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Director

. Nuclear Licensing
MICHIGAN’S PROGRESS

General Offices: 1945 West Parnall Road, Jackson, Ml 49201 {517)-788-1636

July 24, 1986

Director,

Nuclear Reactor Regulation

US Nuclear Regulatory Commission
Washington, DC 20555

DOCKET 50-255 - LICENSE DPR-20 - PALISADES PLANT -
EXPANSION OF THE SPENT FUEL POOL STORAGE CAPACITY RESPONSE TO REQUEST FOR
ADDITIONAL INFORMATION

Consumers Power Company letter dated February 20, 1986 submitted a Request for
Change to Palisades Technical Specifications and supporting Safety Analysis
Report (SAR) to increase the storage capacity of the Plant spent fuel pool and
tilt pit. This increased capacity will be achieved by installing new spent
fuel storage racks in approximately one~half of the main pool and in a portion
of the spare tilt pit. By letter dated April 24, 1986, Consumers Power
Company committed to submit the Summary Reports for all the analyses performed
to support the conclusions in the SAR.

NRC letter dated April 25, 1986 transmitted a request for additional informa-
tion regarding the expansion of the spent fuel pool. Additional requests for
information were also received during discussions with the Palisades Plant NRC
Project Manager. Attachment 1, including Enclosure A, provides responses to
the questions in the April 25, 1986 NRC letter. Attachment 2, including
Enclosure B, provides responses to questions received from the Project
Manager. Attachment 3 provides information referenced in the responses to
certain questions. :

To respond to a specific NRC recommendation (NRC letter dated April 25, 1986,
question #2), Consumers Power Company has decided to revise the Technical
Specifications Change Request and supporting SAR submitted by our letter of
February 20, 1986. These revised documents, which will be submitted to the
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Director, Nuclear Reactor Regulation
Palisades Plant

Expansion of Spent Fuel Pool Storage Capacity —<Additional Information
July 24, 1986

NRC shortly, together with the fesponses provided by this letter, are being
submitted in lieu of the Summary Reports described above and in our letter of
April 24, 1986.

Kenneth W Berry (Signed)

Kenneth W Berry
Director, Nuclear Licensing

CC Administrator, Region III, USNRC
NRC Resident Inspector - Palisades

Attachments
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ATTACHMENT 1
Consumers Power Company

Palisades Plant
Docket 50-255

SPENT FUEL POOL STORAGE CAPACITY EXPANSION

RESPONSE TO QUESTIONS TRANSMITTED BY
NRC LETTER DATED APRIL 25, 1986

July 24, 1986

84 Pages



RESPONSES TO NRC REQUEST FOR ADDITIONAL INFORMATION

PALISADES SPENT FUEL STORAGE EXPANSTION

Question 1: What type of administrative controls are employed to evaluate
the burnup of a fuel assembly prior to its placement in Region
II?

Response: The following is an outline of the administrative controls that
‘'will be invoked.

1. Unless a documented engineering analysis and associated
safety evaluation proves the present criticality analysis
‘and burnup verse enrichment curve to be bounding for fuel
batch K and future batches, only batches A through J will be
considered for storage in Regiomn II.

Ln 2. Assembly burnup values will be obtained from the incore

, ’ analysis system which calculates the individual assembly

'N burnup values based on core power distribution and core

— average burnup. This system is the same one used to monitor
' _Technical Specification limits for peaking factors.

‘ 3. A 107 uncertainty will be applied to the documented burnup

value. A lower uncertainty value may be utilized in the
future if: 1) The current incore detector analysis system,
INCA, is determined to be more accurate, 2) INCA is replaced
with an improved code such as CECOR, or 3) assemblies are
actually tested to verify burnup. Any change in the uncer-
~ tainty value will be documented.

o 4, The active fuel documentation file maintained by the Reactor
Engineer will be utilized to identify assemblies that have
been modified from their original condition (eg, reconstitu-
tion, poison rod removal or fuel rod removal). The modified
assemblies will be evaluated to determine if the criticality
analysis bounds the "as-is" condition.

3 7

5. Actual serial numbers will be read on either: 1) assemblies
that are acceptable for Region II storage, or 2) assemblies
that are NOT acceptable for Region.II storage. Both methods
have advantages and disadvantages, and the best option is
presently being evaluated. When a serial number is read,
the assembly will be physically marked. The marker should
be designed to be visible (with adequate lighting) from the
649 foot elevation in the spent fuel pool area. These
markings should allow easy, definitive verification of

. correct assembly storage at any desired time.

AT0786~0116-NL02
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During refueling operations, items 1 through 4 above will be
applied to an assembly prior to placement into Region II.
Within 90 days following completion of all refueling opera-
tions (ie, after the new core loading is verified), item 5
above will be performed, as necessary.

New fuel assemblies will not be allowed in Regiomn II. New
fuel can be easily distinguished from spent fuel and special
identification marking is unmnecessary.

Plant procedures will be revised to require all fuel assem-
bly movements into Region II racks be approved first by the
Reactor Engineer or designate.
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Question 2: Since the spent fuel burnup requirements for Storage in Region
IT are given in terms of weight percent of U-235, we recommend
that the references to 41.24 grams of U-235 per axial centimeter

in Tech Spec 5.4.2 be changed to weight percent of U-235 for
consistency.

Response: A revised Technical Specifications change request will be

submitted which will include the change to section 5.4.2
recommended by the NRC.

AT0786-0116-NLO2
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Question 3: 'Please identify the organization and provide assurance that the
organization that performs the criticality analyses has been
previously qualified to perform these type of calculatioms.

Response: The Westinghouse Nuclear Fuel Division is responsible for the
criticality analysis. This division performs all Westinghouse
core design calculations and has been responsible for fuel rack
and shipping container criticality analysis since the early
1970's.

AT(0786~0116-NL02
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Question 4:

Response:

The standard deviation of the K £ values for the 27 critical
experiments used as benchmarks %fable 3-1) is significantly
lower than that previously obtained by other licensees using the
same calculational method. Describe your derivation of the
95/95 uncertainty in the method bias in more detail.

It has long been known that the original Westinghouse procedure
for handling the bias uncertainties in the criticality analysis
was conservative. As a result, a new procedure was implemented
in 1984 based on the method presented in "Statistical Methods in
Nuclear Material Control" by John L. Jaech. This method has
been used by Westinghouse since that time and has been licensed
in the Zion fuel rack analysis.

From the 27 critical experiments modelled in KENO, the mean K

of the benchmarks is 0.9998 which demonstrates that there is 1o
significant bias associated with the method. . The original
treatment of the uncertainty associated with the bias resulted
in a 957 probability with a 957 confidence level of 0.013
delta-K. This was based on a standard deviation of the mean of
0.0057 delta-K for the 27 benchmark K £ values. However, a
more correct treatment of the uncertaingies can be used to
determine the uncertainty of the bias term applied to the KENO
results. This treatment is based on the method in the reference
mentioned above. Based on this treatment, the square of the
standard deviation of the mean, and the average KENO uncertainty
for the 27 critical benchmarks were added and divided by 27. As
a result, the uncertainty of the bias term is 0.0014 delta-K.
The 95/95 one-sided tolerance limit factor for 27 values is
2.26. Thus, the 95/95 in the bias reactivity due to the method
is not greater than 0.0032 delta-K.

AT0786-0116-NL02
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Question 5: What are the values of the worst case K

and of the biases and

uncertainties referenced in Section 3.1?£?1.1 for Region II?

Response: The values of the worst case Keff’ biases and uncertainties are:

K - 0.899
worst
Bmethod - 0.0

B - 0.0045
part

s - 0.0035

worst
Ksmethod - 0.0032 "
Ks - 0.01

re

Substituting the calculated values results in a maximum Ke

0.9155.

AT0786-0116-NL02
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Question 6:

Response:

It appears that the only certainty accounted for due to reactiv-
ity equivalencing is that due to uncertainty in the plutonium
reactivity. Justify why the uncertainty in reactivity as a
function of burnup was not included also.

Although the reactivity uncertainties associated with plutonium
and fuel burnup are not independent, it should be considered
that the reactivity of fuel as a function of irradiation depends
implicitly on the production rate of plutonium. These uncer-
tainties are so closely related that accounting for them twice
1s considered very conservative. As a result, a term was
defined to account for the uncertainty associated with the
burnup dependent reactivities.

A value of 0.01 delta-K is given to the uncertainty term associ-
ated with the burnup dependent reactivities computed with
PHOENIX. This uncertainty is considered to be conservative
since comparison between PHOENIX results and the Yankee Core
experiments and the 81 benchmark experiments indicates much
closer agreement.

AT0786-0116-NLO2
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Question 7:

ResEonse:

What is the maximum clad temperature predicted to occur in the

spent fuel pool for normal storage condition and for any abnor-
mal or accident condition?

Maximum clad temperatures were calculated for three conditions

- normal storage; 807 flow blockage of the rack coolant inlet at
the rack base plate; and total loss of cooling in the spent fuel
pool. For the first two cases water inlet temperature was
conservatively taken as 150°F. For the third case water inlet
temperature was 212°F. Decay heat value correspond to 36 hours
after reactor shutdown. The chart below shows maximum clad
surface temperature for a peak rod of 1,6 times heat output for
an average rod.

Condition Max. Clad Surface Temp (°F)
Normal Operation 258.2
807 Flow Blockage at Base Plate 291.8
Loss of Cooling < 300

Note that the calculations were performed for fuel stored in the
main pool and the spare tilt pit. Therefore the results given
above apply to fuel stored in either location.

AT0786-0116-NL0O2



Question 8:

The request for Technical Specification change from Consumers
Power Company dated February 20, 1986, does not provide suffi-
cient information to perform an adequate review of certain
aspects of matérial considerations mentioned in (or omitted
from) Section 4 of PALSFP-4-NL0O2. The following information is
needed for the staff to complete this review:

a. Identification of subsections, articles, subarticles and
paragraphs of Sections III and IX of the ASME Boiler and
Pressure Vessel Code that pertain to spot welding referenced
in PALSPF-4-NLO2,

b. The fabrication, control, and inspection methods utilized in
spot welding, and

c. The long term environmental compatibility of the spot welds
with fuel pool storage conditionms. -

Spot welding 1s used on the spent fuel rack to attach the poison
wrapper to the cell. The function of the poison wrapper is to
cover the Boraflex poison material. Thus, the spot welds are
not part of the primary load path of the rack structure and are,
therefore, outside the jurisdiction of the ASME Boiler and
Pressure Vessel Code.

The spot welds on the racks are made using the plasma arc fusion
welding process or the gas tungsten arc welding process, West-
inghouse has developed process specifications for this weld
using the intent of American Welding Society specification Cl.l1.
The procedures were qualified by testing using the same material
alloy and thickness as the wrapper and cell., Testing included
visual examination, peel tests, shear load tests and material
sensitization tests. In each case, on the sheer load test weld
strength greatly exceeded design requirements. For the material
sensitization test the weld and heat affected zone were tested
and passed per Practice A of ASTM A262.

Spot welds are made using calibrated equipment on which all
welding variables are preset. Prior to each working shift a
weld sample is made with each welding head using the same
material alloy and thicknesses as the wrapper and cell. Each

_sample is visually inspected and peel tested to determine fusion

nugget diameter. In addition, each weld made during a shift is
visually inspected.

Sample spot welds were tested and passed per ASTM A262 Practice
A during procedure qualification. This test showed that the
material is not sensitized by the spot welds. Thus the long
term environmental compatibility of the spot welds in the fuel
storage pool conditions will be the same as 304 stainless steel
and should not be a problem.

C

AT0786-0116-NL0O2
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Question 9: SPENT FUEL RACK STRUCTURAL ANALYSIS

With respect to the analysis of spent fuel rack modules, please
provide the following information:

a. For the Region I racks already in place, provide descrip-
tions and sketches of the fuel racks, their method of
lateral restraint (attachment to the pool walls), and a full
description of the displacement analysis indicating that the
Region I racks will not be displaced to impact the new
Region II racks.

Response: The existing Region I racks are 8x8 with 10.25 inch center-to-
‘ center cell spacing and are supported on the pool floor at four
locations. The rack-to-wall lateral restraint assembly (see
Sketch 9a) is a bolt with integral bearing pad which threads
into the ends of both the top and bottom grid members. (Note
that the north end of the Region I racks will have no lateral

< restraint.) _
~ The non-linear time history analyses of the Region I and Region
II racks show that the maximum relative displacement between the
o Region I and Region II racks due to sliding, rocking, structural
. deflection, and thermal effects is 0.54 inches. This is much
* less than the 1.75 inch minimum clearance and therefore pre-

cludes impact between the Region I and Region II racks.

)

7

3
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SKETCH Sa

. TYPICAL REGION I RACK - PLAN VIEW
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Question 9b: Document the source of the earthquake data and describe the

methods by which the earthquake acceleration time histories were
generated for use in the rack displacement analysis.

Response: The acceleration time histories applied to the fuel rack models
were obtained by synthesizing the 1940 El Centro earthquake such
that the resulting response spectra envelop the Palisades Floor
Response Spectra. The Palisades Floor Response Spectra employed
here is that of the original design of the Plant. That response
spectra was generated from the modified Taft 1952 earthquake.

7

3
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Question 9c: Describe the number of independent horizontal earthquake accel-
eration components used, as well as the directional orientation

of the horizontal components relative to the long and short
sides of the racks analyzed.

Response: The analysis accounts for two horizontal shocks and one vertical
shock simultaneously. Since the North-South and East-West
horizontal shocks are identical, the rack response is indepen-
dent of the directional orientation.

37

AT0786-0116-NL02



Question 9d:

Resgonse:

14

Identify the rack modules chosen for analysis and provide the
technical justification that the choice of racks for analysis
brackets, or bounds, the response of all the rack modules in the
spent fuel pool and tilt pit.

The main spent fuel pool has two (2) 11x1l rack modules and two
(2) 7x11 rack modules, while the tilt pool has a 6x6 rack module
and 6x7 rack module. In order to determine which rack response
would be limiting, loads were calculated for both the 11x11 and
7x11 in the main pool. For racks in the tilt pool, loads were
calculated for the 6x7 rack, which enveloped the response of the
6x6 rack.

AT0786~0116~NL0O2
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Question 9e: Provide the clearance space between each adjacent rack module
and between the rack modules and the pool walls.

RésEonse: The minimum clearance space between each adjacent rack module is
1.50 inches. The minimum clearance between the rack modules and
the pool walls is 1.80 inches.

‘|69

37
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Question 9f: For adjacent rack modules, describe how the clearance space
between the rack modules was apportioned to each module for the
purposes of comparing the rack displacement to the available
apportioned clearance space.

Response: The maximum rack relative displacement between rack modules was

found to be 0.439. This value is much less than the available
1.50 inch clearance space.

™

37
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Question 9g: Document the computer codes used for the three-dimensional
elastic analysis and for the nonlinear dynamic displacement
analysis. Include justification of the choice of the computer
_codes. '

Response: An analysis of the racks is performed on the Westinghouse
Electric Computer Analysis (WECAN) Code, which has been devel-
oped over many years by Westinghouse. It is a general purpose
finite element code with a great variety of static and dynamic
capabilities. These elements have been fully verified by
benchmark problems and are on a configuration control code which
is maintained in compliance with strict quality control
requirements.

The general WECAN code has been reviewed by the NRC through the
submittal of Westinghouse document WCAP-8929, "Benchmark Problem
Solutions Employed for Verification of the WECAN Computer
Program." For review of additional capabilities which pertain
— ' to the fuel rack non-~linear dynamic analysis, the following
documents are provided in the "References" section of this
™~ . letter.

a. Shah, V N, Gilmore, C B, "Dynamic Analysis of a Structure
. with Coulomb Friction," ASME Paper No. 82-PVP-18, presented
b at the 1982 ASME Pressyre Vessel Piping Conference, Orlando,
FL, June 1982.

b. Gilmore, C B, "Seismic Analysis of Freestanding Fuel Racks,"
- ASME Paper Number 82-PVP-17, presented at the 1982 ASME
Pressure Vessel Piping Conference, Orlando, FL, June 1982.

LX)
D]
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Question 9h: Describe the features and limitations (if any) of the frictional
model used to compute static and sliding friction in the dynamic
displacement analysis.

Response: The three-dimensional friction element used in the non-linear
model is composed of a gap in series with a parallel combination
of impact spring and impact damper with a frictional spring
orthogonal to the gap. This element, which is used to model the
support pad interface with the pool floor, is designed to
represent two surfaces which may slide relative to each other,
and may separate or contact each other. The dynamic displace-
ment analysis is performed for friction coefficients of mu = .2
and .8. The maximum sliding distance (rack base horizontal
displacement) of the rack module is obtained for the mu = .2
case. The maximum rack loads and structural deflections are
obtained for the mu = .8 case.

AT0786-0116-NL02
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Question 91:

Response:

19

A statement on Page 4-9 indicates that "the hydrodynamic mass of
a submerged fuel rack assembly is modeled by general mass matrix
elements connected between the cell and the pool wall." Please
provide the theoretical premise by which this was modeled, and
justify the use of the model for hydrodynamic mass and hydrody-
namic coupling between adjacent rack modules, between a rack
module and the pool walls and walls, and between a fuel assembly
and the storage cell walls. Does this underestimate or overes-
timate the hydrodynamic coupling?

The hydrodynamic mass between the rack cells and the pool wall
was calculated by evaluating the effects of the gap between the
rack modules and the pool wall using the method outlined in the
paper by R. J. Fritz ("The Effect of Liquids on the Dynamic
Motions of Immersed Solids," Journal of Engineering for
Industry, February 1972). The close proximity of adjacent
racks, as well as the size of the racks relative to the gap -
between racks, is such that extremely large hydrodynamic masses
are produced if the racks attempt to respond out of phase. It
is this large hydrodynamic mass which causes the racks to
respond in phase. The seismic analysis treats the racks as if
they are hydrodynamically coupled (move in phase), which gives
the highest loads and displacements. The hydrodynamic mass
between the fuel assembly and the cell walls is based upon the
fuel rod array size and cell inside dimensions using the tech-
nique of potential flow and kinetic energy. The hydrodynamic
mass 1s calculated by equating the kinetic energy of the hydro-
dynamic mass with the kinetic energy of the fluid flowing around
the fuel rods. The concept of kinetic energy of the hydro-
dynamic mass is discussed in a paper by D F DeSanto ('"Added
Mass and Hydrodynamic Damping of Perforated Plates Vibrating in
Water." ASME Journal of Pressure Vessel Technology, May 1981).

Both papers cited above are provided in the "References" section
of this letter. ‘

AT0786-0116-NLO2
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Question 9j:

Resgonse:

20

Document the source of the impact spring stiffness and impact
damping between a fuel assembly and the storage cell walls, and
Jjustify the value of impact damping used.

To determine the spacer grid impact stiffness and impact
damping, the following test was performed in air. (Note that
water will increase the damping effects from those of air.) A
welight was dropped onto a spacer grid mounted vertically to a
load cell. The top end of the spacer grid is free. Sections
of fuel rod cladding are inserted into the spacer grid to
simulate the fuel's effects on stiffness and damping. A
displacement transducer follows the vertical motion of the
dropweight and displacement of the top surface of the spacer.
The results of this test are summarized below.

Drop Height of Weight; in 0.25 0.50
Direction Relative to )

Spacer Orientation X Y X Y
Natural Frequency; Hz 31.6 21.0 26.2 21.2

Spacer Impact Stiffness; 14,544, 6,402, 9,970. 6,510.
1lbs/in

Spacer Impact Damping; 15.8 12,3 18.0 17.7
Z of Critical Damping

AT0786-0116-NL02
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Question 9k:

Response:

21

For the non-linear dynamic displacement analysis, describe the
numerical integration method used, as well as the procedures
that were employed to assure that the numerical integration
remained stable and that the resulting displacements represent a
fully converged solutionm.

