accelerations are needed to overcome the friction and trip the linkage.

Required Combined Vertical and Horizontal

Cosfficient of Friction Acceleration required to Trip Linkage

0.8 ‘ 36.14 g left and 36.14 g upward

0.16 36.4 g left and 36.4 g upward

0 1.85 g left and 1.85 g downward
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Measured values of horizontal and vertical acceleration and displacement of the Resetting Lever
near the knife edge during operation of the pump are as follows: -

Peak
Acceleration
. Peak Spectral Frequency at
Acqeler?tlon Over Acceleration Peak Spectral : Total .
Direction Complete - Displacement (in)
F Value (g) Acceleration (Hz)
requency
Range (9g)
Horizontal
(perpendicular to
Resetting Lever 277 .85 1400 0.0068
Axis)
Vertical 8.1 3.39 2200 0.0052

The measured values of acceleration are below those expected to cause trip of the linkage under
lubricated conditions. Further, the frequencies at which the measured peak accelerations occur are
sufficiently high that resulting displacements are significantly below the displacements required to
trip the linkage.

Finally, modal analysis of the trip linkage showed that fundamental frequencies of the Hand Trip
Lever and the Resetting Lever start at 230 Hz and that the 9th and 11th fundamental frequencies at
1489 Hz and 2023 Hz, respectively are close to the measured frequencies of 1400Hz and 2200Hz.
The mass participation of each of these modes is a generally small (on the order of 2 to 8 percent)
although in the Z direction, mass participation is approximately 30%. However, the high
frequency of these modes does not result in significant response of the linkage. The mass
participation of each of these modes is a small percentage of the overall mass (i.e., less than 0.2%)
and these modes are not expected to result in significant response of the linkage.

In summary, the geometry of the linkage is such that large accelerations are needed to cause it to
trip, the actual measured accelerations are small relative to those required to cause trip and the
measured displacements on the order of 0.007 inches are too small to move the Hand Trip Lever
the approximate 0.125" (Reference 2, page 4-15) required to cause it to trip.

3.0 DiscussION

The AFW pump turbine overspeed trip mechanism is illustrated in Figure 3-1. As shown in the
figure, the end of the pump turbine shaft includes a spring loaded Overspeed Trip Pin Assembly
inside of it. If the rotational speed exceeds a specified value, the pin will extend from the shaft,
strike the Plunger Assembly and will cause the Hand Trip Lever to rotate counter-clockwise. The
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Knife Edge of the Resetting Lever will disengage from the Latch of the Hand Trip Lever and the
Closing Springs will rotate the Resetting Lever counter-clockwise. The Trip Valve will close,
steam supply to the turbine will be cut off, and the turbine will stop.

To allow calculation of the forces acting on the various components of the Overspeed Trip
Mechanism (OTM), a walkdown was performed and dimensions of the components were obtained.
The dimensions taken for the Hand Trip Lever and Resetting Lever are shown in Figures 3-2 and
3-3, respectively. The dimensions for the Hand Trip Lever and Resetting Lever were obtained
during walkdowns of the Auxiliary Feedwater Pump performed on May 19, 2011 and October 25,
2011. Solid CAD models were made from the walkdown dimensions and the solid models were
used to determine the locations of the centroids and the masses of both components. The locations
of the centroids for the Hand Trip Lever and the Resetting Lever relative to their pivot points are
provided in Figure 3-4.

The Solidworks solid modeling program was used to determine that the volume of material in the
Hand Trip Lever is 11.07 cubic inches. Assuming that Hand Trip Lever is cast carbon steel with a
density of 0.29 Ibm/in’, the mass of the Hand Trip Lever is 3.21 Ibm. In addition, the Solidworks
software was used to determine that the centroid of the Hand Trip Lever is 1.06 inches above its
pivot in the vertical direction and is 0.82 inches to the left of its pivot point, as shown in Figure 3-
4.