For the non-linear dynamic analysis, the modal superposition
method was employed to obtain displacements as a function of
time. In order to determine of the solution was full converged,
a time increment study was performed. Different time increments
were used, and it was shown that the results were the same for
the time increments of 0.0013 seconds and 0.0025 seconds. Thus,
for the seismic analysis, the time step chosen was 0.0025
seconds. :

AT0786-0116-NL0O2
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' ‘ Question 91:

ResEonse:

22

Provide a summary of rack displacements that includes elastic

distortion (if significant), sliding. and tipping displacement as
well as their sum.

The maximum single rack displacement including elastic distor-
tion and tipping is 0.2579 inches, and the maximum single rack
sliding displacement is 0.0053 inches. The maximum relative
displacement between adjacent racks is 0.439 Inches.

AT0786~0116-NL02




23
Question 9m: Provide tables of computed stresses in the rack structure and
support legs, and their comparison to allowable values in

accordance with the acceptance criteria cited in the licensing
report.

Response: - The following table provides a summary of the computed stresses
in the rack structure and support structure along with the
allowable values and their margins of safety.

7

3
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REGION IT RACKS

SUMMARY OF DESIGNS STRESSES AND MINIMUM MARGINS OF SAFETY
' NORMAL & UPSET CONDITIONS

1.0 Support Pad Assembly

1.1 Support Pad
Shear
Axial and Bending
Bearing

1.2 Support Pad Screw
Shear

1.3 Support Plate
Shear
Weld Shear

2.0 Cell Assembly

2.1 Cell
‘Axial and Bending

2.2 Cell to Base Plate Weld
Weld Shear

2.3 Cell to Cell Weld
Weld Shear

2.4 Cell to Wrapper Weld
Weld Shear

2.5 Cell Seam Weld
Weld Shear

2.6 Cell to Cover Plate Welds
Weld Shear

*Thermal Plus OBE. Stress is Timiting

>*Allowable per Appendix XVII-2215 Eq (24)

3

9599Q:10/052086

Design
Stress

(psi)

2801

11538
9805

8030

2802
16100

17695
22652

9053
19173

.86

20431

Allowable

Stress
(psi)

11000

16500

24750

11000

11000

24000

1.0%*
24000
27500*
11000
24000
24000

2L

Margin
of
Safety

2.93
.43

.31

.49

.16
.36
.21
.21
-25

.18
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Question 9n: Provide the amount and characteristics of mounting foot 1ift-off
from the pool floor associated with dynamic rack displacement,
and show that the resulting impacts with the floor were consid-
ered in the stress analysis.

Response: The maximum pad (mounting foot) lift-off from the pool floor is
0.342 inches. This pad is modeled using an impact/gap element
which allows impact to be accounted for in the dynamic analyis.
The loads developed from this dynamic analysis are in turn used
in the stress analysis.

AT0786-0116-NL02




Question 9o0:

Response:

J ‘3130

3 7

26

Provide an analysis of rack module stability in the tipping
mode, considering the worst case of off-center fuel load
possible.

For the evaluation of rack stability, the rack is evaluated for
both partially and fully loaded conditions. It was determined
that the partial loading of two rows of fuel, coupled with the
limiting condition of the six-cell direction of the rack (ie,
the side of the rack comprised of six storage cells), yielded a
minimum factor of safety against overturn of 32. This value is
much greater than the 1.5 minimum required by the NRC Position
Paper.

AT0786~0116-NL02
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Question 9p:

Resgonse:

27

Provide a detailed description of the recessed cask area (cask
pit), showing its location in the spent fuel pool and geometric
relationship of the cask pit to any adjacent spent fuel rack
modules. Include full descriptions of any structures, or other
provisions, present to the preclude damage to any adjacent fuel
rack modules during cask operations, or to prevent any adjacent
fuel rack modules from entering the pit.

A 9-foot by 9-foot area in the northeast corner of the spent
fuel pool is recessed to accommodate a shipping cask. Technical
Specifications section 5.4.2, item "f", prohibits fuel shipping
casks from being moved to the fuel storage building until the
NRC approves the cask drop evaluation. With regard to prevent-'
ing any adjacent fuel rack from entering the recessed cask pit,
a review of the Region II rack configuration shows that the
centerline of the fuel rack support closest to the cask pit is
3.5 inches from the edge of the pit. Comparing this distance to
the sliding distance given in the response to Question 91
(0.0053 inches), shows that the racks will not enter the pit.

AT0786-0116-NL02
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Question 10a: SPENT FUEL POOL STRUCTURAL ANALYSIS

Response:

With respect to analysis of the spent fuel pool under the
increased loads of higher density fuel storage, the Licensee is
requested to provide the following information to supplement
the analysis outline provided in the licensing report:

a. Describe how the dynamic interaction between the pool
structure and the rack modules was considered, including
the value of any associated dynamic amplification factors.

Include all assumptions made regarding the summation and phase
of all rack loads.

The response of the spent fuel racks was determined by a non-
linear time history analysis. The seismic time histories
applied to the racks were synthesized from pool floor response
spectra which account for the pool floor amplification. Apply-
ing the time histories to the nonlinear dynamic fuel rack model,
the loads on the pool were determined. Since the dynamic model
accounts for possible rack 1ift and then pad impact on pool
floor, the results of the nonlinear dynamic analysis provide the
proper rack to pool interaction and the use of additional
dynamic amplification factors is not necessary. The structural
model of the pool was loaded assuming that all the individual
racks were responding in phase. See also the response to
Question 9c.

AT0786~0116-NL02
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Question 10b: Provide analysis proving the adequacy of the pool floor and

Response:

liner under the local maximum rack module dynamic mounting foot
loads.

_The analysis of the pool floor is discussed in the response to

Question 10c. This analysis considers the local maximum rack
module dynamic mounting foot loads. From the stress summary
Tables provided in the response to Question 10c, it is apparent
that the pool floor is adequate for these local loads. The
structural adequacy of the liner for these local loads is
demonstrated below.

Two types of fuel racks (W and NUS) are used in the pool. Both
racks are free standing with circular pads used to transfer the
rack loads to the pool floor. The basic design characteristics
are shown in Figure 1-10b. The W pad and the NUS pad are 5
inches in diameter. The liner om which the pads rest is 3/16
inches in thickness and is SA-167, Type 304L stainless steel
anchor plate., The liner rests on the concrete pool floor. This
is also shown in Figure 1-10b. '

'The loads transferred through the pads are both vertical and

horizontal. The maximum loads that a particular pad will
transfer 1s a function of the type and configuration of the
rack. This is seen in Table 1-10b.

By the nature of free standing rack design, the only way that a
horizontal load can be transmitted to the pool floor is by
friction. The friction load, as well as the vertical load, is
transferred directly to the pool floor at the location of a pad.
This 1s shown in Figure 2-10b. As seen in this figure, two
types of local stresses are induced into the liner, shear stress
and bearing stress. Since the NUS fuel racks have the highest
loads (See Table-10b), the highest local liner stresses will
occur at the location of the NUS pads. The maximum local
stresses that will be produced in the liner for the defined
design seismic events are given in the following.

T
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Local Liner Bearing Stress (P):

Pad Bearing Area = 3.14 x (572) x (5/2)

Pad Bearing Area = 19.63 sq in

SSE Event: P =94.2/19.63

P=4.8 ksi
OBE Event: P = 60.94/19.63
P =3.1 ksi

30

The local liner bearing stresses calculated above are we]] within the liner

plate allowable stresses defined below.

SSE Bearing Allowable Stress = 1.6 x 0.9 Fy

Liner Yield Stress

Where Fy
Fy

SSE Bearing Allowable Stress
36.0 ksi

OBE Bearing Allowable Stress = 0.9 Fy

0.9 x 25 =

25 ksi at 100 degrees Fahrenheit

1.6 x 0.9 x 25

22.5 ksi
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Local Liner Shear Stress (V):

SSE Event: V =60.5/19.63

V=23.1 ksi
OBE Event: V = 30.24/19.63
V =1.5 ksi

The local 1iner shear stresses are also well within the liner allowable shear
stresses as seen below.

SSE Shear Stress Allowable = 1.6 x 0.4 x Fy

1.6 x 0.4 x 25 = 16 ksi

0BE Shear Stress Allowable

0.4 x Fy

0.4 x 25 = 10 ksi

As seen from the analysis given above, and the analysis reported in response
_to question 10c, the pool floor and liner is adequate for the local maximum
rack module dynamic mounting foot loads.

The wall rack loads are bearing forces only. The bearing loads are smaller
than the floor bearing forces and are therefore enveloped by the analysis
performed above.
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MAXIMUM PAD LOADS (kips)

WESTINGHOUSE RACKS | NUS RACKS
RACK ARRAY x| Ux7]7x6]6x6 | 8x8
SSE Load Condition '
Vertical 75 75 68 68 94.2
Hor: N-S 25 25 16 16 60.5
E-W 47 47 16 16 13.83
OBE Load Condition
Vertical - 46 46 46 46 60.94
Hor: N-§ 12.5 12.5 8.0 8.0 30.24
E-W 23.5 23.5 8.0 8.0 6.92

TABLE 10-1b: MAXIMUM PAD LOADS
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Question 10c: Provide identification of the most critical regions of the pool
structure. List the stresses (thermal, deadweight, seismic and
rack dynamic loads) and their comparison to allowable values,
including the source and justification of the use of the allow-
able values.

Response: The requested information is provided in Enclosure A that
follows. The criteria and loading conditions employed to
evaluate the Palisades Spent Fuel Pool Structure are given, as
well as the stresses associated with the most critical regions
of the pool. Specifically provided in this attachment are the
following:

1. Loading Combinations
2. Material Properties

N 3. Design Allowable Stress Limits with Basis of Allowable
Values

4. Table of Critical Stresses and Location (Al to A2)

Locations per Tables Al to A2 (Figures Bl through B7 and DIl

5. Figures Defining Element No. Used to Define Critical Stress
‘ through D31)

37
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. Resgonse:
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FUEL ASSEMBLY ACCIDENT ANALYSIS

The following information is requested with respect to the
analysis of a dropped fuel assembly covered in Paragraph 4.6.4
of the Licensee's report:

a, For the first accident condition, provide the extent of
deformation predicted by the analysis to occur on the top of
the spent fuel rack as well as to occur on the dropped fuel
assembly. Indicate whether there is a possibility for the
damage to release radioactive material.

b. Documentation of the second accident condition should be
provided in a manner similar to that requested for question
lla above.

c. Provide a description of the analysis methods for the third
accident condition, including justification of assumptions.
Provide the maximum velocity reached by the fuel assembly
and verify that the kinetic energy of the fuel assembly can
be absorbed as strain energy in the structure without damage
to the pool liner or release of radioactive material from
the fuel assemblies.

For fuel drop accident conditions, the double contingency
principle of ANSI N16.1-1975 is applied. This states that one
is not required to assume two unlikely, independent, concurrent
events to ensure protection against a criticality accident.
Thus, for accident conditions, the presence of soluble boron in
the storage pool water can be assumed as a realistic initial
condition since not assuming its presence would be a second
unlikely event.

The presence of approximately 1720 ppm boron in the pool water
will decrease reactivity by about 30 percent AK. 1In
perspective, this is more negative reactivity than is present
in the poison plates (18 percent AK), so K £ for the rack
would be less than 0.95 even if the poisonepfates were removed
by a drop accident. In fact, with 1720 ppm boron in the pool
water, there is no deformation that could reasonably be
achieved by the drop of a fuel assembly that would cause the

criticality acceptance criteria to be exceeded for fuel meeting

" the burnup criteria for Region II storage. This applies to all

of the three drop accident conditions.

The radiological consequences of a fuel drop accident are
described in Section 5.3.1 of February 20, 1986, submittal.
This Section shows that the potential offsite doses are less
than the guidelines of 10CFR100. Furthermore, an analysis has
been performed which shows that a large number of fuel elements
could be failled without exceeding the guidelines of 10CFR100.

AT0786-0116-NL0O2
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ENCLOSURE A

CRITERIA AND LOADING CONDITIONS

This section presents the loading conditions, material properties, seismic
requirements, criteria employed and design specifications and codes used
to evaluate the structures.

LOADS

The following loads were considered in the evaluation of the pool
integrity.

Dead Load, includes pool structure self-weight, racks
blies, and hydrostatic loads. In additiomn, all floor
loads of adjacent structures and superstructure crane
included.

Operating basis earthquake

Safe shutdown earthquake

Thermal loads

Hydrostatic loads are considered for a water level at
feet in the spent fuel pool and tilt pits

Sloshing effects of water - hydrodynamic loads

To determine the adequacy of the structure, the criterion
Appendix A "Design Bases" to the FSAR Update was adopted.

and fuel aseem-
live loads, dead
loads are

elevation 648

6utlined in

Based on the Palisades FSAR Update (Reference Document 1) the following
critical load combinations were considered in the analysis of the pool
structure.

1.25D + 1.25To + 1.25E (Normal Operating Condition)

1.0D + l.OTO + 1.0E' (Abnormal Operating Comndition)

AT0786-0116-NLO2 1

- where
D = Dead load defined above including hydrostatic loads
E = Seismic (OBE) load including hydrodynamic (sloshing) loads
E' = Seismic (SSE) load including hydrodynamic (sloshing) loeds
To = Thermal gradient load for normal operating condition
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Two additional load combinations were considered to evaluate the isolated
effects of the mechanical loads and to evaluate the abnormal event of a
full core off load case. The additional load combinations are:

1.25 D + 1.25 E
1.0 D + 1.0 Tab
where
Tab = Thermal gradient for abnormal operating condition

AT0786-0116-NLO2 o2



A.2 MATERIAL PROPERTIES

~ CONCRETE:

F'e

Compressive Strength at 28 days = 3000 psi

Specific Weight of Concrete = 150 pcf

Modulus of Elasticity of Concrete

W15 (33) {Fd= 3.32086 N 106 psi = 3.321 x 103 ksi
Poisson's Ratio = 0.14

Mass Density =  4.6583 P-sec?/ft?

Modulus of Rigidity = 1.4563 x 103 ksi -

Coef. of thermal Expansion = 5.5 x 10°5 per °F

REINFORCEMENT BARS:

ASTM-A-615, Grade 40
Strength = 40 ksi

Yield

Es

‘7878 ‘CA

29000 ksi

Poisson's Ration = 0.33

10694 ksi

Coeff. of thermal Expansion 6.5 x 1076 per °F
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A.2 DESIGN ALLOWABLE STRESS LIMITS

The design allowable stress limits outlined in "Building Code Requiréments
for Reinforced Concrete (ACI 318-71)" were considered the basis of evalua-
tion for the spent fuel structure.

To determine the adequacy of structure, the stress criterion outlined in
FSAR Update Appendix A (Reference 1) was adopted. The load combinationms
considered for evaluation are:

1 Y = —%— (1.25D + 1.25T + 1.25E)
' ' (Normal Operating Condition)
2. Y = % (1.25D + 1.25E) -
3, Y = % (1.0D + 1.0T + 1.0E")
n (Abnormal Operating Condition)
1
-~ b, Y = e (1.0D + 1.0 Tab)
where:
’ D, T, Tab’ E and E' are defined in Section A.1l, and
Y = Required yield strength of the material

¢ = Yield capacity reduction factor per ACI 318-71 for both reinforcement
and concrete
)
~ A,3 STRESS SUMMARY
N The reinforcement and concrete stresses of the critical sections in the
’ pool walls and slabs, in the substructure walls and in the foundation mat
~ have been identified in Tables A-2 and A-3. Sketches to help identify the

critical sections have been included in Attachment A in Figures B-1 to
D-31.

A.4 REFERENCES

Palisades FSAR Update Appendix A, Design Bases for Structures, Systems,
and Equipment for Palisades Plant. I

AT0786-0116-NL02 4
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LOCATION

MAT & SLABS
590" (MAT)

607' - 6"

610' - o"

611' - o"
EAST-WEST WALLS

EW 1

EW 2

EW 3

NORTH SOUTH WALLS

NS 1
NS -2
NS 3
NS 4

A1l reinforcement stress
40 ksi (yield strength o

1. For Mat and Slabs:
Direction 1

2. For Walls:

TABLE A1

MAXIMUM REINFORCEMENT STRESSES

DIRECTION 1

REINF
STRESS

st1$

30.00
17.30
35.1
34.9

19.3
14.5
4.0

24.8 .
17.0

37.4
1.1

ELEMENT3)

NO.

13
54
72
128

618
664
683

311
357
429
480

3. Attachment A for Element Locations.
4. Load combinations are defined in Section A.6.

'787% 273 050588.13A

DIRECTLON 2
LoADY  REINF  ELEMENT®! Loapd
COMB. STRESS NO. COMB.
(ksT)~ -

2 10.44 13 2
1 15.8 53 1

1 12.6 70 1

1 15.5 128 2

2 28.9 618 2

1 18.8 664 2

3 31.9 683 4
1 20.3 311 4
3 22.2 357 2
1 16.6 428 1
1 17.0 480 2

Direction 1 = NS, Direction 2
= Horizontal, Direction 2

es are below the allowable stress of
f ASTM-A-615, Grade 40).

EW
Vertical
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A1l reinforcement stresses are below the allowable stress of

TABLE AZ (Continued)

MAXIMUM REINFORCEMENT STRESSES

DIRECTION 1

ELEMENTS)  Loap¥

_NO.  CoMB.
466 2
501 1
513 2
526 1
536 1
546 1
561 2
690 3

696 2
705 4
715 1
718 2
720 2
677 3

DIRECTION 2

ELEMENTS!

REINF

STRESS NO.

(ksi)

28.19 466
7.51 494
2.0 513
2.0 526
6.1 536
3.9 546

18.1 561
2.0 630

28.0 696
2.0 705
2.0 715
3.9 718

23.7 720
2.0 677

40 ksi (yield strength of ASTM-A-615, Grade 40).

REINF.
SUPPORT WALLS BELOW
NS 4 . 20.30
NS § 32.53
NS 6 29.0
NS 7 18.9
NS 8 6.1
NS 9 20.7
NS 10 35.7
EW4 10.5
EW 5 16.6
EW 6 23.9
EW 7 35.2
EW 8 29.8
EW 9 21.1
EW 3 26.0
%: For Mat and Slabs:
3.
4.

1787s. 2735, 050988 1 0A

Direction 1 = NS, Direction 2
For Walls: Direction 1 = Horizontal, Direction 2
See Attachment A for Element Locations.

Load Combinations are defined in Section A.6.

EwW
Vertical

Loapd
COMB.

=N NN DN

N W
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TABLE a2

MAXIMUM CONCRETE STRESSES

DIRECTION 1

DIRECTION 2

ELEMENTS  Loapd CONC.  ELEMENTY Loapd
NO. COMB. - STRESS  NO. COMB.
- (ks1)
13 2 0.2 13 2
53 1 0.3 54 4
71 2 0.5 71 1
128 1 0.3 128 2
618 2 0.1 618 1
664 1 0.6 664 1
685 1 0.1 685 3
311 1 0.2 311 4
360 1 0.6 353 4
428 1 0.4 428 1
480 1 0.1 480 2

A1l concrete stresses are below the all
(concrete compressive stress at 28 days

CONC .
LOCATION STRESS
- TksT)™
MAT.& SLABS
590' (MAT) 0.5
607' - 6" 0.3
610' - O" 1.3
611' - 0" 0.5
EAST-WEST WALLS
EW 1 0.3
EW 2 0.7
EW 3 1.4
NORTH SOUTH WALLS
NS 1 0.4
NS 2 0.6
NS 3 0.6
NS 4 0.1
1
2. For Walls: Direction 1
3: See Attachment A for Ele

17875 2735.050886 94

. For Mat and Slabs: Direction 1 = NS, Direction

= Horizontal, Direction

ment Locations.
Load Combinatfons are defined in Section A.6.

owable stress of 3 ksi

).