The dimensions for the Resetting Lever on Figure 3-3 were used to build a solid model of the
Resetting Lever using the Solidworks CAD software. Solidworks was used to determine that the
volume of material in the Resetting Lever is 22.43 cubic inches. Assuming that Resetting Lever is
cast carbon steel with a density of 0.29 Ibm/in®, the mass of the Resetting Lever is 6.49 Ibm. In
addition, the Solidworks software was used to determine that the centroid of the Resetting Lever is
10.73 inches from the knife edge and is 0.52 inches below the centerline of the circular section of
the arm, as shown in Figure 3-4. Note that as documented in Reference 6, weight and center of
gravity measurements taken for the Resetting Lever by Palisades maintenance personnel were 6.56
Ibm and 10 3/4 inches from the knife edge.

To allow calculation of the forces on the OTM and to assess the impact of addition of lubricant to
the mating Knife Edge and Latch, free body diagrams for the Hand Trip Lever and Resetting Lever
were prepared as shown in Figure 3-5.

As shown in the exploded view in Figure 3-7, there is a torsional spring (Item 32) that is installed
on the Hand Trip Lever. The torsional spring applies a moment in the clockwise direction (as
viewed in Figure 3-1) and prevents the Hand Trip Lever from disengaging from the Resetting
Lever. Measurements were taken by Palisades maintenance personnel that indicated that with the
Hand Trip Lever in its set position, a force of 3.65 1bf applied at the centerline of the Resetting
Lever is needed to overcome the spring force.
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While vibrations measurements are taken during surveillance testing of the AFW pump, the
vibration instrumentation is attached to the governor housing and results obtained may not be
representative of vibration of the OTM mechanism components. To address this, Palisades ran the
AFW pump with vibration instrumentation attached directly to the Resetting Lever near the Knife
Edge as shown in Figure 3-6. Tests were run with the pump in recirculation mode as well as when
providing flow to the steam generators. Since the vibration data taken while the pump was in
recirculation mode is greater, it will be used in this calculation and is provided for the vertical and
horizontal directions in Figure 3-8. The measurement data is from Reference 7.

To address concerns over lateral motion of the Resetting Lever, the lateral motion will be
evaluated. Free body diagrams for the Resetting Lever for lateral motion was prepared as shown
in Figure 3-9.

4.0 ASSUMPTIONS

1.  The measured accelerations are assumed to be sinusoidal. This allows use of a factor of
1.414 to convert root-mean-square acceleration to peak acceleration. This is a reasonable
assumption and introduces no bias into the calculation.

2. Accelerations measured when the pump was operated in recirculation mode bound
accelerations measured when the pump was operated with flow to the steam generator as
existed during the spurious trip.

3. The material for the Resetting Lever and the Hand Trip Lever is assumed to be cast carbon
steel. This assumption introduces no bias into the calculation because the material is clearly
metallic and will have a density close to the 0.29 1b/in’ value assumed. If this assumption is
determined to be in error, the impact on the material density will be small and is not
expected to change the results of the calculation.

4.  The calculation that determines the vertical acceleration and the horizontal acceleration in
the direction of the Resetting Lever necessary to overcome various coefficients of friction
assumed that the magnitudes of the horizontal and vertical accelerations were equivalent.
The intent of the calculation is to provide an estimate of the acceleration value needed to
cause the linkage to trip and as such is reasonable. Further, the measured value of
acceleration in the vertical direction was significantly larger than the acceleration in the
horizontal direction perpendicular to the Resetting Lever and is expected to also be larger
than the acceleration in the horizontal direction parallel to the Resetting Lever, which was
not measured.
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Figure 3-1. AFW Pump Turbine Overspeed Trip Mechanism
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Figure 3-2. Dimensions of Hand Trip Lever
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Figure 3-3 Dimensions of Resetting Lever
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Figure 3-4. Overspeed Trip Mechanism - Resetting Lever & Hand Trip Lever Centroid

Locations (Dimensions in Inches)
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Figure 3-5. Free Body Diagrams for Resetting Lever and Hand Trip Lever
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Figure 3-6 Locations of Vibration Transducers on Resetting Lever
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Figure 3-7 Exploded View Showing Torsional Spring on Hand Trip Lever (item 32)
(note - the Resetting Lever, Item 11, in the figure has a slightly different
configuration than the actual component)
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Figure 3-8 Recirculation Mode Vibration Measurements for Resetting Lever Near Knife
Edge (Reference 7)
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Figure 3-9 Free Body Diagrams for Lateral Motion of Resetting Lever
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5.0 CALCULATION
5.1 Approach

This calculation will estimate the magnitude of acceleration required to cause the Hand Trip
Lever to disengage from the Reset Lever and trip the Auxiliary Feedwater Pump. Equivalent
static methods will be used. Moments will be summed about the pivot point for the Hand Trip
Lever to determine the acceleration where the resulting inertial moments exceed the moment
associated with the friction force. Since the friction force is a function of the normal force at
the knife edge/latch interface, and since that normal force is also a function of the
acceleration, an iterative process will be used as follows.

1. A free body diagram of the Reset Lever will be used to sum the moments about the
Reset Lever pivot point to determine the normal force between the knife edge of the Reset
Lever and the latch plate of the Hand Trip Lever. Assumed values of acceleration on the
Reset Arm will be used to determine the normal force. For simplicity, the horizontal
acceleration and the vertical acceleration will be assumed to be equal. The directions of the
accelerations will be chosen such that the resulting moments on the Hand Trip Lever are
counterclockwise (i.e., disengagement direction).

2. Given the calculated normal force, a friction force between the knife edge and latch will
be calculated using three assumed values of L, Hdry =0.8, ujup=0.16 and pyin=0, which

correspond to un-lubricated, lubricated and zero friction conditions.

3. Moments about the pivot point of the Hand Trip Lever will be taken using the assumed
values of acceleration. The assumed values of acceleration will be iterated until the
acceleration values for each of the assumed values of p is determined where the sum of the
moments about the pivot point is zero. The acceleration value where the moments equal zero
is the acceleration required to overcome the friction force and trip the hand lever.

4.  The calculated values of acceleration will be compared to measured values of
acceleration to determine if the measured values are sufficient to result in trip of the
mechanism. (Note that in this calculation, the iterative process will not be document, i.e., the
final acceleration values will be assumed and the iteration to arrive at these values will not be
shown.)
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5.2 Calculation of Knife Edge Forces

To determine the spring force, Fg, on the Resetting Lever, the free lengths and spring rate of the
two springs in parallel must be used with the installed spring length.

s free = 3.5625in spring free length, Ref. 4

ks = 35.65 ﬂ measured outer spring rate, Ref.
" 6, page 4

kgy = 13.1 ﬂ measured inner spring rate, Ref.
" 6, page 5

Is.installed = 6.875in installed spring length, Ref. 5

Fs = (ls.insla[led - [s.free) '(ks.l + ks.Z)

F, = 161.481bf

To determine the spring force from the spring that backseats the shutoff valve disc, Fgy,, the free
length and the spring rate must be used with the installed length of the backseat spring.

Isp free = 3.125in back seat spring free length,
' Ref. 6

kgp = 47.85ﬂ backseat spring rate, Ref. 6

n

installed backseat spring
length, (measured during
walkdown 10/25)

Isp installed = 1.751in

Fgp = (lsb.free = Isb.installed )'ksb
Fyp = 65.791bf

The mass of the Resetting Lever, my, equals:

my = 6.491b
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The coefficients of friction that will be used are 0.8 for dry, unlubricated conditions (Ref. 3), 0.16 for
lubricated conditions (Ref. 3) and zero.

0.8
u=1016
0

Assumed values of acceleration in the downward, ay4,and upward, ay,;, directions will be as

follows:
1000g 36.141¢g

ayg = | 37.52¢ a,, = | 36.35¢
1.85¢ 38.07¢

There are two opposing effects associated with the vertical acceleration. The first effect is that an
upward vertical acceleration will reduce the normal force and as a result will reduce the friction
force resisting trip. An upward vertical force will also, however, result in a clockwise moment on
the Hand Trip Lever which increase the total moment resisting trip. Since these two effects
oppose, it is not clear if a upward vertical force is most limiting or a downward vertical force is
most limiting. Accordingly, both directions will be evaluated. Note that the most limiting
direction for the horizontal acceleration will always be to the left.