2
2

EW

Vertical
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MAXIMUM CONCRETE STRESSES

TABLE A2 (Continued)

DIRECTION 1

A1l concrete stresses are below the allowable stress of 3 ksi
(concrete compressive stress at 28 days).

- CONC.
LOCATION STRESS
- (ks7)~
SUPPORT WALLS BELOW

NS 4 0.1

NS 5 0.1

NS 6 0.3

NS 7 0.3

NS 8 0.1
NS 9 0.2

NS 10 0.1
EW4 0.1

EW 5 0.1

EW 6 0.1

EW 7 0.1

EW 8 0.1

EW 9 0.1

EW 3 0.1

1.

2.

3: See Attachment A for Element Locations.

"787s 273s £5:9886 'Ja

ELEMENTS)
NO.

466
503
512
518
536
545
561
686
692
705
715
718
720
677

DIRECTION 2

Loabd  conc.  ELeMeEnTY  Loand
COMB. STRESS NO. COMS.
(ks1)
2 0.3 465 3
2 0.8 503 3
2 0.8 512 1
2 1.5 526 1
1 1.4 536 2
3 1.4 545 3
3 0.1 561 2
2 1.2 686 2
2 1.0 692 2
3 1.2 705 1
3 0.7 715 3
3 0.9 718 3
2 0.5 720 2
3 1.0 677 3

For Mat and Slabs: Direction 1 = NS, Direction 2
For Walls: Direction 1 = Horizontal, Direction 2

Load Combinations are defined in Section A.6.

EW

Vertical
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FIGURE B-6: SECTION F-F - EL. 590 FT TO 649 FT
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Question A:

ResEonse:

3

RESPONSES TO NRC REQUEST FOR ADDITIONAL INFORMATION

PALISADES SPENT FUEL STORAGE EXPANSION

Dose rate changes at the sides of the pool concrete shield
walls, where occupied areas are adjacent to these walls, should
be reviewed as a result of the modification. Increasing the
capacity of the pool may cause spent fuel assemblies to be
relocated closer to the concrete walls of the pool, resulting in
an increase of radiation levels in occupied areas. Discuss this
potential problem, ’

Increasing the capacity of the spent fuel pool and tilt pit will
result in spent fuel assemblies stored in portioms of the pool
and tilt pit being located closer to the concrete pool (shield)
walls than theilr current positions. Radiation levels in occu-
pied areas adjacent to the spent fuel pool and tilt pit walls,
however, will increase by more than 1/10 of a percent (0.001).
This is due to the fact that occupied areas adjacent to the
spent fuel pool and tilt pit walls will be separated from spent
fuel assemblies by no less than five feet of concrete and the
stainless steel pool and tilt pit liners (ref. NCRP46, App D,
Figure 12). Supporting calculations using the Rockwell Nuclear
Shielding Design Manual will be available on site.

AT0786-0116A-NLO2



" Question B: Provide or ekplain why the following descriptive information was

not included in your modification for the spent fuel storage
facility:

i.

11.

iii.

iv.

™ : .
‘ Response: i.

)

37

ii.

5 &

iv.

AT0786-0116A-NLO2

the manner in which occupational exposure will be kept
ALARA during the modification including the need for and
manner in which cleaning of the crud on SFSF walls will be
performed to reduce exposure rates in the SFSF area;

vacuum cleaning of SFSF floors if divers are used;
clean-up of the SFSF water;

the distribution of existing spent fuel stored in racks to
allow maximum water shielding to reduce dose rates to
divers;

pre-planning of diver work as required; and

the provision for surveillance and monitoring of the work
area by health physics personnel.

Westinghouse, the organization performing the modification,
does not intend to deviate from existing SFSF operatioms.
Water levels will be maintained at their normal height
during SFSF modifications, thus ALARA concerns would be
virtually unchanged. Nevertheless, ALARA concerns will be
addressed during the ALARA reviews of procedures governing
the modification process,

SFSF Floors will be vacuumed only at spent fuel rack
locations. Vacuum operations will be performed by using a
swarp clean-up system. Rack removal and installation
efforts will be done remotely. At this time, the use of
divers is not anticipated.

SFSF Water will be kept clean by utilizing Palisades SFSF
Cavity Filtration System.

Removal and installation efforts will be performed using
remote tooling. Existing spent fuel stored in racks to be

. removed will be shuffled to empty racks. Westinghouse does

not intend to use divers.

At this time, the use of divers 1s not anticipated, and
divers will only be used as a last option. A contingency
plan will be developed, however, if diving operations are
found to be necessary. .
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vi.

AT0786-0116A~NL0O2

All radiological protection monitoring and surveillance of
work performed in conjunction with the expansion of the
SFSF will be conducted by qualified Radiation Protection
Department personnel. The monitoring and surveillance
activities will be performed in accordance with approved
Plant Health Physics and Administrative Procedures, and
controlled by specific requirements on a standard Radiation
Work Permit.
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Question C:

Resgonse:

In Section 4.7.2, 3rd paragraph, pg. 4-12, provide the analyti-
cal basis including specific assumptions that support your
conclusion that the maximum gas generation would be less than
0.01 percent of the total room volume during irradiatiom.

The calculation for gas generation being less than .0l percent
of room volume uses the average gas generation over one year's
time assuming the number of locations equivalent to one third
core is filled with freshly discharged fuel and all other
locations are filled with fuel one or more years old. The
calculation also assumes the atmosphere in the spent fuel area
is renewed at an average rate of the total room volume per week.

AT0786-0116A~NL0O2
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Question D: For the disposition of existing racks, describe the following:

i.

ii.

iii.

Response: i.

AT0786-0116A~NL0O2

The method that will be used to remove, decontaminate and
dispose of the old racks. Disposal alternative should
include crating intact racks for disposal at a low-level
waste burial site or cutting and drumming them for burial.
If the racks are to be decontaminated and stored on-site,
then this alternative should be described.

The number of workers that will be required for each
operation including divers, if necessary.

The dose rate associated with each phase of rack removal
and disposal, occupancy times and the total man-rems that
will be received by all workers.

As part of the o0ld rack removal process, each individual
storage cell and all other surfaces of the rack shall be
hydrolased. Decontamination shall proceed until average
contact radiation readings are less than 50 mrem/hr.

The racks will then be removed from the spent fuel pool and
dried in the cask washdown area.. They shall be moved to a
loading area and placed in a fiber reinforced plastic bag.
This bag serves as a protective layer against the release
of radioactive contaminants from the racks. The racks
shall then be placed in strongtight shipping containers for
transport to the Westinghouse Decontamination, Disposal and
Recycling (DDR) facility located near Madison,
Pennsylvania.

The number of workers necessary for the above efforts and
their exposures have been addressed as part of the on site
effort (see Enclosure B).

Upon arrival at the DDR facility the racks will be placed
into a contaminated materials storage area while appropri-
ate process areas are being cleared cf other work. Once
the processing area is free, the racks will be handled as
follows:

1) The racks will be surveyed and appropriate samples

obtained and analyzed to meet the waste classification
requirements of 10CFR61.

2) Any rack with excessive average contact radiation
readings (greater then 50 mrem/hr) will be abrasively
decontaminated to reduce the radiation levels and
consequent man-rem dose. The decision regarding
abrasive cleaning of the racks with hot spots will be
determined on a per rack basis.
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3) Racks will be mechanically volume reduced and packed in
strongtight shipping containers to both reduce total
burial volume and meet licensed burial site waste
stability requirements.

4) Volume reduced fuel racks will be shipped to a licensed
commercial low level waste burial facility for burial.

Experience indicates that a crew of four men can volume
reduce spent fuel racks of this type and number to approxi-
mately 357 of their original volume in about 8 weeks.

Given the radiation levels above, exposures average approx-
imately 15 to 20 mrem per man per week. Total man-rem
exposure at the DDR facility for the volume reduction of
the Palisades spent fuel racks will therefore range between
.480 and ,640 man-rem.

Rack deconning, removal and packaging for shipment will be
performed by a seven (7) man crew: six (6) technicians and
one (1) engineer. At this time, the use of divers is not
anticipated.

See Enclosure B.
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Question E:

Response:

Has the spent fuel pool cooling system been modified to provide
a direct cooling water supply for the tilt pit that is used for
fuel storage?

As stated in Consumers Power Company letter dated January 11,
1977, cooling water will be supplied to the tilt pit from the
existing fi1l line which penetrates the pool wall near the top
of this pit. A 90-degree elbow has been welded to the end of
this pipe at the liner penetration to direct the cooling water
downward. The nozzle welds are capable of withstanding seismic,
thermal, and hydraulic loads. This line can be used to direct
water from the spent fuel pool cooling pump discharge to the
tilt pit for cooling purposes.

AT0786~-0116A-NL0O2




Question F: Provide a summary of the evaluation of the spent fuel pool
" (bulk) cooling system. State the assumptions used and the
results concerning (1) normal refueling heat loads, (2) full
core offload heat loads, (3) temperatures with single failure,
and (4) time to reach 212°F with no forced cooling.

Response: Fuel decay heat values for the spent fuel pool (bulk) cooling
system were calculated using the method provided in NRC Branch
Technical Position ASB 9-2. All storage cells were assumed to
be filled (892 assemblies). Decay heat from fuel assemblies in
the tilt pit was included with the decay heat from fuel assem-
blies in the main pool. Loading of the spent fuel pool was
begun 36 hours after reactor shutdown and proceeded at the rate
of 3 fuel assemblies per hour. For the full core offload case,
the offload was assumed to occur just before a normal refueling
which gives the highest decay heat values. The chart below
shows the results of this analysis and lists the comparable
results for the existing configuration.

N
o 798 892
Assemblies Assemblies
o™ Condition (existing) (expanded)
Normal Refueling y
Heat Load, BTU/hr 16.9E6 16.2E6
OQutlet Temperature (2 pumps), °F 116 114.3
Qutlet Temperature (1 pump), °F 118* 137.6
Time to Reach 212°F (0 pumps), hrs 8.5+ 8
Full Core 0Offload
= Heat Load, BTU/hr 26.4E6 34.1E6
s Qutlet Temperature (2 pumps), °F 134 , 141.5
'" Outlet Temperature (1 pump), °F 103* 191.9
N Time to Reach 212°F (0 pumps), hrs 6.3+ 3
™M *This value was determined by accounting for the spent fuel

pool cooling that is provided by the Shutdown Cooling System,
assuming that fuel transfer tube is open and allows communica-
tion between the spent fuel pool water and the containment
refueling cavity.

+These times were calculated assuming an initial outlet tempera-

o - pure of 118°F fotr normal refuéling conditlons, and 103°F for
full core offload conditioms.

Note that the normal refueling heat load for the existing
configuration (16.9E6 BTU/hr) is greater than the expanded
configuration (16.2E6 BTU/hr), even though the expanded configu-
ration accounts for 94 more fuel assemblies. The major reason
‘ for this apparent anomaly is the difference in the times at
which the decay heat load was calculated. For the 798 assem-~
blies case representing the current pool capacity, all 68 fuel

AT0786-0116A-NL0O2
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assemblies discharged from the reactor were assumed to be in the
spent fuel pool at 36 hours after reactor shutdown. In the 892
assemblies case representing the expanded pool capacity, refuel-
ing (ie, discharge of fuel assemblies from the reactor) was
assumed to begin 36 hours after shutdown and was completed at 60
hours after shutdown, the time at which the maximum heat load
occurred. Note that both of these cases are conservative since
the Palisades Technical Specifications prohibits initiation of
refueling operations until 48 hours after reactor shutdown.

To put the two cases on a common basis, the heat load for the
798 assemblies case was corrected to 60 hours after shutdown
using the NRC Branch Technical Position ASB 9-2. The resultant
heat load is 14.6E6 BTU/hr, which is 10% lower than the heat
load for the 892 assemblies case.

Also, for full core offload conditions, the heat load for the
798 assemblies case was calculated at seven days after shutdown,
and the heat load for the 892 assemblies case was calculated at
108 hours after shutdown.

Note also that all calculations for the expanded 892 assemblies
case were performed for fuel stored in the main pool and the
spare tilt pit. Therefore, the results given above apply to
fuel stored in either location.

AT0786~0116A-NLO2
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ENCLOSURE B

. . Page 1 of 4

SPENT FUEL RACK REPLACEMENT
PERSONNEL EXPOSURE SUMMARY

The Personnel Exposure Estimate Worksheets contain the exposure estimate for
various tasks involved in Spent Fuel Rack Replacement. These estimates
include only the Westinghouse crew.

Summary of Exposure Estimates tolﬂ Personnel:

I. Prerequisite and Clean—-up Task 0.122 man-rem
II. Removal of Existing NUS Racks 0.688 man-rem
IIT. Installation of W Racks 1.620 man-rem

Total 2.430 man-rem

Assumptions for Estimates:

The overall average exposure in the spent fuel building was found to be 0.69

(o») millirem per hour. While the average dose rate directly above the SFP was 1.5
millirem per hour.

0

™4
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ENCLOSURE B
Page 2 of 4

PALISADES PLANT SPENT FUEL RACK REPLACEMENT
PERSONNEL EXPOSURE ESTIMATES

I. Prerequisite and Clean-up Task

Total Exp # of Times
k Radiation Number Task Per Task Task Total
Description of Task Responsibility Levels mr/hr of Men Hrs (Man-rem) Performed Man-rem
A, Fuel Shuffle CPCo 1.5 1 52.2 78.3 1 0.078
B. Interference Removal CPCo 4 4 40 640 1 0.640
& Installation
C. Temporary Shed; CPCo No
Facility Erection Exposure
D. W Personnel ; w No
Platform ’ Exposure
E. Personnel Platform/ W 1.5 5 8 60.0 1 0.060
Positioning in CPCo 1.5 2 8 24.0 1 0.024
Spent Fuel Building
F. Rack Lifting W/ "~ 0.69 5 18 62.1 1 0.062
Drive Erection/ CPCo 0.69 3 18 16.6 1 0.017 -
Positioning/
Disassembly
? W Total of Task I 0.122
i CPCo Total of Task I  0.759
- Grand Total of Task I 0.881

AT0786-0116A-NLO2
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ENCLOSURE B

Page 3 of 4
1
PALTISADES PLANT SPENT FUEL RACK REPLACEMENT
PERSONNEL EXPOSURE ESTIMATES
ITI. Removal of Existing NUS Racks
Total Exp # of Times
Radiation Number Task Per Task Task Total
Description of Task Responsibility . Levels mr/hr of Men Hrs (Man-rem) Performed Man-rem
A. NUS Rack Lifting W 1.5 5 2 15.0 8 0.120
Rig Engaged ‘ '
B. NUS Rack Decon w 1.5 5 8 60.0 8 0.480
& Hydrolase
C. NUS Rack Transfer W 0.69 4 2 5.52 8 0.044
to Cask Wash Down CPCo 0.69 © 2 2 2.76 8 0.022
Area
D. Rack Packing & W 0.69 4 2 5.52 8 0.044
Loading onto Truck CPCo 0.69 3 2 4.14 8 0.033
W Total for Task II 0.688
CPCo Total for Task II 0.055
Grand Total for Task II  0.743

AT0786-0116A~NL02
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ENCLOSURE B

PALISADES PLANT SPENT FUEL RACK REPLACEMENT

Installation of W Racks

PERSONNEL EXPOSURE ESTIMATES

Radiation Number  Task
Description of Task Responsibility Levels mr/hr of Men Hrs
A. Embediment Pad W 1.5 4 9
Elevation
Measurements
B. W Rack Upending CPCo No
Transporting ) Exposure
& Cleaning
C. W Rack Pre-level W No
& Drag Test Exposure
D. W Rack Transfer CPCo 4 4 8
to Spent Fuel
Building
E. Rack W 1.5 4 18
Positioning
F. Rack Leveling W 1.5 4 18

AT0786-0116A~NL02

Page 4 of 4 ’
Total Exp # of Times
Per Task Task Total
(Man-rem) Performed Man-rem
“54.0 6 0.324
128 1 0.128
108 6 0.648
108 6 0.648
W Total for Task III 1.620
CPCo Total for Task III 0.128
Grand Total for Task III 1.748
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DYNAMIC ANALYSIS OF A STRUCTURE WITH COULOMB FRICTION

N
"n
-
» >
V. N. Shah
Engineering Specialist
EG&G Idaho, Inc.
Idaho Falls, ID 83415
Mem. ASME
ABSTRACT
- A modal superposition method for the dynamic
- analysis of a structure with Coulomb friction is
A~ presented. The finite element method is used to

\ v derive the equations of motion, and the nonlinear-
ities due to friction are represented by a pseudo-

™~ force vector. A structure standing freely on the
ground may slide during a seismic event. The rela-

r tive displacement response may be divided into two
parts: elastic deformation and rigid body motion.
The presence of rigid body motion necessitates the
inclusion of the higher modes in the transient
analysis. Three single degree-of-freedom problems
are solved to verify this method. In a fourth prob-
lem, the dynamic response of a platform standing
freely on the ground is analyzed during a seismic
event,

INTRODUCTION

Some components in nuclear power plants are not
anchored to the ground and may slide when subjected
to external forces. These components are designed
to withstand hypothetical accidents resulting from
an earthquake. In the seismic analysis of these
components, it is necessary to model the sliding
betveen the components and the ground. For
instance, one such component is a fuel rack to store
the spent fuel assemblies in a water filled pool.
Generally the fuel racks are anchored to the floor
of the pool; however, some applications do not per-
mit the fuel racks to be anchored to the floor. The
unanchored fuel racks, standing freely on the floor,

C. B. Gilmore
Senior Engineer
Westinghouse Electric Corporation
Pittsburgh, PA 15230
Mem. ASME

may slide and tip during a seismic event. Id gddi-
tion, a fuel rack may collide with other racks or
with the pool walls during an earthquake. In the
seismic analysis of the freestanding fuel racks, the
possibilities of sliding, tipping, and collisions
must be evaluated. The main purpose of this paper
i3 to present a computationally economical method

to perform a seismic analysis of a freestanding fuel
rack.

The direct integration methods[1,2] are widely
used for the nonlinear dynamic analyses, but their
computer cost for the seismic analysis of a free-
standing fuel rack is prohibitive. In order to
reduce computer cost, the application of the modal
superposition method to nonlinear analysis is
congidered.

In the modal superposition methods, two
approaches are used to integrate the nonlinear equa-- - -
tion of motion. In the first approach, referred to
as the incremental approach[3], the equation of
motion is converted to an incremental form and non-
linearities sre treated by updating the natural
frequencies and mode shapes. In the second
approach(4,5,6], the nonlinear terms are represented
as pseudoforce. In both approaches, the uncoupled
modal equations are integrated analytically without
introducing any artificial damping or phase
distortion.

In the dynamic analyses of the nonllnear struc-
tures, gsuch as spent fuel rack, the .source of non-
linearities is restricted to a small portion of the |
structure. In the finite element anlaysis, a large
portion of such nonlinear structure is modeled with
linear elements, while the remaining small portion

|
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is modeled with nonlinear elements. The computational
cost of the pseudoforce approach to analyze such non-
linear structures is lower than that of the incre-
mental approach{5]. Therefure, the pseudoforce
apporach is developed for the subject analysis.
Sliding of the structure is modeled with aid of
Coulomb friction.