Downward Vertical Force

The forces acting on the Resetting Lever can be determined by summing forces and moments
shown on the first Free Body Diagram on Figure 3-5.

The force on the Knife Edge of the Resetting Lever for downward acceleration, Fye(, can be
determined by summing moments about Z at the pin at the right end of the Resetting Lever.

% moments on Resetting Lever about Z = 0 (counterclockwise is positive)

Fs-9.13-in+ Fgy,-4.63-in+ m,-1.g-8.40-in+ m,-a,4-8.40-in + m,-a,;z-0.57 -in

Fred = 12
10-in+ 9.13-in — .07in - 'Tin

3160.46
Freq =| 211.46 |Ibf
102.17
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Using the Free Body Diagram for the Hand Trip Lever on Figure 3-5, the moments about the
pivot point can be calculated and the inertial accelerations in the x and y directions
respectively, ayx and ayy, that will overcome the friction force between the knife edge and

latch can be calculated.

my, = 3.211b mass of the hand trip lever as calculated from the solid
model
Fys = 3.651bf Fis is the force from the torsional spring that engages the

Hand Trip Lever with the Resetting Lever. As identified in
Reference 6, torque provided by this spring was equivalent
to a force of 3.65 lbf applied at the centerline of the
Resetting Lever (shown in Figure 3-4).

Summing the moments about the pivot of the Hand Trip Lever gives:

, -10675.87
? 12
~Fs-7.14in ~ (1-Fieea ) -6.75in + Freq -(0.25in ~.07in - '7in) = -0 in-Ibf
+my-ayg-0.82in+ my-a,qg-1.06in+ my,-1g-.82in -0
The equation above shows that for assumed p of:
0.8 coefficient of friction dry
u=|016 coefficient of friction lubricated
0 coefficient of friction of zero

left horizontal and downward vertical accelerations of:

1000
avqg =1} 37.52 |g
1.85
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are needed to cause the Hand Trip Lever to disengage and trip the Auxiliary Feedwater
Pump Turbine. Note that for the assumed value of p of 0.8, there is no value of
acceleration that will cause the Hand Trip Lever to trip. This is because increased
acceleration values needed to put sufficient moment on the Hand Trip Lever to
disengage it also increase the applied moment on the Resetting Lever, in turn increasing
the normal force, Fy¢, and the friction force pFye, resisting disengagement.

Upward Vertical Acceleration

The moment equations for vertical upward acceleration are provided below.

Fs-9.13-in+ Fg,-4.63-in+ m,-1-g-8.40-in - m,-a,,, -8.40-in + m,-a, -0.57 -in

Frey = 12
10-in+ 9.13-in - .07in — '7in
0
12
—F-7.14in - (p-eru ) -6.75in + Fiey -(0.25in —.07in - '7in) —mpay,-0.82in... =| 0 |in-Ibf
+mp-ayy-1.06in — my-1g-.82in -0

The equation above shows that for assumed p of:

0.8 coefficient of friction dry
u=\0.16 coefficient of friction lubricated
0 coefficient of friction of zero

left horizontal and upward vertical accelerations of:

36.14
a,, =|36.35 |g
38.07

are needed to cause the Hand Trip Lever to disengage and trip the Auxiliary Feedwater Pump
Turbine.
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5.3 Knife Edge Latch Contact

The Knife Edge and Latch overlap approximately 0.12 inches as shown in Detail A of Figure 3-4.
In the process of inspecting the Knife Edge and Latch, bluing was applied to the Latch to
determine the percentage of the Knife Edge that was in contact with the Latch. As documented in
Reference 6 (attachment page 3 of 8) only 45% of the Knife Edge overlapping surface was
engaged with the Latch. As documented in the attachment to Reference 6, 90% to 100% is
considered acceptable. The calculation of forces necessary to trip the linkage in Section 5.2 and
the calculation of lateral motion of the Resetting Lever in Section 5.5 of this calculation do not
address the degraded contact surface identified in the inspection. The contact is not a variable in
these calculations because they are force balances and the calculated forces will be independent of
the contact area. The contact pressure between the Knife Edge and Latch, will, however, be
impacted by the contact area. The contact area with the as-found 45% contact area will be twice
the value of the contact area if the contact area was the desired 90 to 100%. A literature search
regarding the impact of contact pressure on the coefficient of friction showed that the coefficient of
friction typically increases with increased contact pressure. Accordingly, the increased contact
pressure associated with the reduced contact area is expected to make the linkage less likely to trip
because the coefficient of friction is increased.