The modal superposition method using the pseudo-
force approach was originally developed to analyze
the structures subjected to single-point translational
excitations. The nonlinearity due to impact hetween
various structural components was permitted. Llater,
the scope of this method was expanded[7] to analyze
the linear and nonlinear structures subjected to mul-
tiple support motions. Recently, this method has
been further developed to analyze the structures
with elastic-plastic material properties[8]. This
method has now been expanded to analyze the struc-
tures with Coulomb friction which is the subject of
this paper.

In the next section, an element representing
Coulomb friction is described, followed by the dis-
cussion on the pseudoforce approach. Then the use
of the friction element in the seismic analysis is
discussed. The results of four test problems are
presented to verify the subject method and to gain
some insight in the use of the method. Gilmore(9]
has applied the subject method to the seismic anal-
ysis of a freestanding fuel rack and reported a
significant savings in the computer cost.

MODAL SUPERPOSITION METHOD

The discussion of the modal superposition
method is divided into the following three topics:

1. Friction element
2. Pseudoforce approach
3. Seismic. analysis.

Friction Element

Coulomb friction is used to represent the
energy dissipation resulting from the sliding
between two contact surfaces. The external force
acting on the contact surfaces has two components:
one acting normal to the contact surfaces and the
other acting in the plane of contact. The latter
component is referred to as shear force. A friction
force exists between the contact surfaces and acts in
a direction opposing the shear force. The magnitude
of the friction force is equal to that of the shear
force. As the magnitude of the shear force increases,
the magnitude of the friction force increases until
its magnitude becomes equal to the product of the
normal force (Py) and a static coefficient of fric-
tion (ug). Any further increase in the shear force
will cause the two contact surfaces to slide along
the direction of the force. During sliding, the fric-

“tion force is equal to -the product of the. normal —

forée and the dynamic coefficient of friction
(ug).

d The sliding between two contact surfaces takes
place when the shear force becomes greater than the
static friction force (ugPy). This ideal
friction behavior is approximately simulated by the
friction element. The friction element allows a
small amount of relative displacement between two
contact surfaces before the shear force becomes
greater than the static friction force. The approx-
imate friction behavior simulated by the friction
element is shown in Figure 1.

The two~-dimensional friction-element is ghown
in Figure 2. Nodes I and J are located on each

Friction

force

"L

#dPN = .
]
|
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1
i
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ﬁp‘(m Relative displacement
f between contact
surfaces
INEL 2 03004

Fig.l Approximate friction behavior simulated by
friction element shown in Figure 2
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Fig.2 Friction element to represent approximate
friction behavior shown in Figure 1

contact sugface. Node K is fixed in the space. The
direction A1 is along the direction of sliding. The
friction spring (Kg) between nodes K and I simu-
lates the friction behavior between two contact sur-
faces. The damper (Cy), spring (Xg) and the
parameter GAP between two nodes I and J simulate the
possibility of separation of and impact between two
contact surfaces. 1In the absence of the friction
spring, the friction element reduces to a gap ele-
ment. In a gap element, the nonlinearity due to
impact is represented by a pseudoforce as described
in Reference[8]. 1In the following discussion, ana-
lysis of only sliding behavior is presented. Wwhen
the force in the friction spring is greater than the
static friction force u, PN, sliding takes

place. At the initiation of sliding, the relative
displacement between two surfaces in the direction
of sliding is nonzero and is equal to u,PN/K¢. As
the stiffness of the friction spring increases, the
magnitude of the relative displacement decreases;
and the behavior simulated by the friction element
will be closer to the ideal behavior. The ‘magnitude
of K¢ is selected such that the relative displace-
ment u4Py/Kf is a small fraction of the total
displacement due to sliding.
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Pseudoforce Approach

In this approach, the nonlinear dynamic analy-
sis of a structure is divided into two parts: modal
analvsis and transient analysis. In the modal anal-
ysis, the nonlinear structure is liriearized by
treating the friction spring as a linear spring.
Then, the mode shapes and the natural frequencies
of the linearized structure are calculated. 1In the
transient analysis, these mode shapes are used to
uncouple the equation of motion. Mode shapes and
the natural frequencies of the linearized structure
are not updated during the transient analysis. ’

The equation of motion of a structure with
Coulomb friction is

(X} + [Cl{X} + [K 1 (X} = {F} (0
where

(M) = mass matrix

[} = damping matrix

[Kne! = nonlinear stiffness matrix

Arrays (X}, {X}, {X}, and {F} are
the displacement, velocity, acceleration, and
applied force vectors, respectively.

Let

(K, = (K] + (K] (2)
where
[K] = stiffness matrix representing the
linearized structure
= stiffness matrix representing the

(K]
- nonlinearity due to Coulomb friction.

Substitution of Equation (2) in Equation (1) gives
(M1 (X} + [CHX} + [KI{X} = {F} - {F_} (3)
where

{Fnl} = [K]{X} = pseudoforce vector. 6)

Initially, the pseudoforce vector is zero and
it remains zero as long as the force in the friction
spring is less than the static friction force. When
the force in the friction spring exceeds the static
friction force, the sliding initiates and the pseudo-
force becomes nonzero. The resultant of the force
in the friction spring and the pseudoforce is equal
to a friction force acting on node I. Pgeudoforce
is a piecewise~linear function of displacement and
velocity of node I relative to node J. Let [Fuw.]
and (¢] be the natural frequency and normalized
mode shape matrix associated with the linearized,
undamped structure. The transformation

{x} = [o]{q} (5)

is substituted in Equation (3) premultiplied by
{o]T. Then, employing the orthogonality
relations expressed by

OHIGERSS
T -
(o] [c][ol. [ 2cjuj_l

and

T
(o) (KI[8] = Culy
the resulting modal equations becomes

(b + 2w dfab » toldlal = o} - {Qu,} (6

where
Ej = percentage of the critical damping
for the jth mode
T .

Q) =  [e] {F} = generalized
applied force
vector

T .
o b = Lol fF_,} ] generalize
. ni
pseudoforce :
vector.

Arrays {q}, {q} and {q} are the
modal displacement, velocity and acceleration vec-
tors, respectively. For a given time step, the
pseudofroce is approximated by the first two terms
of a Taylor series, provided the friction force is
continuous during the previous time step. The
pseudoforce is expressed as

aq,,}
{a ,} . = {Q,} . A T T(:-r) T<e<T+ar (7)
where
{Q - {q_,}
al Q! . nt oty - ar .
dt T AT

If the friction force is not continuous during
the previous time step, then

lin} » {Qp,} T<t<T+AT . (8)

For a given time step, Equation (6) is inte-
grated analytically. Then, the displacements and
velocities of the nodes associated with the friction
elements are calculated. This information is used
to calculate the generalized pseudoforce vector and
its time derivative needed to integrate the modal
equations during the next time step.

Seismic Analysis

In the seismic analysis of a structure sub-
jected to single-point translational excitations{10],
i.e., all supports are subjected to the same trans-
lational excitations; it is & normal practice to
calculate the displacement response relative to a
fixed point on the ground. If the structure is
anchored to the ground, the displacement response




is calculated relative to its fixed base. The Y
relative displacement responsge consists of the elas-
tic deformation and can be simulated by the lower
mode shapes of the structure. For a linear struc-
ture anchored to the ground, the number of mode
hapes to be included in the analysis is determined
y the frequency content of the seismic excitation.
If a linear structure is standing freely on the
ground, its displacement response is calculated with
respect to a point on the ground that is initially
in contact with its base. If the structure slides
during a seismic event, its relative displacement
response consists of the elastic deformation super-
imposed on the rigid body motion of the structure.
The presence of the rigid body motion influences the Y
selection of the mode shapes.
The finite element model of a freestanding
structure consists of friction elements between the
base of the structure and the ground. The stiffness
of the friction springs is kept high so that the
base of the structure experiences little relative
displacement before actual sliding takes place. 1In K
the modal analysis of a freestanding structure, the
friction springs are treated as linear springs. 1In
the lower mode shapes, these springs act like rigid
members, while in some of the higher mode shapes the
strain energy in the friction springs dominates the
total strain energy. These higher mode shapes
should be included in the analysis to simulate the Ci
rigid body motion. Thus, in the seismic analysis
of a freestanding structure, the selection of the K1
e ode shapes depends upon the frequency content of
the excitation and the stiffness of the friction
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Fig.3b Finite element model of a spring-mass system

R . with Coulomb frieti
The modal superposition method described in om ron

his paper is incorporated in the WECAN (Westxng-
e Electric Computer ANalysis) computer
ram{8]. This program also has a direct integra-
n method[2] to perform the transient dynamic
analysis of a structure. Four test problemspare
solved to verify the modal superposition method in
the WECAN program. ’ .
In the £irst two problems, respectively, free 10,000 lb/g"'
and forced vibrations of a spring-mass system with (1.75 x 10° N/m)
~goulomb friction are analyzed. 1In the third prob- CAP - .
“Tem, forced vibrations of a spring-mass-dampe =0.1 in.
» torc _OF @ apring=mas per (-0.254 x 10~2m)
~System with Coulomb friction are analyzed. In the :

Dynamic coefficient of = 0.3
friction (uy)

10,000 1b/in.

Normal spring stiffness (Kp)
(1.75 x 105 N/m)

Friction spring stiffness (Kg)

Fourth problem, the seismic analysis of a platform
supported freely on the ground is presented. The
MNourth problem is solved by the direct integration
method and by the modal superposition method. The

pMxmparisons of the corresponding results and the
computer costs are given.
The spring-mass system analyzed in the first
two problems is shown in Figure 3. 1In the third
problem, a viscous damper parallel to the spring is

added to the system. The physical parameters of the

spring-mass system are

Spring stiffness (K) = 1000 1b/in.
o ~ (1.751 x 10° N/m)
Mass (M) = 2,59 lb-sec?/in.
(1.1748 kg)
Natural frequency (wp,) = 3,1273 Hz
Static coefficient of = 0.3

friction (us)

The deadweight of the mass M is 1000 1lbs
(4448.2 N) acting along the negative Y-direction.

. The deadweight is balanced by the preload in the

normal spring. The transient displacement response
of the mass M consists of only the X-component.
Test Prohlem l. The free vibrations of the
spring-mass system with Coulomb friction are anal-
yzed in this problem. The initial conditions are

4,7 in. (0.1194 m)

X
X = 0.0 in./s (0.0 cm/s).

The pseudoforce acting on the sliding mass is

_éxven by one of the following four expressions.

For X < 0 (mass sliding along negative
X-axis)

F = = .
nt [fo + udPNl X >0

Fog™ = (KXl = upyl X <0
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For X > 0 (mass sliding along positive

X-axis)
Foo= - (KX = uyPyl X>0
Fop = - (KglXl 4 ugPy) X <0
where

PN = dead weight = 1000 1bs.

The. analytical result for the decay in ampii-
tude of vibrations per half cycle is given by[1ll]

Decay in amplitude 2 x friction force
per half cycle X

= 0.6 in. (0.01524 m).

The decay in amplitude per half cycle is constant.
This problem is solved by the modal superposi-

tion method using two different time step sizes:

AT = 0.01 sec and AT = 0.005 séc. Table 1 gives the

decay in the amplitude of vibrations per half cycle

using both time steps. The results show that for a

smaller time step, the decay in the amplitude per

half cycle is closer to the correct answer of

0.5 in. (0.01524 m) and is approximately constant

during the analysis.

TABLE 1. DECAY IN AMPLITUDE PER HALF CYCLE DURING
THE FREE VIBRATION RESPONSE OF A SPRING
MASS SYSTEM WITH COULOBM DAMPING
(1 in. = 0.0254 m).

Decay in Amplitude
per Half Cycle
(in.)

AT = 0.1 (éec) AT = 0.005 (sec)

First half cycle 0.73588 0.62674
Second half cycle 0.72421 0.61840
Third half cycle 0.74588 0.61798
Fourth half cycle N.A78A3 0.61410
“ifth half cycle 0.64979 0.60568
Sixth half cycle 0.A3398 0.606710

Test Problem 2. The forced vibrations of a
spring-mass system with Coulomb friction are ana-
lyzed in this problem. The mass M is initially at
rest and has zero displacement., The harmonic force
PSinwt is acting on the mass in the X-direction.
The two cases considered are

Case 1: P 2100 1hg (9341 N)
w = 2.50184 Hz

Case 2: P 2100 1bs (9341 N)
w 3.1273 Hz (= wp)

Case 1. The analytical results for the steady
state amplitude are given by{12]

/. 2
steadv state amplitude = A = +2 __l:%ﬁflgfl_
1-w /mn

= $5.736 in.
(£0.1457 m).

The dynamic response of the mass M calculated
by the modal superposition method is shown in
Figure 4. The amplitude of the steady state dis-
placement responge varies from 5.6367 in. (0.1432 m)
to 6.048 in. (0.1536 m). The average frequency con-
tent of the response over the last three cycles is
2.5042 Hz--approximately equal to the excitation
frequency of 2.5018 Hz.
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Fig.4 Displqcement response of a spring-mass sys-
tem with Coulomb friction, subjected to sin-
usoidal forcing functiom PSinuwt,
w= 2,50184 Hz (1 in. = 0.0254 m)

Case 2. The ratio of the friction force (F)
over the applied force (P) is less than n/4. During
resonance, as explained in Reference [12], the amp-
litude of the displacement response is unbounded.
The results calculated by the modal superposgition
method are shown in Figure 5. The frequency content
of the displacement response is 3.1250 Hz--approxi-
mately equal to the resonance frequency of
3.1273 Hz.

Test Problem 3. The forced vibrations of a
spring-mass—damper system with Coulomb friction are -
analyzed in this problem. The spring~mass system
shown in Figure 3 is modified by adding a viscous
damper (modal damping coefficient = ¢) in parallel
to a spring between nodes I and K. The mass is
inicially at rest and has zero initial displacement.
It is subjected to a harmonic force PSinut.

Den Hartog(13) has given a complete analytical
solution of this problem. The numerical results for
the amplitude (A) of the forced vibrations are plot-
ted in the amplitude diagrams. The horizontal axis
represents the frequency ratio (w/w,) and the
vertical axis represents the magnification factor
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Displacement response of a spring-mass sys-
tem with Coulomb friction subjected to sin-
usoidal forcing function PSinut, w = 3.1273
(= u, system frequency) (1 in. = 0.0254 m)

Fig.5

A*K/P). 1In each of the amplitude diagrams, several
curves are plotted for a constant value of the modal
damping coefficient. Along each curve the ratio
of the friction force (F) over the amplitude of the
applied force (P) is constant. These diagrams are
used to calculate the amplitude of vibrations for
the folleing two cases, and the results are com—
pared with the corresponding results from the modal
superposition analysis.

Case 1: 1500 1bs (6672 N)
2.50184 Hz
0.1
250 1bs (1112 N)
2.50184 Hz
0.5

Case 2: =

7
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The magnitude of the remaining physical parsmeters
remain unchanged from those defined in Test
Problem 1, except in Case 2 where coefficients of
friction are reduced from 0.3 to 0.l and the stiff-
ness of the friction spring is increased from
10,000 1b/in. (1.75 x 10% N/m) to 100,000 1b/in.
(1.75 x 107 N/m). ) L

: “The natural frequency of a spring-mass system
is increased due to the presence of the friction
spring. This increased frequency is used in the
transient analysis. Therefore it is necessary to
modify the modal damping coefficient . The mod-
;fied modal damping coefficient ¢y is calculated
rom

9)

40

= 0.0301513 (Case 1)
= 0.0497519 (Case 2).

Equation (9) gives the modified modal damping
coefficient for 8 single degree-of-freedom problem.
The modified damping coefficients for a multidegree~
of-freedom system may he calculated as follows. 1In
the modal analysis of a system, the presence of the
friction springs may or may not modify the original
natural frequency of g mode shape. 1If the natural

_frequency is not modified, then the modal damping

coefficient need not be modified. If the natural
{requency of the ith mode shape is modified, then
the modified damping coefficient ¢y, ; may be
calculated from

2
Yy * g
Sm,i ™ 2 ! (10)
’ Wl . 10
m, i
where
wi original natural frequency-
op,i = modified natural frequency
Ty .= modal damping ~oefficient.
Case 1. For this case, the frequency ratio

w/w, * 0.8, and the force ratio F/P.= 0.2. From the
amplitude diagram for ¢ = 0.1 (Figure 8 in Refer-
ence [13)), the magnification factor is 2.26. The
amplitude A of the steady state response is given by

P

= * £

A 2.26 X
= 3,39 in. (0.08611 m)

The displacement response of the mass M calcu-
lated by the modal superposition method is shown in
Figure 6. During the last four cycles, the ampli-
tude of the steady state digplacement response var-
ies from 3.3927 in. (0.08617 m) to 3.2952 in.
(0.08370 m). The frequency content of the response
is 2.5047 Hz--approximately equal to the excitation
frequency of 2.5018 Hz.

Case 2. For this case, the frequency ratio
w/w, is equal to 0.8 and the force ratio F/P = 0.4.
From the amplitude diagram for £ = 0.5 (Figure 12
in Reference [13])), the magnification factor is 0.6.
The amplitude A of the steady state response is
given by

P
= * =
A =0.6 X

= 0.15 in. (0.00381 m). . S

The displacement response of the mass M calcu-
lated by the modal superposition method is shown in
Figure 7. During the last cycle, the amplitude of
the steady state displacement response varies from
0.1448 in. (0.00368 m) to 0.1455 in. (0.00369 m).
The frequency content of the response is 2.4956 Hz.
It should be noted that during each cycle, the
response curve has a flat portion near its peaks.
No sliding takes place in this flat portion. This
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(1 in. = 0.0254 m)

particular characteristic of the displacement
response is also predicted in Reference [13].

Test Problem 4., The transient dynamic response
of a long platform supported freely on the ground
and subjected to seismic excitation is analyzed in
this problem. The platform is supported at both
ends as shown in Figure 8. The platform is repre-
sentative of the base of a spent fuel rack and its
supports are representative of the suppprg,pad; of

- the rack. A concentrated mass, m, is located at the

center of the platform. There is a clearance
between the mass and the platform along the horizon-
tal direction, and the mass is free to move relative
to the platform. During a seismic event, the mass
may collide with the platform. The impact between
the mass m and the platform is a simplified repre-
sentation of the impact phenomens between the fuel
assemblies and storage cells in a spent fuel storage
rack.

~ This problem is solved by the direct integra-
tion and the modal superposition methods present in
the WECAN program. Both methods use different fric-
tion elements. In the direct integration method,
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Fig.8 Finite element model of a long, freestanding
platform. F = 1288 lbs, (5729.3 N),
(1 in. = 0.0254 m)

the nonlinearity due to friction is handled by mod-
ifying the stiffness matrix. In the modal superpo-
sition method, the nonlinearity due to friction is
tandled by the pseudoforce approach as described in
this paper. The impact between the mass m and the
platform is modeled by a gap element(5,8) and i»s
used with both methods. The platform properties are

2.8 x 107 1b/in.2

Modulus of elasticity =
(19.3 x 1010 py)

Length = 107.50 in.
: (2.731 m)
Cross-sectional area = §0.6275 in.2

(0.0391 m2)

5.70 in.%
(0.237 x 1075 o*)

Area moment of inertia =

1.5343 x 10~3 1b-s2/in.4
(42.47 kg/m3).

Density =

The friction element properties used with the
modal superposition method are

Normal spring stiffness = 8.351 x 105 1b/in.
(Kp) . (1.46 x 108 N/m)
Friction spring stiffness = 8.351 x 107 1b/in.
(Kg) (1.46 x 1010 N/m)
GAP = 1.0 x 1075 in.
(-0.256 x 1077 m)
ﬁass (M) = 0.0 1b-82/in.
Coefficient of friction = 0.8.
(ug = uyg)

The friction element used with the direct inte-
gration method has the same properties except the
normal spring stiffness is 8.351 x 107 1b/in.

(1.46 x 1010 N/m),

The magnitude of the concentrated mass, m, at
the center of the platform is equal to 4.0 lb-s2/in.
(1.8144 wg). The initial clearance G. between the
mass m and the platform is equal to 0.2145 in.
(0.005448 m). The energy loss due to impact between
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mass 8 and the platform is neglected. In the
detailed documentation of this problem{14], the
energy loss due to impact is taken into account.
The desdweight of the platform is modeled by three
roncentrated forces acting at the Nodes 1, 3, and 5.
he magnitude of each force is 1288.0 lbs (5729.3 N).
The transient displacement response of the platform
consists of only the x~component. ]

The platform is modeled with two two-dimensional
beam elements. The finite element model has ten
degrees of freedom; nine are associated with the
platform and the tenth is associated with the con-
centrated mass m. The modal analysis of the plat-
form gives ten natural frequencies and mode shapes.
The first frequency is 0.0 Hz and is associated with
the concentrated mass. The next six frequencies
represent the bending mode shapes of the platform.
The three highest frequencies are 990.9 He,

1323.0 Hz, and 1836.0 Hz and represent the axial
mode shapes of the platform. A rigid body motion
of the plgtform can be represented by the linear
superposition of these three mode shapes.

Seismic excitation applied to the platform
along the X-direction is shown in Figure 9. The
platform may slide during the seismic analysis, and
its displacement response consists of the rigid body
motion superimposed on the elastic deformation. As
explained earlier, the three axial mode shapes must
be included in the modal superposition analysis to
represent the rigid body motion.
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Fig.9 Acceleration time history applied to the

freestanding platform in X-direction
(lin/sec? = 0.0254 m/sec?)

Results of the modal superposition and the
direct integration analyses are presented in
Figures 10 to 13. All the mode shapes are included
in the modal superposition analysis. The displace~
ment response of Nodes 1 and 6 respectively, along
the X-direction is shown in Figures 10 and 11. The
time history of the friction force at Node 1 is pre~
sented in Figure 12. The time history of the impact
force between mass M and the platform is shown in
Figure 13. The comparison of time history results
in Figures 10 to 13 show that the modal superposi-
tion method and the direct integration method give
approximately the same results. The computer cost
of using modal superposition method is found to be
four times less than that of using the direct

tegration method[14].
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Fig.1l0 Displacement response of Node 1 along
X-direction, Test Problem 4.
(1 in. = 0.0254 m)

CONCLUSTON

1. The modal superposition method may be used to
analyze a structure with Coulomb friction.

2. The dynamic analysis of a structure with
Coulomb friction requires that the mode shapes with
higher frequencies be included so that the rigid
body motion due to sliding of the structure is
correctly represented.



™

P

. a:;
0. r—
040 |— :
g .
§ 020 |—
z
% 0
W
g
B om |-
0.40 k—
057 | ] | | ] 11 |
0 0.1 0.2 03 04 0S5
TIME (SECONDS)
(a) Modal superposition
0.83
060 — \
040 }—
8
5 o0 |- ]
£
-
z
3 0
3]
s
% 020 |—
040 |—
oL 1 11 ] L
] 0.1 0.2 03 04 0S5
TIME (SECONDS)

Fig.1l1 Displacemenc response of the concentrated
mass m at Node 6 along X-direction
(1 in. = 0.0254 m)

3. The computer cost of using the modal superposi-
tion method is less than that of using the direct
integration method to analyze a structure with
Coulomb friction.
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. ABSTRACT

This paper presents a nonlinear transient
dynamic time-history analysis of freestanding spent
fuel storage racks subjected to sefsmic excitation.
This type of storage rack is structurally un-
restrained and submerged in water in the spent fuel
pool of a nuclear power complex, holds (spent)} fuel
assemblies which have been removed from the reactor
core. Nonlinearities in the fuel rack system
include fmpact between the fuel assembly and sur-
rounding cell due to clearances between them, fric-
tion due to sliding between the fuel rack support
structure and spent fuel ‘pool floor, and the
11 ft-off of the fuel rack support structure from the
spent fuel pool floor. The analysis of the fuel
rack system includes impacting due to gap closures,
energy losses due to impacting bodies, Coulomb damp-
ing between s1iding surfaces, and hydrodynamic mass
effects. Acceleration time history excitation
development 1s discussed. Modeling considerations,
such as the initial status of nonlinear elements,
number of mode shapes to include in the analysis,
modal damping, and integration time-step size are
presented. The response of the fuel rack subjected
to two-dimensional seismic excitation 1s analyzed by
the modal superposition method, which has resulted
in significant computer cost savings when compared
to that of direct integration.

INTRODUCTION

Various structures, systems, and components
important for safety in nuclear power plants are
designed to withstand the effects of earthquakes
(seismic events) without loss of capability to
perform their functions. In this paper, a seismic

) analysis of one of these components, 1.e., free-

standing spent fuel storage rack, is presented. The
primary functions of the freestanding spent fuel
storage rack are to contain the spent fuel assem-
blies 1n a water-filled pool and protect the fuel
assemblies fram excessive mechanical loads.

The spent fuel storage rack consists of an array
of individual storage cells made of stainless
steel. The top of the storage cell 1s flared to
facilitate insertion of the fuel assembly into the
storage cell and precludes placing the fuel assembly
in an inappropriate location. The inside dimension
of the cell is such that clearance (a gap) exists
between the fuel assembly and cell. The cells
within a spent fuel storage rack are interconnected
by top and bottom grid structures to form an
integral module. The bottom grid structure is con-
nected to a support plate which provides the level
support surface required for the fuel assembly. .
Support screws (pads) attached to the support plate,
via leveling pads, raise the rack above the pool
floor, yet provide contact with it. The support
pads also transmit loads from the fuel rack module
to the pool floor. For some applications, the sup-
port pads are anchored to the pool floor by bolts
which react to the sefsmic Toads. Other applica-
tions require the fuel rack modules to be neither
anchored to the pool floor nor braced to the 2001
walls; thus, gfving rise to the “freestanding” fuel
rack terminology. A typical freestanding spent fuel
storage rack module is shown in Figure 1.

In the analysis of freestanding spent fuel
storage racks, hereafter referred to as fuel storage
rack{s), various factors are considered. First, the
effects of water, in terms of frequency and forces,
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Figure 1 Typical Freestanding Spent Fuel Storége
Rack Module

must be considered. ODuring seismic excitation, the
fuel assembly and cell respond, accelerating the
surrounding fluid. The accelerating fluid in return
induces an added mass effect on the two structures.
Secondly, the presence of nonlinearities in the fuel
rack system (fuel rack structure and fuel assembly)
are consfdered. Sources of nonlinearities in the
fuel rack system include geometrical nonlinearities
(impact) and a combination of material (friction)
and geometrical nonlinearities (impact). These
nonlinearities are located at the fuel assembly
grid/nozzle-cell interface {impact) and rack support
pad-pool floor interface. The nonlinearities at the
later interface consists of Coulomb or friction
damping due to sliding and impact due to support pad
1ift-off. The possible s1iding and impact phenomena
which may occur at the support pad-pool floor inter-
face result from coupled, horizontal, and vertical
fuel rack system response.

Due to the highly nonlinear characteristics of
the fuel rack system, a nonlinear, transient,
dynamic, time-history analysis is required. For
nonlinear analysis, direct integration methods are
widely used; however, the computer cost for seismic
analysis of structures employing large finite
element models 1s very high. To reduce the computer
cost, t?e modal superposition method found in
WECAN(1) 1 applied. The nonlinear behavior due
to impacting of fue? ?ssembly and cell is modeled
using a gap element 2), The friction element
presented in Reference (3) is used to model the
nonlinear behavior due to 1ift-off and/or sliding of
the support pad relative to the pool floor. Verifi-
cation of the modal superposition method for struc-
tural problems with nonlinearities due to impacting
components and Coulomb friction is demonstrated in
References (2) and (3). '

The methods described herein include analytical
technfques used for determination of hydrodynamic
mass and acceleration time-history excitation.
Dynamic modeling considerations, {.e., initial
status of nonlinear elements, number of mode shapes
to include in the analysis, modal damping, and
integration time-step, are discussed. The nonlinear
response of the fuel rack system subjected to two-
dimensional seismic excitation is presented. - The
use of the modal superposition method has resulted
in significant computer cost savings when compared
to that of the direct integration method.

FUEL RACK SYSTEM DEF INITION

The data required to formulate the finite
element model of the fuel storage rack consists of
structural mass, structural stiffness, and hydro-
dynamic mass properties of the fuel rack system.
The structural mass and stiffness properties of the
fuel rack system are determined using well-known
analytical techniques. Discussion concerning .
derivation of hydrodynamic mass for the fuel rack
system is found as follows:

Fuel Rack System Hydrodynamic Mass
For this application, the FTuld motion is con-

sidered to be described by incompressible potential
flow, so that the dynamic fluid effect on the fuel
rack system can be accounted for by hydrodynamic
mass. VYarious sources {gr hgds?dynamic mass can be
found in the.literature{%:5,8,7)" Many of these
sources have experimental data to substantiate the
potential flow theory results. However, the cross-
sectional geometry and/or bodies for which hydro-
dynamfc mass is available, are quite simple. Due to
the complexity of the fuel assembly geometry (an
array of N x N rg?s), the finite element method
discussed by Yu(8) {s used to determine fuel
assembly hydrodynamic mass.

The finite element model used to determine the
fuel assembly hydrodynamic mass s shown in
Figure 2. The 45-degree segment model shown in
Figure 2 is for a 15 x 15 (rod array) fuel
assembly. Because of the large number of elements
involved in this model, substructure technique fis
used to generate the full model. The results
obtained from this model include a full matrix (452
x 452 mass matrix) and a reduced matrix (2 x 2 mass
matrix). The elements of the full mass matrix are
the hydrodynamic mass coefficients and represent the
inertia coefficients that give the forces on each
body (225 rods and 1 cell) when the accelerations in
two directions of each body are specified; namely,
452 degrees of freedom (DOF). The 2 x 2 matrix
represents the hydrodynamic mass for two-body (fuel
assembly and cell) motion in one direction with
fluid coupling and is based on identical motion of
all fuel rods in the fuel assembly rod array,

relative to the cell.

The 2 x 2 hydrodynamic mass matrix is imple-
mented in the fuel rack system model using a
general, mass matrix, element. This technique
models hydrodynamic mass effect on both frequency
and force response 8{ the fluid coupled bodies 8?
discussed by Fritzf , and Stokey and Scavuzzotl .
System modeling of fuel storage rack module hydro-
dynamic mass coupling with the pool wall follows the
method used for the fuel assembly. Hydrodynamic
mass coupling between adjacent cells was found to
have an insignificant effect on the response of the
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Figure 2 Finite Element Model (45 degrees segment)
of 15x15 Fuel Assembly Used to Determine
Fuel Assembly Hydrodynamic Mass

0 .
rack module. However, the mass of water between
o adjacent cells was taken as part of the structural
mass of each cell.

'ACCELERATION TIME HISTORY EXCITATION
The acceleration time history seismic excitation

used in this analysis is developed using the design
response spectra a?? ?amping va]TS? given in Regu-
latory Guides 1.60(11) and 1.61(12) “respec-
tively. The seismic excitation is synthesized using
spectrum amplification and suppression techniques
per Reference (13). The 1940 E1 Centro earthquake

) record s the basis for the synthesized time-history
excitation. The spectral characteristics of the

o~ synthesized time-history is similar to the original
El Centro earthquake record. Consequently, statis-

~N tical characteristics of the E1 Centro earthquake

are maintained in the synthesized time-history exci-

tation. The synthesized horizontal and vertical
~m acceleration time-history excitatfon 1{s shown in

Figures 3 and 4, respectively.

FINITE ELEMENT MODEL OF FUEL RACK SYSTEM

The finite element model of the fuel rack system

2 1s shown in Figure 5. The fuel rack system model {is

! composed of three-dimensional beams, three-

K _dimensional springs, two-dimensional rotary springs, .

i general matrix elements, gap elements, and friction
elements. These elements are discussed n Reference

(1).

The gap element(1,2) {s used to model the
nonlinear behavior due to impacting of the fuel
assembly and cell. The gap element {s a combination
of a spring and a dashpot (damper) in parallel,

4N coupled 1 § o in series. The friction
element(1,3) s used to model the friction inter-

face (two surfaces) between the fuel rack support
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pad and spent fuel pool floor. These two surfaces
may slide relative to each other, separate from each
other, and impact during the seismic event. The
friction behavior is represented by a linear spring,
hereafter referred to as friction spring. The
purpose of the friction spring is to calculate the
shear force at the friction interface.

The fuel rack system model shown in Figure §
consists of 119 elements (99 1inear elements and 20
nonlinear elements) and 60 unique nodes, which
results in 339 gross DOF. Boundary conditions are
imposed on 206 DOF. The remaining DOF's are speci-
fied in the ensuing modal and time-history analy-
sis. The imposed boundary conditions are on all
DOF's associated with the spent fuel pool wall,
floor, and Uz, Ry, and Ry fuel rack system
structural motion. Thus, the fuel rack module or
system can slide only in the X-direction and respond
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Figure 5 Finite Element Model of Fuel Rack System

two-dimensionally in the X-Y plane. The seismic
excitation shown in Figures 3 and 4, which repre-
sents the motion of the pool wall and floor, is
transmitted to the fuel rack structure via the
friction and mass matrix (hydrodynamic mass
coupling) elements. .

To ensure that the spent fuel storage rack
modules function during a seismic event, design
requirements stipulate, in part, that the rack
modules must be analyzed for any possible fuel
assembly loading configuration. To satisfy this
requirement, analysis is performed to simulate full,
partially filled (half-full), and empty fuel
assembly rack module loadings. The analysis to
simulate the full fuel assembly rack module loading
is based on the fuel rack system model shown in
Figure 5. This model s a two-cell representation
of a fully loaded rack module. The partially filled
and empty fuel assembly loading configuration system
model is derived from the model shown in Figure 5 by
removing one and two fuel assemblies, respectively.
This analysis also encompasses variations in fric-
tion coefficient umin (0.2) < u <-ppax (0.8) - -
between rack module support pads and pool floor.

MODELING CONSIDERATIONS

In determining the transient dynamic response of
a structure when using the modal superposition
method in Reference (1), consideration must be given
to the initial status of nonlinear elements, modal
damping, mode ‘shape selection, and integration time
step. These considerations are discussed in detail
in the following sections.

Initial Status of Nonlinear Elements

The status of the nonTinear elements, 1.e.,
“open" or "closed”, in a finite element model should
be such that initially it represents the linear,
reference St?§7 of the structure, as implied by
Shah, et al For some structures, with various
preioads and nonlinearities, determination of the
reference state may require a nonlinear static .
({terative) analysis. However, for this applica-
tion, the reference state of the fuel rack system is
determined by inspection.

Prior to the seismic event, the fuel rack system
is in static equilibrium, resting on the spent fuel
pool floor. The support pads are preloaded due to
weight of fuel assemblies and module, including
bouyant effects. Clearance exists between the fuel
assembly and cell since external forces are not
acting on the system. Therefore, the initial state
of the nonlinear friction and gap elements is
"closed" and "open”, respectively. Having defined
the reference state of the fuel rack system, the
natural frequencies and mode shapes associated with
the Yinear system are calculated. As the nonlinear
elements change status during the time-history
analysis, changes in the natural frequencies and-
mode shapes associated with the 1inear system are
represented by pseudoforces, as discussed in
References (2) and (3).

Modal Dampin -
Dif?eren% values of damping are specified for

the elements which define the fuel rack system.
Since the damping is not uniform {n the system for a
given natural Frs?uency, it is called nonpropor-
tional damping For nonproportional damping,

an additional computation 1s required to calculate
equivalent modal damping coefficients to be used in
the time-history analysis.

For this application, modal damping is assumed
to be proportfonal to the strain energy in each
element. This type of damping 1s used to represent
the energy loss due to stru?}gsai damping. The
method presented by Whitman is used to calcu-
late equivalent modal damping coefficients.

Mode Shape Selection

For the fuel storage rack system, consideration
was given to the number of mode shapes to include in
the analysis to achieve the correct deadweight and
sliding (rigid body) solution. In the fuel rack
system model, the weight is distributed uniformly
throughout the structure (represented by mass times
acceleration due to gravity). .Thus, a portion of
the structural weight (mass) is associated with each
node in the system model. Since the vertical fre-
quencies associated with these nodes are generally
high, the higher mode shapes should be included to
achfeve the correct static equilibrium solution. To
support this reasoning, a study was performed to
determine the number -of mode shapes required to -
achieve static equilidbrium. The results of this
study showed that 95 percent of the system mode
shapes are required to achieve the correct static
equilibrium support pad load.

In modeling the friction interface between the
support pad and pool floor, the value for the
friction spring stiffness 1s set high such that: a)
small elastic deformation occurs in the friction
spring prior to rigid body motion; and b) the
lateral frequency response of fuel rack system is
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not affected significantly (lowered) due to the
friction spring (which s a flexibility between the
support pads of the rack module and the pool floor
and 1s included in the modal analysis of the fuel
rack system). Note that the friction spring stiff-
ness is not set so high that 1t governs the integra-
tion time-step used in the analysis. Since the mode
shapes associated with the friction springs possess
high strain energy and frequencies, these mode
shapes must be included in the analysis to obtain
the correct rigi? gody solution, as discussed by
Shah and Gilmorei3!, Therefore, based on dead-
weight and rigid body motion considerations, all
mode shapes are included in the analysis.

Integration Time-Ste
asing the time ﬁgstory excitation shown in

Figures 3 and 4, with acceleration due to gravity
added (superposed) to the vertical excitation, a
study was performed to determine the integration
time step required for converged results. This
study utilized the partfally filled fuel rack system
model. This configuraion was chosen because it is
more sensitive to an integration time-step (due to
stabi1ity considerations), as compared to the full
and empty fuel rack system models.

Based on previous 3na1yses, an integration
time-step of 2.000 10-% sec. was used to calculate
the rack response during the time interval 0.00 sec
<t < 1,95 sec. The rack response was calculated
‘durfng this time interval to provide for: a) time
for the fuel rack system to respond to the initfal
portion of the seismic event; and b) initfal condi-
tions for calculating rack response due to strong
motion excitation {1.95 sec < t < 3.90 sec). Using
the restart capability in ReTerence (1) from this
point in the time-history excitation (1.95 sec), the
integration time-step study is performed using
integration timi-steps of aT/6 (8.333 lg' sec),
AT/8 (6.250 10-% sec), aT/12 (4.167 10~ sec),
aT/25 (2.000 10-4 sec), and aT/50 (1.000 10-
sec). AT 1s the time interval (0.005 sec) between
successive points in the time history data.

Based on a comparison of support pad and fuel
assembly force response versus integration time-
step, the results indicate a converged solution s
achfeved (within 7 perient) using an integration
time step of 2.000 10- seca Thus, the integra-
tion time-step of 2.000 10-% sec 1s used in the
full, partfally filled, and empty fuel rack system
analysis.

FUEL RACK SYSTEM DYNAMIC RESPONSE

The fuel rack system dynamic response consists
of spent fuel pool floor loads, fuel assembly-cell
impact loads, and rack module displacements. As
mentioned previously, the seismic analysis of the
fuel rack system includes all possible fuel assembly
loading configurations, as well as varfations in
friction coefficient, upip < ¢ < umax. The
results of this analysis qdaicafb Tﬁe maximum spent
fuel pool floor loads, i.e., vertical and friction
toad, and fuel assembly-cell impact loads are
derived from the full fuel assembly loading configu-
ration, with maximum friction coefficfent, ugay.