5.4 Vibration Measurements

Vibration measurements were taken during operation of the AFW pump turbine.
Measurements were taken with the pump in recirculation mode as well as in operating
mode (with the pump providing normal flow to the steam generators). The vibration
measurements involved application of transducers to the reset arm as shown in Figure 3-6.
Two transducers were employed. The first was put on the top of the end of the Resetting
Lever near the knife edge to measure vibration in the vertical direction. In addition, a
transducer was placed on the side of the Resetting Lever near the knife edge to measure the
vibration in the horizontal plane perpendicular to the axis of the Resetting Lever. The data
from the operation of the pump in recirculation mode was used because it bounds the data
from operation with flow to the steam generators.

The measured vertical overall root mean square acceleration over the complete frequency
range, dy meas.rms> Was-

dv.meas.rms = O.74g

The measured horizontal overall root mean square acceleration over the complete frequency
Tange, ah meas.rms» Was:

A meas.rms = 1.96g
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Assuming that the vibration was sinusoidal, the peak acceleration is 1.414 times the
RMS acceleration.

Ay meas.peak = 1.414-a, meas.rms Ah.meas.peak = 1.414-ap meas.rms

Ay meas.peak = 8.12g Ah.meas.peak = 2.77g

The highest vertical acceleration at a given frequency occurred at a frequency of 2200 Hz.
This RMS vertical spectral acceleration, ay 2900 was:

ay2200.0ms = 2.4g

As shown on the plots, the total peak (+/-) displacement of the Resetting Arm
associated with the vertical vibration was 0.0052 in. Assuming that the vibration was
sinusoidal, the peak acceleration is 1.414 times the RMS acceleration.

ay2200peak = 1.414-a, 2200.rms

Ay, 2200 peak = 3.39¢

The highest horizontal acceleration at a given frequency occurred at a frequency of 1400
Hz. This RMS vertical spectral acceleration, ap, 1400 was:

ap, 1400.rms = 0.6g

As shown on the plots, the total peak (+/-) displacement of the Resetting Arm associated
with the horizontal vibration was 0.0068 in. Assuming that the vibration was sinusoidal,
the peak acceleration is 1.414 times the RMS acceleration.

ap,1400.peak = 1-414-ap 1400.rms

ap.1400.peak = 0.85¢g
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5.5 Motion of Resetting Lever in Horizontal Plane

Due to concerns identified by the NRC regarding lateral movement of the Resetting Lever
in the horizontal plane in the direction perpendicular to the axis of the Resetting Lever, the
measurements identified in Section 5.4 above were taken. The lateral displacement of the
Resetting Lever was measured to be 0.0068 inches. Deflection of this magnitude is not
significant enough to result in tripping of the mechanism.

To estimate the acceleration required to cause differential relative motion between the
Resetting Arm and the Hand Trip Lever, the free body diagrams in Figure 3-9 are
used. By summing moments about the pivot point of the Resetting Lever, the
acceleration needed to exceed the friction for is calculated.

The acceleration in the horizontal direction perpendicular and parallel to the Resetting
Lever axis and the vertical axis are assumed to be the equal and will all be denoted by,

ay h-

Since the normal force, Fye}, and the inertial force on the Resetting lever are a
function of ay, j,, a value of ay |, will be assumed then iterated to determine the
appropriate value. Note that for Fye},, the accelerations acting on the Resetting
Lever are assumed to be acting upward and to the right in order to minimize Fiep,.