The maximm rigid body, or sliding motion of tﬁe
rack module was also determined from the full fuel
assembly loading configuration; however, with
minimum friction coefficient, upin-

Figures 6 through 12 show plots of the typical
fuel rack system response due to the two-dimensional
sefsmic excitation. The response in these figures
fs obtained from the partfally filled fuel rack
system model during the time interval 9.75 sec < t <
11.70 sec. The partially filled fuel rack system —
model is derived by removing the fuel assembly on
the right side of the full fuel rack system model.

shown in Figure 5.

Figure 6 shows the impact force response of
element 5. Element 5 represents the interaction
between the fuel assembly and cell. This element 1s
located at the center of the fuel assembly and
cell. The maximum impact force for this element is
-260.3 1b (-1157.8 N), which occurs at 11.48 sec.

-100.0 —

-150.0 p—

IMPACT FORCE (LBS)

-2000 [—

oo i I N S N

-260.3
975 1000 10.25 1050 10.75 11.00 11.25 11.50 11.70
TIME (SECONDS)

Figure 6 Fuel Assembly Impact Force at Element 5
for Time Interval 9.75 sec < t < 11.70 sec
(1 1b = 4,448 N)

A plot of the vertical force on. the pool floor
from element 10 is shown in Figure 7. Element 10
represents the support pad on the right side of the
fuel rack module. The minimum vertical force :
response for this element is 0.0 1b (0.0 N), which
occurs during the time interval 11.50 sec < t <
11.54 sec. The value of 0.0 1b (0.0 N) for the
vertical force of this element indicates that this
support pad lost contact (1ift-off) with the pool
floor. The vertical force on the pool floor from
the support pad on the left side of the fuel rack
module, element 11, is shown in Figure 8. The
maximum and minimum vertical force response for this
support pad s -2023.2 1b (-8999.2 N) and -830.7 1b
(-3694.5 N), respectively. The.minimum vertical
force for element 11, -830.7 1b (-3694.5 N), indi-
cates that this support pad does not 1ift off the
pool floor. The maximum vertical force for element
11, -2023.2 1b-{-8999.2 N), occurs at time t = 11.52
sec., the time at which the support pad on the right
side of the rack module has no contact with the pool
floor. The vertical force response for the right
(element 10) and left (element 11) support pads are
out of phase with each other and are centered about
the static equilibrium position of -570.0 1b

(-2535.4 N) and -1400.0 1b (-6227.2 N), respectively.
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Figure 8 Vertical Force on Pool Floor from Support
Pad, Element 11, During Time Interval 9.75
sec <t < 11.70 sec (1 1b = 4.448 N)

The friction force on the pool floor fram the
support pad on the right side of the rack module,
element 10, is shown in Figure 9. The maximum and
minimum friction-load on the pool -floor 1s 243.5 1b..
(1109.7 N) and -144.6 1b (-643.2 N), respectively.
During the time interval 11.50 sec < t < 11,54 sec,
the friction force for this element fs U.0 1b (0.0
N). This follows from Figure 7, which shows the
vertical force for element 10 to be 0.0 1b (0.0 N)
during this time interval.

Figure 10 shows the lateral (Ux) displacement
se of node 53. Node 53 represents the support
the right side of the rack module (Figure
n Figure 10, horizontal and vertical lines for
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Figure 9 Friction Force on Pool Floor from Support
Pad, Element 10, During Time Interval 9.75
sec <t < 11.70 sec (1 1b = 4.448 N)

the Ux response of node 53 indicate no sliding and
s1iding motion, respectively. Figure 10 shows that
s11ding motion of the support pad is initiated at
times t = 10.80, 11.27, 11.32, 11.38, and 11.52
sec. During the time interval shown in Figure 10,
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0.0190 — y

0.0180 p—

0.0170 }—

DISPLACEMENT (INCHES)

0.0180 —

-

976 1000 1026 1050 1075 11.00 11.26 1150 11.70
TIME (SECONDS)

Figure 10 Lateral (Uy) Displacement of Support
Pad, Node §3, During Time Interval 9.75
. sec < t < 11.70 sec (1 In. = 25.4 wm)

the right support pad experiences maximm sliding
motion of 0.0055 in. (0.1397 mm), from 0.0204 in.
(0.5182 mm) to 0.0149 fn. (0.3785 mm). The Uy
displacement plot for node 57 is shown in Figure

11. Node 57 represents the support pad on the left
side of the rack module (Figure 5). A comparison of
Figures 10 and 11 shows nodes 53 and 57 to be in
phase. The phase relationship between nodes 53 and
57 indicates that the rack module experiences rigid
body s1iding motion during the time interval shown.




A review of Figure 6 {ndicates that the fuel
assembly impacts the cell at times t=9.90, 10.85,

11.29, 11.48, and 11.61 sec. The impact of the
_‘ fuel assembly with the cell at these times is

indicated in the vertical and friction force ¢
response of the support pads as shown in Figures 7 ‘
through 9. Specifically, the impact between the

fuel assembly and cell at time t =11.48 sec results

in 1ift-off of the support pad from the pool f)oor . ?
at time 11.55 sec. Comparison of Figures 6 and 10 3
indicates that rigid body motion of the support pad i
occurs as a result of the fuel assembly-cell .
impact. Thus, the results indicate that the fuel
rack system response is significantly influenced by
the structural tnteraction (impact) between the fuel
assembly and cell.

COMPUTER COST

The response of the partially filled fuel rack
system model {with rms wave front equal to 96.71 was
calculated using the direct integration method (1),
l The computer cost, 1.e., cost per integration time-
11.50 11.70 step, of this analysis was compared to that of the i
modal superposition method, which included all {103) ’
mode shapes in the solution. An integration time-

port step of 2.0 10-% sec was used for both analyses.
al 9.75 The comparison showed the modal superposition method
.4 m) to cost less by a factor of 22.1 than that of the

direct integration method. Only 0.8 percent of the '
se for modal superposition cost is associated with the .
rack modal analysis; {.e., calculation of natural i !
The maximum frequencies and mode shapes. The cost advantage of : ’ ;
pad is the modal superposition method reported here makes ;
n for this use of the option in WECAN to bypass the calculation ; :
ad has of the forces in the linear elements(1,2),
of Fi S
1ca1. CONCLUSIONS
se.
d 11 f 1. The modal superposition method can be used to
he support determine seismic response of detailed struc-

tures which have nonlinearities due to gap
closure and Coulomb damping or dry friction
~ between two sliding surfaces.

2. Mode shapes with high frequencies must be
included in the analysis to represent static
equilibrium (deadweight) and rigid body motion
of the fuel rack system.

3. The maximum spent fuel pool floor loads and
rigid body (sliding) rack module displacement
result from the full fuel assembly loading
configuration.

4, The fuel rack system response is significantly
influenced by the structural interaction between
the fuel assembly and cell.

5. Significant reduction in computer cost has been
realized by using the modal superposition method
in 1{eu of the direct integration method to
determine dynamic response of freestanding spent
fuel storage racks subjected to seismic
excitation. .
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The Eifect of Liguids
tiotions of Immersed

1t is kuawon that the presence of liquids cur

This puper proposes u

. the dynumic analysis of moving systems in

Mem. ASME
immiersed solids.
in sucampressible, frictionless fluids.
‘W ment is ulso discussed.
™ _
~
o™
o Introduction
v’ll:..\h\'l.ll sohuds move ae eontaet witde liguids, te
deneds st be displaced ta neeommodite these motiens,  Fluid
primsires are generihied as oo resalt. Fhad forees oceir on e
whds due w the mtegeated cilect of these pressires.  {u this

aaner the ease of moving solius completely immersed i frictions
, enmpressible liquids is vonsidered.  In this ense, the Quid
“oree i usualdiy propoctional to the relative aceeierations of the
aeving solids, and therefure gives rise to an effective ur hyidro=
Jynamie mess, Where the lignids mnst flow dveamieally in
-mullhasazes, the hydrodynamic masses may be nany times
auger than the solid masses, even thogh the salids ay be of
argdecific gravity. For suck sestems, dynamie analyses oi
the ~olisd mations tanst masider the presenee of the liguids in
snded™ provide meapiiggind vesudts, 1 s expeeted thal the re
atlts of this paper would be found useful in the dynamic analysis
Af welear reactor amd steand generator internals subjected W
<istie ~sioek s well as in the dynamie analysis of some Huidic
leviees, melidingg fhaidie sliork absochers,

The soneept of 1the hivdodyuamie mass has heen deseribid
by Stoaes [1],0 Lamb {28, Birkhot! 3], Patton (4], and others,

"

_These renoris have geneealv consislered. the. motion of a singhe

Idy i a fhad, T this paper, existiag informrtion, pasticutarly
e Lavmie 2], ix applied to the dvoamie annlysis of systens
with more than a single salid completely imersed i a liguid.
The plan of presentation wdl he:  ta) analysis of two=ludy nue
tions with diuid conpling, () theery of naultiple-body mation with
hnuid eoupling, () experimental data on two-budy mutions

N ssdaeres e b ket s designate Beferenees ot end of pojer

Contridbuted by the Design Fagneermig Division and preseuted
ab the Vibeations Canferenre, Poroute, Canmla, September K-10,
1970, of "L, Avivineas Newrery or Meenasw s Fsnisesam,
Mniseript revewvedd st ANMED Hendguarters, Juneo 11, 1971, Pgeer

Na TV l00,

$xnrnal of Ensineerine for Industey

Ada

whether «t Huid sysiems way be considered |

Ixperimental dui

Formulus for hydrodynumic nusses are tul

with liguid conpling
degree-offreedom

Twoe-Body Motions

Crnsider the eus
by a liquid annulis,
surmunded by an o
radius b, The lengt
than b, The outer
the inner cvlinder 2
suned sl compa
be defined {similar te
mation):

v,

where

17, = nudinl fluid
Ve = tangentiui

‘The Huid is const

~evlindert-are at rest -

tional and ¢ will be

]

Q

Thoe comtinuity equ

A forin of slution
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P
oy
o

Trom equations (4) and (3)
M I R B R (6)

vhiere the prime indientes differeatiation with respeet to .
The sodiztion of this equatimy is rensmably straighitfornwwed,

Il hiond sobution is
' 18
|", - (; - .‘!) cas O (7)
¢

R (-I{— 4 .-l) sta @ ()
»hete

B o= '——(‘l:" (2 - &) . (9)
—a

enusy sl pny be o ealizd o bortial Lagpratggan syston, The
fLald res tion foree I, inosucho nosystem i pives by Lagrange's
eatttion
d dT, oT,
".r: _—— et . 13
I - s + r‘.u'.- ( ‘)

vhote £, are the geaeraliced eovrdinetes of rmotion and 7, s the

it Vioete vy, Te thb napar 7, will ceravaily be G trane

sy {bady 1), wnd Fy, will b thes il

Fationnd nuion ar aosedid

vesction foree on thad 2oitd hody,

Lebeet the cortrbution of the ke
eguntian (11 i the sebed netions ee weuimnd 1o be s

Lannel Udelnewes,

| I P T TTITR PO LT RPN

Lrmin

pestact Ao flued ¢ sSech on
et

[ER
T 2] considers a fow cane

ot o,
i thae bt terinn, N

Cordy et el ety

Il .

. . . RN o T e
ETE) I TSN ST O I KL PO P R ¢ N LR I RI KR I

Sl .
.".,.. Beo-e ‘ ! ) (i gmosivetel)

119 de 1 '
i, e j f o, PrialedB "y 4 1y
a ) -

From equations (7), (8), (i2), and {13)

(139

Fp e =Myh + (M o+ V)5 (14)

(13)

where Fy nud Fyuoare the fnid renetion forees on the inner and
ouler (:.\'limlun:\*, iespectively, and
AR

Fraow (M4 M)k = (My+ M 4 M)

}/.ll. 2= mx'l.p < goass of (hiid displaeed by the imu.-r‘I

l- evinder S

My = whtlp = massof fluid e could G the oater cy-!
Yindvica! eavity in the abisence of the (i6)

- —duner eyhinder i

—_ .- "b‘i—--- ‘-l .

[0y e an, L |

.- - ? - e : '
\/: b u )1 ]

—1ur the-ease af-concentrie spheces separied by a frictionles,
incompressible Nuid (see Figzo 1), the Quid forees that vesult frum
aw similare malysis are also given by equations (14) and (13) where
Fgonud Fogoarve the Quid reaction forees on the inner and outer
spheres, respectively, and -

4 .

M = é'rru'p = s of luid displiced by inser sphere
A . . :

My = ;—lrrb’p = nuss of fliid that could il the outer

sprheriend eavity in the nhsenee of the
inner sphere

(17)

Ay b3 b 2

M =

Syuthesis of Fiuid Forces for Twe-Body Froblem

Feguntions (V1) ancd (1533 may i developalin amore genersl
way. Cousider the case where fliid moiioa is determined by the
motion of immersed solids.  Similar to Lamb[2, p. 138], the fluid
kinetie encrgy is taken as a quadratic function

Loy Lhae dine T O N R TR T P R R e AL LLL R R T
A Yorthewo-bedy problem

2T/ = 4 ui‘-' + '.)A;:-h-'l: '* /:r;i)'
From eguations (12) and (20)
Fp = —Audy — duks

Fpa =Ach = duh ()
where awein, Fa and K oare the fuid reaction forces on soiid
bodies 1 and 20 Tho coeliicients A4 will now bhe determined.
A~ or this example thed teady 2 surrounds body 1, siniar
to the cordition of the problem abovo fur the ceylinders end
Now cquations (1) and (22) mie generally true for ol
volies of ol A MoA = 2y then the fhidd aceeleration is 5y
fb eve v point i meampessilile fuid and uopressure pradiod

eoints taertua the finsd Jdae b the Boid fuertia,

snhiers,

» .
A ()
G )

@y




Tioc: presme didribation gives rise toon basayaney foree of
< Architeedes tepe, sothat

Frose = (An 4 Audds = iy (24)
Fpwe =(Adn+ (‘1:).‘?’ ra =M, 7, 25)
from which : .
Auw+ An ~ =M : (26)
Ay + Ay o= M, 27)

cnd
My = the uecsof fuid displaced by the inner Lody

Ay = the tarsof fuid that would fill the body 2 in the al-
sceves of the inner bady '

Equations (26) and (27) pravide two relations. To evaluate
the three wnlinowns Ay, A, dg, & thicd relation is ueeded.
'. Assumie the coataining body 2 1o be statte, # = 0. From

N equation (21)

I“/l = "'Au.h =~ .””f| ((l('ﬁ:lk‘r‘ .‘,”) (23)
¢ As indieated, (quation (24) defines the term My, A, may he
' evalimted by mesnming the bady 1o have novelocity £ and by
3 the continuity of Jow, the Buid velueity distribution muy also be

evalunted. Tle fluid foree nay be evaluated using e conserva..

.;E n tion of momentum or by using equation (12), which rexilts in

[ 27 :
e LMy = Iﬁ’ (for £, = ©) (29)
o~ where T is ths fiuid Rinetie euerpy. Sinee the momentum rela-
Lo will pive the aid pressne which must be integeated to ob-
1o finid fones onoan inunersed body, the use of equation (29)
naundly b simplers From equations C21), (22), (26), (127),
LR, equniions 04) and (13) feliow, T, these relatinns

¥

wie e desived fram bavie inid mechanies sie also obtatie
£h0 by the misthod of synthesis deseribed abave.

The date in 7
:. piving Laslrodyanmie nuss relations where nosingle hody i in
o mation end is surroanded either by an anboundad finid initindly
K at rest or by nostatie container, B3y use of the above pracedare,
) these tubulatedt duta are transformable into hydrodynamie mass

e relations whare the single hady is either surronnded by o moving

s Oeontaber who-e ditaensions are large coimpared ta the single
FLady for the cases where a single body is showi in Table 1 or

I vhere the onter st fice far Cnxex 8, 9, 10, 11, snd 14 may be
conzicdeted in mintion,

™M The reader miav noie in eqention (14) that when 7 = 44, the
hydeodytamie mass My is i displaced mass avising from buoy-

snev.  The hybodynamic mas My in cquntion (14) is associ-
. ated with relative motinn and may e considerad aninertiznd
b syticere-fiitm etieet.  In gonersl, the hyvdrodyiaie mass can be

considered Lo ersist of thess buoyaney and inertial squeeze-film
cotfiproneits,

- il taeid et e contled by this ligeid, thee oetlod of syntheais
wdd failitite the
e ivdrodenaeoie forees. Thiv mettad isaun-
Yron eqaattions (19) and

. deserilicd nhoave for the two-bedy prabilem !
doterrainati

htipleshody prot:

— W, e AR ()

e I", rad S ere L D0 LS el vertoas EITHEN SRR RN TR

vy RICEI PRI U AN PN TS B 1", Pothe veolon cunagsoment of fuid

foree o cach - i hods weliere eoorthe Sedaalpece s aceelntion
af the teohid i av, o detenade the an poaent el AL we obe
seree Vhet s egomaiey 0 e e ey B, 0 el

sppty fos e, o decd Bl et o W ane i it

s : ’ . .

e b oare tepieal of some nvailible information

all ' wre equal. For this comdition the fhl forees are nandly
en=ily doterminalile, similar to the two-hody ease nlheeaky -
seribed.  With these Mhiid foress determinable, 1 sptinns nre
estahtished involving the emnpements of 4. There are wtn 4
1)/2 componenta of A whicl must he determined.  The re-

" puinbigg equations may be e~tablished by settingg ndl o, = 10 ex-

cept ane, £, and letting j = 1 to a, The values of the (uid
forces are most ensily determined if only one body at any one
time is allowed to move, It is suggested that these fuid forees

would be determined from the continuity of flow and by use of -

equation (12). Although it is diffienlt to prediet all the possible
comfigarations that may be met in prietice, it i< suguested that
in solving the coatinuity equation, some method of series and
paralel flow impedaieces might be considered, annlogots tn an
clectrie network analysis.  Following this preseription, the come
ponents of the finid mass natrix A in equiation (30) are deter-
mincil.  These fluid farces are then considered along with other
furves present, ta arrive at the complete dyuanie solution,

For the multiple-body problem the analyst mny find it more
convenient to synthesize the dynamie problem by considering
the response of single channels, The presanre distribation of
these channels can be written in terms of entranee and exit finid
velorities and chnnnel wall motimee determined by the motion
of immersed solids, By considering continuity and momentum
or continnity and Lagrange's equation, a series of cquatinns re-
sult.  The pressure distributions are then considered n< elements
of dynamie Torce generation in the equations of motinn of the
sulids.  An ecigenvalue prublem resuits, which ean be solved to
develop the solution for frequeney and deflectional responses,
given the necessary boundary ennditions.  In many cases, it
mauy he necessary for a fluid speeialist ta viork with the dynamies
specinlist T de-elop the sobation fur the eomplex fluid -=alid
problen. ' ’

i some eases, (nid compressibility nets i cenjunetion with
flaic! ineviianee or hydrodymamie mass to eanse frequeney modes
Lugely due to the Duid. An example is a {Telmbolz resonator
formed by a ta! 2sheet vibrating relative to an ndjaeent plenam,
Oseillation of the tubesheet must he accompanied by displace-
ment of the fluid.  This displarement can be accommodated
by the vompressibility of the adjacent fluid and by the flow
throngh the tubes which saises an inertianes offeel. e anther:
develape ' equations of motion fur such systens by first e NINE
that cor ressibility wis 5o Jow that only tube flow was im-
portant.  The methads of analysis of this paper were then n=ed
ta devel - dynamic equations.  Then, the tube flow impedance
witx tiss iod to b sa high that compressibility effects pre-
dominat . Lt sueh a case it was easy to write the equatinn
for n fiv § spring. Tt was then an easy step 1o write n cons
tinuity 1 uirement considering bath effectz. Another example
of sneh a ilelmholz resouator which interacts with the mechanieal
syatem eenrs in the analysis of violins,

The Eifect of Fluid Dariping

The preceding analvis assumex frictionless Muid. The
enginceving designer must have some guidance to judge when a
fluid may be considerad frictionles. Some guidance is presented
here,

The frictional pressine drop s psumed to be braed o the
Darey [riction factors, obtained from steady-How data,

AP = — —p 31)

wlere

o friehonn) ypesare drop

e Binrey {oiction faetor

foov tenpthoof chonned - )

Vo el by elaity, nesamed aniforo i ehanae!
g hetd s density

Vooag aw a7 /10
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The frictisind encrgy is
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Usingr eontions (33), equation (32) may Lo integrated cver a
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he effective linear donging eooMeent bomze he deteanined

uy sellingg £y, = 1, with the result

2 f‘.c,’I’.A
b ome omm T e

(36)

KSR
A paranteter 28 may e defined where i@
U
2% = = 37
L g 57

mnd M, == Guid mass, 28 i the ratio of the damping impedance
ta the inertial ircpedanee. £ ia similar to o feaetion of eritieal
damping for a one-degree-of-freedom system with linear damp-
ing b, wmnss My and naturad fiequeney . From equidtions (36)
and (37) and with M, = plA,

ag o 2 AT
=%

n (3%)
A we :
Turther, if Ue = wry, from equation (3%)
2
2 = - Jre (turbulent flow) . €19)
3r

"IN Bguation (39) defines o dimensionless number, a damping
parameter, that sitould provide o reasonable measiie of the tatio
ANof fluid feiction o fluid inestine We recall that i equation (59

S = tha Durey friction faetar fur turbulent Qow
7¢ = the distmuee that the fluid moves in an oseillatory evele
(amplitude of sinusoidal motion)
s ze b aid cheamel spreingg

K9

Aosiritar analesis for laminay flow through aoparallel plate
ehineiel pives the restit

12: :
- e T (laminar flow) (40)
wet

.
Waere

y = fluid kinematie viseosity
@ = angalay frequeney of oseillatory niotion
¢ = fluid chasucl spacing

~r

. ™~ If the conrept of tiis danping parnmeter 28 is reasonable

o 1] $ :
N)lhcn the aesuneption of o Oictionless Muid must require that 2§
-t he el smadler than 10 The quantity 2% will later be

ealculated for some test enses,

Fliid Coiipressivility

The precedine slysis assnme:dl an incompressible  fluid.
Where tiwe possibifity of s finid spring is present, it s usualiy o
steaiph Mo wiad eabalation to detevmine i the volume storage of
o fiud s peboy will adfoet the continuity balanee.