14.51¢
ay,y = | 4.596g
Og

Fs-9.13-in+ Fgy-4.63-in+ m,-1-g-8.40-in — my-a,, ,-8.40-in — my-a, ,,-0.57-in

Fren = 12
10-in+ 9.13-in - .07in - '—2—in

52.04
Fren = | 82.42 |Ibf
96.5
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0
2 .12
(y-erh) {19.13-in —.07in - Tin) - mya,p,-8.40-in = | -0 |in-lbf
0

The results indicate that assuming a coefficient of friction of 0.8 associated with dry,
unlubricated conditions, a lateral acceleration of 14.51g is needed to overcome
friction between the knife edge and the latch. Assuming a coefficient of 0.16
associated with lubricated conditions, the lateral acceleration needed is 4.60g.
Obviously, with a coefficient of friction of 0, there will be relative lateral motion
between the knife edge and latch.

It is important to note that the above calculations are performed on an equivalent
static basis and do not account for effects of the frequency at which the accelerations
are applied. As documented in Section 5.4, the first peak horizontal acceleration
measured at the knife edge occurred at a natural frequency of 1400 Hz. This
frequency is so high that the acceleration changes direction 1400 times per second.
Accordingly, displacement of the knife edge under accelerations at this frequency are
very small because before the knife edge can move any significant distance, the
acceleration changes direction and results in an inertial force acting in the opposite
direction. This is consistent with the measured total acceleration of 0.0068 inches
documented in Section 5.4.
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5.6 Modal Analysis of Trip Linkage

A modal analysis of the trip linkage was performed to determine its natural frequencies and
determine if it had any fundamental modes near the measured peak vibrations documented in
Section 5.3. The model shown in Figure 5-1 was used. It included the Hand Trip Lever and the
Resetting Lever. Both levers were given cylindrical supports at their pivot points. The cylindrical
supports were constrained in the axial and radial directions, but not the tangential directions (i.e.,
the cylindrical surfaces could not translate, but could rotate about their axis). The constraint
provided by the nested springs and backseat spring on the Resetting Lever and the constraint from
the torsional spring on the Hand Trip Lever were not modeled. Note that the modal analysis is
linear and treats the interface between the knife edge and latch as bonded. This is valid provided
acceleration forces are not sufficient to overcome friction forces. These limiting accelerations are
calculated in Sections 5.2 and 5.4.

¢
«
‘-ﬁ. x

9.600 4500 9000 4n
e — S

24% ars0

Geometry (Print PreviewhReport Preview/

Figure 5-1 Model for Modal Analysis

The modal analysis determined that the first 25 natural frequencies of the linkage are as follows:




WMPR

MPR Associates, Inc.
320 King Street
Alexandria, VA 22314

Calculation No.

0098-0171-01

Prepared By

Dok Bkl

Checked By

+

w

Page: 27

Revision: 4

MODE FREQUENCY (HERTZ)
1 229.8966169259
2 261.919143649¢6
3 425.7514337450
4 536.5167752342
5 624.6537654084
& 965.0003802196
7 993.5813602176
g 1202.745849543
3 14£9.231005222

19 1681.107744664
11 2202.627494749
12 2384.383469861
13 2474.200872974
14 2578.803556520
15 2873.830461892
1& 2814.930806782
17 3009.936830063
18 3356.535287805
19 3480.042667251
20 3525.01964936¢6
21 3645.234284341
22 4313.871367665
23 4832.755577438%
24 4981.113088642

25 5696.

331441148
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The 9th and 11th modes at 1489 Hz and 2203 Hz, respectively are closest to the measured peak

accelerations. The mode shapes for the 9th and 11th modes are shown below in Figures 5-2 and 5-
3.

AN

&

0000 4500 G000 fimd

2250 #7500

Figure 5-2. 9th Mode Shape at 1489Hz

Figure 5-3. 11th Mode Shape at 2203Hz

Review of the mass participation for the 9th and 11th modes indicates that the following
percentages of the total mass are participating in each of these nodes.
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Mod Mass Participation (participating mass/total mass)
ode x-direction y-direction z-direction
9th 44x10”" .027 .30
11th .33x10”° .0078 .079
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