The applicatian
of this paper is fuvther roatricted (o cases of sowall Maeh vamber
(less thay cheeil 10 pereent) and easex where the (v ol
lengih sl comnpared fo the wave length for prop:
vibiratory o}

el

Sabanees gess than about 10 pereent), in order to
avoid the possibiliiy of staading-wave eficets.

sy o fe Tl Mals

Foonate Do Flaene 0] vibr toed o cirealne enntilever tabye
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seented to apree exactly with pralistion, Forother points of Tis
graphed data, the variation between measured natural frequeney
and pradicted natural frequeney was typieally less than 2 pereent.

Far b/a = 1.2 and a frequenes of 29 eps, the nmximum value
of the leviolds numbier diving the vibratory exvele is estimated
from Keane’s ddata to he 200600 Tarbulence may be assuoesd
to ceenr if the Reyuolds number is greater than 3000, Thus,
the water surrounding the beam ean be considered turbulent.
Relation (39) gives a value of 28 of 0.08, using a friction factor
ol 0,025, This friction factor is taken from Mawdy [7]. Sinee
2F = 0.03 ix much amalier than 1, the concept of this damping
parameter woukl imply that the fluid coudd be considered essen-
tially frictionless,  The fuet that the data ou nataral frequeney
agreed so well with theory wonld tend to validate the assumption
of o frictiontexs fliid, The amplifieation i Keane's 1est was
about 13 at resonanre, which ean also be considered as evidence
that the overall inertial inpeilance ix considerably greater than
the overall damping impedinee.

Data of Fritz and Kiss, Fritz and Kisx {S] reported the results
of a test on a solid aluminnm exlinder lexibly supported within a
rigid evlindrieal container.  ‘The equipment was vibrated on o
shaketable.  The length-to-dizameter of the evlinder wa< abomt
1.0, The evlinder wax swrronnded hy a thin annufar finid which
wis free 1o low axially ns well as eitenmferentially.  The naturnd
fregquency was Liken as the frequeney at which the vibrational
amplitude of the eylinder reached its maximum value with a con-
stant table amplitnde,  The axial and ecirenmferential hydeo-
dynamic masses were combined ty shown in tiem 10 of Table f.
The navural froqueney of the evlinder in air was 3305 eps. With
water survonnding the evlinder, the frequeney was redaeed to
17.0 eps, which gove very =atisfiactory agreement with the pre-
diction of 16.9 ep<,

In reference [S] the Reyvuolds number was estimated 1o be
4500 which was considered turbalent. The value of 28 is ealeu-
lated from equation (3%) to be OUES, usingg the data from refevence |
1S]: £ = 04, Vy = 52 fps, 0 = 2% (17 eps), o o= Q000 in,
Ninee 28 ix much less than 1, the assumption of a frictionless
fluid should be valid.  ‘This is validated in that the use of the
hydrodynamie mass eoneept in reference 8] provided a very

2 =2 5
VL
=1e
§ 81" ;
fluid arrulus. ®
JSNnY
of widih ¢ -——— - :
3
G WA f> i |
o el
034 ‘d_ i ot ‘ i
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aecmate etinate of e watural Degrueney in the presence of - Talle 2 Calculativas of 2, reletions (39) o (40), tor squipmant sthown
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_"l‘lm.mulinu af the cumyilex niray it then selated to the snotion of
the <paple Many foitas of this teansformation
Leaias V101 n,-uxlu! in the Ltertine in eguations which e in
bl witbont dynamie eongting, that iv, fur the
lu- re ll.a tee « mntrix is disgonal in the dynamie equations.
coeredt U

el lators,

ansformations to b ased for the case of dyanmic
coupling, where the muss matiix i« nondiagonal, is. given by
MeCalioy i referenes (6] The ecthads of bvdrodynamie
aradyais of this paper genesally result in dynanie coupling nad
shoald therefure wee MoCalley's relativns (or equivalent) when
treating Muid effects in a ndti-degree-of-fresdom nnalysis,

Summary

Sone nvnilable telantions nie given in Tuble 1 for hvdiodynamie
musses for motions of a single solid bady fully inmersed in a
frictionless inconpressible fuid, - ‘This paper proposes s methad
of using thee twa-hedy
hady ix shown in

vesnlta Tor motims, Where nsingle
Tuble ¥, the secone body ix considered larpe
compaic ! to the single hady, For enses 8, 9, 10, 11, and 14
the onter surfaces may be considered fn arbiteary motion, Some
ruidelines e proposed tn establish the conditions of frictionless,
incompressible flow. The cose of mations of multiple immersed
salids is eomsideresd, Compitrisons o lest dala indicated favar-
able nzrcement.
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‘Added Mass and Hydrodynamic
Damping of Perforated Plates

D. F. De Santo

Senior Engineer {Dynamics).
Westinghouse Research and
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Pittsburgh. Pa 15235
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Vibrating in Water

Experiments are described in which the fluid dynamic forces acting on perforated
plates vibrating in water were measured. The test results are expressed in terms of
added mass. and hydrodynarmic damping. Dimensionless formulas are presented -
which give accurate values for the added mass of the plates tested and which vield

satisfactorily conservative lower bounds for the hydrodynamic damping force in
both the lineur and nonlinear (large-amplitude) dumping range. The formulas for
added mass and for low-amplitude damping apply to plates of any thickness that
have any uniform square pattern of circular perforations. All of the results are
general in that fluid density, viscosity, vibration amplitude, and frequency are all

Jree parameters.

| Introduction

J

The purpose of the investigation described in this paper is

o determine the fluid-structure interaction effects ol coolant

iquid on the natural frequency and damping ol vibrating

forated plates (such as lower core support plates), which

wtitule important components ol nuclear reactor internals,

Natural frequency and damping are critical factors in
Jetermining the responses of reactor internals structures 1o
various  excitations including steady flow forces, pump
pulvations, and scismic motions. Natural frequency is af-
tected by the added mass associated with the inertia of the
tluid that is Torced to oscillate when the structure vibrates.
lotal damping is the sum ol the hydrodynamic damping and

2ihe mechanical damping. Thus, it is necessary to evaluate the

-

e ummmEitee- SRR

added mass and hydrodynamic damping when predicting and

lnalyzing the vibratory responses and stresses of internals
vomponents.

™ Important information pertinent to the added mass and
Jamping of perforated plates has been published in references

™M and 2], as well as in other sources. The scope of that in-
formation is limited, however, in that it is restricted to either
single (mainly thin-plate) orifices, or to the lincar smali-
amplitude regimie, or 10 gises. The present investigation was
motivated by the need 10 acqesise reliable experimental data on
configurations  and conditions  representative of - reactor
-applications, These comprise: - S

o reltively thick plates having multiple perforations with
adjacent holes spaced sufficiently close to cach other to in-
teract appreciably

‘o aliquid medium (walter)

¢ large-amplitude vibrations in which nonlincar effcus are
important.

nributed by the Pressure Vessels and Piping Division for publication in
JOURNAL OF PRESSURF VESAH) TrenNooay, Manusenpt receined at ASMF
Heasdyuarters, February 9, 1981,

Journal of Pressure Vessel Technology

In this paper, the apparatus that was developed to measaie
the in-water added mass - and hydrodynamic damping ot
perlorated plates is described, and test results are presented in
peneral dunensionless Torm. Semi-empincal Tonmulas are
given tor computing the udded mass and lluid damping ol
plates vibrating with arbitrary amplitudes and frequencics in
uids of arbitrary density and viscosity. Comparisons are
made between the results of the present study and existing
theory, showing close agreement over the entire amplitude
range investigated in the case of added mass and, in the case
ol fluid damping, giving satisfactory correlation in the low-
amplitude range within which the theory is valid.

2 Physical Bases of Added Mass and Hydrodynamic
Damping

The term **added mass' refers to the apparent increase in
the inertia of a solid object immersed in a fluid over ity inertia
in a vacuum, the in-fluid inertia being defined in terms of
aceeleration with respect to a tluid container that is fixed in
incrtial space. The added mass effect is it manitestation ol the
inertiae of the fluid that must be set in motion as the iamersed
hady iy accelerateds the added mass iy theretore proportionild
1o Muid density. In the case ol a perloriated plate, the added
nrss cirbe very large compared wath the mass ot the phare
tsed bl the total hole arca is substantially less than the total
(hole plus solid) plate arca. Then, the flow must be ac-
celerated to high velocities in and near the perforations as the
plate moves through the fluid. This involves high inertia
forces.

The added mass associated with an accelerating immersed
body can be eapressed in terms.of the kinetic energy of the
Muid

KE, =

l .
:"l.,V: (1)

or
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m, 2 KN,/ )

where m, is the added mass and ¥, is the velocity ol a

. reference point on the body. Physically, the inertia force

associated with the added mass consists of the resultant of
fluid pressure forces acting on the body surface; this resultant
force vector is collinkar with and opposite in sense to the body
acceleration vector. In the case of a rigid perforated plate
accelerating normal to its plane, the difference in fluid
pressures determined a short distance away from the plate
surface on either side provides an accurate measure of the
added mass. (Sce Sections 3.2.1 and 4.1.)

The term *“‘hydrodynamic damping’ is used to signily
mechanical energy dissipation associated with the motion of a
solid through a fluid. The hydrodynamic damping force is a
drag force that is velocity-dependent rather than acceleration-
dependent. In the case of a perforated plate, this force
comprises not only the streamwise shear forces along the
surfaces that are parallel to the direction of motion (i.c., the
hole intciior surfaces), but also the normal-pressure forces on
the plate faces associated with low separation and other
energy-loss effects. These normal-pressure and shear forces
are in phase with velocity and act in a sense opposing the plale
motion. They are ultimately due 10 Muid viscosity, and it
relatively low velocities are proportional to the square root of
the viscosity. (See Section 4.2.)

3 Test Apparalué and Procedure

3.1 Experimental Model. A sectional drawing of the cx-
perimental model used in this investigation is sShown in Fig. 1.
In the model, a perforated plate is mounted on a rod sup-

Ported by ot prunde spromgs o that pacatiel vapded e
the plate ' piston™ iy achieved. Sinusorckal oscillanon i
plate is produced by an clectromagnetic shaker: the amphiud.
and frequency of the plate motion arc mecasured with
calibrated accelerometer. Different resonant frequencies cai.
be obtained by using different titanium tuning springs.

Where the rod penetrates the end wall of the chamber
which the plate vibrates, a metal bellows is used to scal agains:
leakage of fluid around the rod. An identical bellows is used
on the other side of the plate, so that asthe rod is translated.
the volume source effect of the expanding bellows is com-
pensated exactly by the volume sink effect of the othe
bellows. This circumvents the large springlike force (opposing
the motion) which would exist if an unsymmetrical bellow.
arrangement were used.

The radial clearance between the edge of the plate and the
inside diamcter ol the cylindrical chamber is abour 1
microns, which is sullicient 10 guarantee freedom trom
rubbing and from any significant damping effect duc 1o <heis
stresses developed in the fluid in the annulus. This, togctiv:
with the guide spring design employed, the use ol fow-
damping bellows seals, and the mounting of the model on a
massive 7 em > 71 em xS em steel spring-supporied seisnne
base, assures that the extrancous (i.c., mechanical) dampig
of a sufficiently lower order of magnitude than the
hydrodynamic diumping being measured.

Stainless steel and brass are used [0 all wetted parts, o
avoid corrosion problems.

Three plates were tested. Theseare shown in Fig. 2. Plate |
is 4 guarter-scale partial model of the orifice portion ol
pressurized walter reactor lower core support plate. Plate 2 has

L]
Nomenclature
o : lgy = effective length of hole
A = cylinder arca = A = KE, = kinetic cnergy of fluid Y., = acceleration  magnitude
x)i/4 . motion ol Lirst eycle of decaying
A, = clfective piston arca of m = mass ol single-degree-ol- vibration
one bellows seal freedom sysiem ¥+ = acceleration  magnitude
A, = hole arca plus annulus Am = mcechanical massy  in- after - N cyeles o
area crement decaying vibration
~ A, = elfeclive solid arca ol m, = added mass due 1o Huid - lactor used in computing
platc = A, = A - A4, inertia damping by bandwidih
- A, -m, = structural mass method (see equation (7)
o) A, = A, =A-A,=A. + m, = (otal mass = m, = m, and Table |)
N +m, -6 = log decrement damping
~r b = pitch of holes in a square N = pumber of cycles used to 3, log decrement damping
array compule damping by duc to tluid
~N ¢ = I:!qid damping cocf- dcc_ay mcthod . v 6, = log deeremeni Qampilng
ficient ap = oscillatory  differential due to mechanical and
™ d = hole diameter pressure across plate windage losses
’ D = cylinder diameter " vibrating in fluid 8, = total log decremeni
F = vibratory force applied Q = volume low rate of Nuid damping: 6, = 4, + 6,
by shaker . through open arca of v = Kincmalic viscosity ol
F, = hydrodynamic damping plate fluid
force ) T = 1emperature of water p = massdensity ol Thid
- - Ju_= natural  frequency ol v absolute velagity of Huid " mass densily ol structure
vibration c 77 inholes - - w circular _frequency . ol
i /s = frequencies (above and V, = relative velocity ol Huid vibration :
below  the natural in holes w, cvircufar  nataral  Tree
frequency f,) at which V. = velocity of  reference quency
drive force amplitude is point on moving body w,, = circular natural  fre-
stated multiple of value x = displacement ol plate gueney in air
at natural frequency, tor (normal to its surface) Doy = circular  natural  fre-
constant  motion am- X = velocity of plate with queney in waler
plitude respect 1o eylinder W 3 circular  natural  Ire-
{ = length of hole (thickness & = aceeleration ol plawe quency  with  mass in-

of platc)
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with respect 10 eylinder

crement Am
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Fig. 2 Stainless steel plll.l- used in expsrimantal investigations of
added mass and hydrodynamic damping

the same hole pattern as Plate 1 but is three times as thick; it
was tested to determine the effect of hole length. Plate 3 is not
perforated. Its diameter was specified 10 yield the same flow
area as Plates | and 2 but in the form of annular clearance

‘ tween the plate outside diameter and cylinder inside
ameter. All three plates are stainless steel, and in all cases

e test fluid was walter in room temperature.
Figure 3 is a photograph of the model.

Journal of Pressure Vessel Technology

Fig. 1 Apparstus for determining added mass and hydrodynamic damping of perforated plates vibrating

.

Clectromagnelic

Pressura . Sliaker -

Transducar ressure
Transducer

shaker drive

3.2 Test Procedure

3.2.1 Measurement of Added Muass. For cach of the three
perforated plates, the mass of the vibrating system was lirst
determined in air. Then the apparcni mass in waler was
determined. The added mass was found by subtracting the in-
air value from the in-water value,

The vibrating mass m of a “single-degree-of-freedom
system! is given by )

U"The pertorited-plate meaxdel may be comvidered 10 he a single-degree-of -
treedom sysiem becaunse the eylimdersbase assembly iy soomuch mure massive
than the perjorated plate assembly that the base s essenhially motionless, Flus
wis verihed by measienenis ol the base vibratory aceelerahon,

MAY 1981, Vol. 1031177
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where w, and w, 4, are the natural frequencies of the system
with and withoat the addition of an incremental mass Am.
Thus, if the natural frequency of the model is mcasured

before and after attaching a known mass Am to the moving
platform, cquation (3) can be used to compute the mass m.

Performing the compuiation for the-dry model and fluid- -

filled model yields the difference in apparent mass, or added
mass,

Actually, since the stiffness is the same with air or water,
attaching A need be done only for one model condition (full
or empty). For example, if the incremental mass is used with
- the emply model the approfriate expression for the added
mass m,, is

Doy

w"n.u ‘h
e | @

where the subscripts have the obvious definitions.

In the experiments, a mass Am of 190 g was used, and the
natural frequencies were determined by varying the excitation
frequency of the shaker until maximum motion of the plate
(resonance) was obtained for a given applied force amplitude.
The results of these experiments were verified by bump tests.
Determinations were made at various natural frequencies of

vibration, corresponding to different stiffnesses and masses .

of the system. Different amplitudes were also investigated.

" The added mass was also determined by measuring the
oscillatory differential pressure across the vibrating plate
using two transducers flush-mounted in the cylindrical
chamber wall a short distance from cither side of the plaie
(FFig. 1). The value of added mass implied by the results ol this
type ol test is given by

m,=A4apl/1i%t (5)

where A, is the effective solid area of the plate (cylinder arca
minus total open irea minus the efTective piston area of one
bellows seal?), 1ap! is the magnitude of differential pressure
across the plate and 1x| is the magnitude of the plate ac-
- celeration (see Appendix).

3.2.2 Measurement of Hydrodynamic Damping. Three
different methods were used to measure the damping ofl the
plates in water at various vibration amplitudes and natural
frequencies. These methods are described in the forthcoming.
The first of these techniques was also used 1o measure the
damping in air, so that allowance could be made for this
relatively small nonhydrodynamic component of total
damping when interpreting the in-water test results.

The logarithmic decay method was employed to determine
the damping in 2ir and at relatively low amplitudes in water.
With the shaker disconnected, the movable platform of the
model was given an impulsive motion by cutting a stretched
string or siriking the platform with a rubber maller. From
photographs ol oscilloscope traces of the ensuing transient
signal from the platform-mounted accelerometer, the
logarithmic decrement 6 was determined using the following
well-known cquation (sce e.g., reference [3)):

.
*The cffective pision arca of cuch ol the two bellows scals used i the ex-
periments is .48 ¢m*.

178/Vol. 103, MAY 1981

Tablo | Bandwidth method 101 determmnnng damping 0 .,
vibration ampiitude -

Drive Force Amplitude W
48 up 3 - 6 10 | 20d8
Drive Force A mplitude,
Muftiple of vajue 1.414 2.00 | 3.16 | 10.0
at Resonance.
a 1 Tv3 3] 9.9
_ "( fz - ’1 )
afy

6 = damping ( log decrement)
fn = frequency at resonance

'l' 12 = frequencies { above and below f, ) at
which the drive force amplitude is the
stated number of dB above value at

resonance
1,y
d= in =2 ({3)]
Ny,
where
N = number of ¢ycles
Yo, = trace amplitude of the lirst cycle
Y~ = trace amplitude after N cycles

The total damping &, is the sum of the mechanical damping 4
and the hydrodynamic damping 4,, all evaluated at the same
Frequency andd amplitude of vibation,

A sceond imcthod used 1o determine damping was the
handwidth mithod, in  which the plate/rod/plattorm
assembly was driven at constant vibration amplitude while the
excitation Irequency was varied. The frequencies f, and /-
which the drive toree magnitude incicased by o speciticd
amount over Lhe loree at the resonant frequency f, were
recorded and the log decrement damping, 8, was calculated by

6=TU: —fl )/(‘Jn) (7)
where e depends on the specitied simount of foree increase otf
resonance; see Table L. In these tests the vibration amplitude
was hcld constant by an automatic control system while the
frequency was varied manually and the force measured by a
piczoelectric Toree gage that coupled the shaker drive rod to
the moving platform (Figs. | and 3). ‘

A third method employed in the damping mcasurements
was the damping force mcthod, in which the logarithmic
decrement damping was determined by measuring  the
magnitude of the drive force, 151, at resonance at given
magnitudes of plate vibratory acceleration, |¥1. The equation
used was

b=xll1/(mixl) - {K)

Both the bandwidth method and the damping torce method
are useful in cascs where the damping is strongly dependent
on amplitude, as was found to be the case in waler except at
very low amplitudes. The decay method is particularly good
when the damping is low and not too nonlincar.

4 Discussion of Test Results

4.1 Added Mass. Results oblained for the three plaies
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Fig. 4 Values of /gjeciive/d used for determining added mass of a
perforated plate vibrating in fluid

Sy,

-

sing equation (4) are shown in Table 2.’ Because of the
cater amount of water in the longer holes of Plate 2 com-
ared with Plate 1, the added mass of Plate 2 is greater.

The volume (low rate of walcr through the open arca of the
plate is

] Q= (A, +A))% ' )
where A, is the total open arca (hole arca plus annulus arca)

and x is the plate velocity relative Lo the cylinder. The average
velocity V, (relative to the plate) of the water in the holes is

v,=Q/A4, (10)
- The absolute velocity is
V=V, -x ()
or, using cquations (9) and (10),
V=A.x/A, (12)

Representing the moving fluid by a volume of cross section
area A, and cffective lengih /,,, we can express its kinctic
¢ncrgy as

l >3 Y -y

KE, = 3 oAl V2 = ) plou A3/ A, (a3

From cquation (2) with ¥, replaced by X, and [rom cequation
(13) we obtain the following expression for the added mass

"’u=0A/,I.-|n(A.-/Ah)" (14)
From equation (14),
T M I (AIAL)?
I = Ml {A AR (15)

[ pA;,

‘r any number of identical holes of length /and diameter d,
|

y
For Plates | and 3, these results were contirmed by pressure mcinsusements
teyguabion (5)).
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equation (15) can be written in the following ditnensionless
form

m, /(A /A"
pA;.‘d
Equation (16) was used to compute values of /,/d for Plates
I and 2. These are plotted in Fig. 4 for the values of 7d
corresponding to the two plates (/ is the platethickness). Also
shown in Fig. 4 is the theoretical rclation between /., /d and
1/d obtained when values of the lest parameters are sub-
stituted in the following analytical expression (references [l

and 2]) for circular holes in a square array:

PR

where d/b is the diameter/pitch ratio. The agreement is seen
to be very good.

Computations made using equation (15) and the added
mass determined experimentally for Plate 3 yielded the value
Iy = 2.57 cm for this plate. This is 55 percent greater than
the value 1.65 ¢m similarly compulted for Plate 1, which has
the same thickness (0.96 cm) as Plate 3 and has the same open
arca. The greater effective length for Plate 3 (i.c., greater
added mass for the same effective solid arca) implies that
greater fluid kinetic energy is involved in pumping the water
through a peripheral annular orifice than through distributed
holes having the same total flow arca. This is consistent with
the Tact that {or circular holes, reducing the number of holes
while keeping the total open area and the solid area (4, and
A.) constant will cause d, /,, and m, to increase (cquations
(17) and (14)).

Icll”d= (16)

(7

4.2 lHydrodynamic Damping. In a number of cases more
than one method was used (o determine damiping in the same
amplitude and frequency range. In many ol these cases the
agreement between these results was very good and the values
were averaged.

In other cases the results differed by as much as 20 percent.
The reasons for these discrepancies are not known, but in
view of the fact that damping is usually difficult to measure
accurately and that experimental values generally exhibit
considerable scaller (see, c.g., refereace [1]), the present
outcome is not surprising. The overall damping results are
considered to be reliable. _

(In all cases, the measured values ol 6, the total damping
in  waler, were  corrected by subtracting  out  the
nonhydrodynamic component, §,, of damping obtained from
in-air decay measurements. This latter component comprises

“mechanical (spring plus bellows) and windage losses. 1t

represents a relatively small correction; typically much less
than 10 percent. Mcasured values of 6, ranged from 0.0165 to
0.524, whercas 4, ranged from 0.0016 10 0.0070.)

The damping results  were  transformed  into  non-
dimensional form in accordance with the procedure of
reference {1). This comprised two steps.  First, the
hydrodynamic damping 4, was cxpressed in terms of the

© dimensionless damping parameter 2/ (AV, p Vew), in. which

F, is the hydrodynamic damping force whose magnitude is
given by ’

\Fl=muw, 1x18,/% , (18)
the relative fluid velocity -V, is given by
vo=(2 l)x (19)
L]

e damping loree mapmiude Wby 1,0 = e bvl, m which the tiod
dampimg cocthivient ¢, can beexpressed as ey = mw,, /8 (e, eap., reterenee

i
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Y = magnilude of redative e veiooly leomgi ngie: o' /\lJl\hI

v =circular vigration frequency; v - kinematic viso-ily ! fluid

Cylinder inside diameter 0 = 0,4% ¢m

L%
Platel: 3 =1 -5=.19

py

Dia.d=12¢m
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Unear theorye, Plate ]~
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1

A4 42l
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Fig.5 Damping versus relative flow velocity through holes of parforated plates vibrating

in water
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V, = magnitude of relative flow velocity through annulus =VD {A IAh)
Fy = magnitude of hydrodynamic damping force: A= m D2/4; p =fluid density
v = circular vibration frequency, v =kinematic viscosity of fuid
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Fig.8 Damping versus relative iow velocity through the peripherat annular clearance of
& solid circular plate vibrating in water at a frequency of 50.45 Hz

in accordance with equations (9) and (10), A is the cylinder

area, w is the vibration frequency and w, the natural

frequency, and » is the kinematic viscosity of the fluid. The
dimensionless damping parameter is then expressible as
L - maw,A,b

FAY, i)y =~ o

TA(A. +A,) 0 Vi

Next, the amplitude of vibration was expressed in terms of the

dimensionless amplitude parameter V,/

(20)

vw which in ac-
cordance with equation (19) can be written
V,/\/Fu=('ﬁ‘ +1)irVow @1
A,

The parameters given by cquaﬁons (20) and (21) constitute
the axes of Figs. 5 and 6, in which the experimental data are
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plotied in dimensiondess Torm.® In this form the resulls are
generally valid for plates of any siz¢ that are geometrically
similar to those tested, and the results are valid for values of
vibration Trequency, fluid viscosity, and densily ditlerent
from the experimental ones. At low amphiudes the ey
perimental results Tor the perforated-plates, Fig. S are closely-
approximated by lincar theory (relerences {3 and 2)), namely

S - ! LA R
I1/(AV,p\/uu)—‘/8[{l+l—4(’,) ] (2Y)

which gives slightly conservative results (the calculated
damping values are about 15 percent lower than the measured

4
To deteromne values ol the absesssa (dimensiontess aniphtude), the guaniiny
wlxl has been substtuted tor v an equanion (21).
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Table 2 Measurod natural froquencios and added massos ol par-
lorated pletes
PlalaNo. -~ In-air Natural In-water Naturai Added Mass,
Fl_ﬂquency, Hz Frequency, Hz kg
15.05 © 1315 0.45
<60.15 53.60 .45
4.2 40.68 .99
50.45 .70

. 59.70

vialues). The range of validity of the lincar theory is aboat V, /
vmo < $for Plate 1 and ¥,/ Vow < 3 tor Plate 2. Thus, for
low amptitudes equation (22) is universal in that it applies to
peneral square arrays of circular holes in plates ol arbitrary
thickness as well as arbilrdry vibration [requency, fluid
viscosity, and {luid Jensity.*

Whercas at low values of V,/ Vow the damping force is
proportional 1o the first power of velocity and to the square
root of viscosity (equation (22)), at higher values of this
parameter the damping force is proportional to the square of
the velocity and is independent of viscosity. In this nonlincar
range (V,/ Vvw greater than about 20), the cxpcnmc.nlal data
are satisfactorily correlated by

F,/1(AV,oNvw) =0.7 V,/\ww for Plate 1 (23)
F 1 (AV, p\Vvw) = V,/Vvw for. Plate 2 (24)

The values of the numerical coeflicients have been chosen to
eigslightly more conservalive (i.e., lower) damping values
than would be given by a lcast-squares fit. Unlike the lincar
rugf,lc in the nonlinear regime there is no analyue expression
giving the dependence of damping on //d and h/d. Therefore
Topsyalues ol these two parameters significantly far outside
the_gange investigated, accurate delermination of damping
cquire further testing.

ondimensionalized damping results for Pline 3 are
N separately in Fig. 6. The damping is slightly lower than
thas of the perforated plate of the same thickness (i.e., Plate
1). Comparison of the results on an analytical basis is difficult
because ol the difference in shape of the ow openings. It
may be noted, however, that the streamwise wetted area of
Plate 3 is considerably less than that of Plate 1, which implies
lesy drag from that source.

Résults of reference [1] indicate that for single orifices in
thin plates, the transition (rom the lincar to the nonlincar
viﬁ‘bsity-indepcndem regime begins at a value of
V, /N rw=3. This is in general agreement with the experiments
repdied here, as are the other general results of the reference
[1) damping studics.

e experiments performed thus far have been restricted to
the case of systems with zero steady flow component. Similar
investigations of vibrating perforated plates in a flowing
water system would he desirable; such tests would be con-
siderably more complex than those performed up 1o now,
With steady flow, the characteristics of the hydrodynamic
damping can he expected 1o change significantly; specifically,
the lincar regime might disappear Tor steady flow velodities
vompirable 10 those in typical nuclear reactor applications,
However, for configurations similar 10 those that have been
tested, it is believed that the damping is likely to remain
relatively low and that the effects of the steady flow on the
added mass would not be great.

esulty presented in reference {1} suggest that this and the other per-
foratcu-plate test results may be applicable 10 gases as well as 10 liquids.

[3
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S Canchesions

e In the vibration ol partorated plades typicid ol PWR -
ternals, 1the added mass due to the water can be o signiticant )
fraction of the structunai mass, Phe added mass can reduce i
the natural frequency to a value significantly below the in-air : .
value. b
® Mucasured values ol the added mass m, of the perforated
plates tested in this study are accurately given by the lfollowing
formula, which applies to uniform circular holes-n square
arrays:

AX[, 8d d :

m,=p — [/+ — (l - —)]

A, Ir M 2b
In this formula, p = fluid density, A, = effective solid area
of the plate, A, = total open arca, / = hole length (plate
thickness), d = hole diameter, and » = hole pitch. No
systematic variation of added mass occurred over the range of
amplitudes and frequencies surveyed.
® The hydrodynamic damping of vibrating perforated plates
comprises (wo regimes: 1) a small-amplitude linear (con-
stant log decrement) regime where the damping is propor-
tional to the square root of kinematic viscosity; 2) a larger-
amplitude nonlinear regime where the damping log decrement
is proportional to the vibrational velocity and is independent
of viscosity.
¢ The nondimensionalized hydrodynamic damping of a 0.96-
cm-thick plate with muftiple perforations was found to be less
than that of a 2.85-cm-thick plate having the same hole
pattern, and slightly greater than that ol o 0.96-cm-thick pkie
with the same solid area but having all of' the open area in the
form ol an annulus at the periphery.
® The experimental results Tor the two perforated plates can
be correlated to yield the following analytical expressions tor

satislactorily  conservative values ol the  hydrodynamic

dampinog toree /) {
y i
2.85-cm-thick plate lix
. , e LA L %
l~,=,lt,pvuw»x[d tl --4(1)) J‘L',/V"“’<3 ;

- ¥

Fi=AVIp Y, /N v >20 ) .

) L 4
0.96-cm-thick plate ~ §
. - ! xrdy? - :

= 3 - - . - [ TR i

F, AV,p\/vu\S[d+| 1(5) ].V,/\.vu.<5 .
Fi=0.7 AVip,V,/Vrw>20 _ ﬁ

where A = cylinder arca, V, = average relative flow velocity
of fluid in the holes, » = fluid kinematic viscosity, « =
circular frequency of vibration, and thg other symbols are as ¥
defined previously. i
¢ in those regimes where comparisons are valid, the results of i

this investigation are in genecral agreement with thosc reported

in reference [1], which deals with single orilices in thin plates.

* An extension of the experiments described o the case of

Nowing water systems is desirable and would be likely to - y
revead significant effects ol the steady flow component, I‘;
especially on the hydrodynamic damping.

The author wishes 10 acknowledge the valuable con-
tributions of D. V. Wright, H. J. Connors, A. R. Hess, and
K. B. Wilner of the Westinghouse R&D Center to the ex- Y |
perimental phase of this investigation. )

N

{

References &
1 Panton, R. L., and Goldman, A. [.., **Corrclaiion of Nonlinear Orifice ' ? %
MAY 1981, Vol. 103/ 181 .



Linpwsdance, ™ Jowenad od Nenwstionl Society of  bmeraa, Val 6, N [
1976, pp 1 VR § Y,
2 Beranek, L. L., “Acoustic Components,”” Chap. §, Acousics, Micaw-

Hifl, Mew York, 1934, p. 134,

Y Thompaon, W. T., “"Damped Free Vibranon, ' Vibeanon Theory .anid
Applicetions, Chap. 2, Prentice-Hall, Englewoad Clhilis, N 1. 1968,

APPENDIX

serivalion of Equation (§)

The magnitude of the force thal accelerates the fluid’

through the openings of the piston is equal to the vector sum

of the force m,|x! exerted on the fluid by the piston and the
pressure force 1Apl (A —A,) acting on the MNuid in the op-

2 0

S 7
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posiic sense Nahenmateally e rebanion dip s (o

pebd N Vidt) = 13ph b — Ay —m v ' (2%
Ditlerentuiting equation (12 vickds '
dVidt= /1,314, {20)

Substituting equation (26) into (25) and rearranging produces
(m, +pA L MNE=1apl(A-2,) 27

Finally, using equation (14) in (27) 1ogether with the
delinitions of the arcas gives

m X = 1Apla,

which is the same as equation (5).

(2%)
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consumers
pUWBI' - Kenneth W Berry
ER'"G . Director

Nuclear Licensing

MICHIGAN'S PROGRESS

General Offices: 1945 West Parnall Road, Jackson, MI 49201 (517) 788-1636

October 16, 1986

Director,

Nuclear Reactor Regulation

US Nuclear Regulatory Commission
Washington, DC 20555

DOCKET 50-255 -~ LICENSE DPR-20 - PALISADES PLANT -
EXPANSION OF SPENT FUEL POOL STORAGE CAPACITY -
TECHNICAL SPECIFICATION CHANGE REQUEST - REVISION 1

Consumers Power Company letter dated February 20, 1986 submitted the Technical
Specification Change Request and supporting Safety Analysis Report (SAR)
associated with the proposed installation of new spent fuel pool storage racks
in_approximately one-half of the Palisades Plant spent fuel pool. At the time
of that submittal, the analyses referred to in the SAR were incomplete.
Consumers Power Company letter dated April 16, 1986 provided confirmation that
the analyses had been completed and the conclusions given in the SAR, with the
exception of those for the pool structure, are valid. Additiomally, it
reported the results of analyses that showed that no modifications to the
Region I racks are necessary. It also provided revised pages containing
tables, figures and descriptions which were either incomplete or editorially
incorrect in the February 20, 1986 submittal. Consumers Power Company letter
dated April 24, 1986 confirmed that analysis of the Spent Fuel Pool structure
was complete and that conclusions given in the SAR regarding the Spent Fuel
Pool structure are valid,.

NRC letter dated April 25, 1986 transmitted a request for additiomal
information regarding the expansion of the spent fuel pool storage capacity.
Requests for additional information were also received during discussion with-
the Palisades Plant NRC Project Manager. The additional information requested
by letter and during discussion was provided by Consumers Power Company letter
dated July 24, 1986 which also informed the Staff that Consumers Power Company
would revise the Technical Specification Change Request and supporting SAR.
Additionally, the July 24, 1986 Consumers Power letter informed the staff that
submittal of the revised Technical Specification Change Request and supporting
SAR, together with the information contained in that letter would be
considered as submitted in lieu of the Summary Reports described in the
Consumers Power Company letter dated April 24, 1986. :

0C0886-0129-NL04 5 %%/p ‘P)
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Director, Nuclear Reactor Regulation , 2
Palisades Plant '

Rev 1 - TSCR Spent Fuel Pool Capacity

October 16, 1986

Attachment I to this letter contains the revised (Revision 1) description of
the proposed Technical Specification Changes and analysis which determines
that this installation and license amendment involve no significant hazards.
Attachment II contains the revised Technical Specification Change. Attachment
III contains Revision 1 of the supporting SAR. The completed detailed
analyses referred to in the SAR are available for review. Changes from the
original February 20, 1986 submittal and from the revised pages included with
our April 16, 1986 submittal are summarized as follows:

1. References to results of analyses are stated in the past tense and
refer to the results of completed analyses.

2. Information provided by the completed Thermo-Hydraulic Analysis has
been incorporated into Section 3 of the SAR.

3. The maximum initial U-235 loading of the fuel is stated in w/o.

4, The effect of 1,720 ppm boron in the pool water has been
conservatively stated as 25 percent AK.

Changes made to the SAR by our letter dated April 16, 1986 have been included
in the attached Revision 1. Therefore, the changes indicated by a vertical
line in the right margin include those made at that time.

After approval, the specification changes requested in this Technical
Specification Change Request will become effective when the installation of
the new racks commences.

This letter supersedes and withdraws the May 11, 1981 Consumers Power Company
letter entitled Technical Specification Change Request - Fuel Storage.

A check for $150.00 as required by 10CFR170.21 was included with Revision O
which was submitted on February 20, 1986.

Kenneth W Berry/rws (Signed)

Kenneth W Berry
Director, Nuclear Licensing _ _ e

CC Administrator, Region III, USNRC
NRC Resident Inspector - Palisades

Attachments

0C0886~0129-NL04






