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1 INTRODUCTION

Bemuse of high operation temperature, the LMR (Liquid Metal Reactor)
plant is characterized by the thin-wailed piping and components. Gaps
are often present to allow free thermal expansion during normal plant
operation. Under dynamic loadings, such as seismic excitation, if the
relative displacement between the components exceeds the gap distance,
impacts will occur. Since the components and piping become brittle
over their design lifetime, impact is of important concern for it may
lead to fractures of components and other serious effects. This paper
deals witli gap and impact problems in the LMR reactor components and
piping systems. Emphasis is on the impacts due to seismic motion.

Eight sections are contained in this paper. Section I is the
Introduction. In Section II, the gap and Impact problems in LMR
piping systems are described and a parametric study is performed on
the effects of gap-induced support nonUnearity on the dynamics
characteristics of the LMR piping systems. In Section H I , gap and
impact problems in the LMR reactor components are Identified, and
their mathematical models are illustrated. In Section IV, the gap
and impact problems in the seismic reactor scram nrc d i sccis-frctl. 1 he
mathematical treatments of various impact models are described in
Section V. The uncertainties in the current seismic impact analyses
of LMR components and structures are presented in Section VI. Section
VII deals with an impact test on a 1/10-scale LMR thermal liner. The
test results indicated that several clusters of natural modes can be
excited by the impact force. The frequency content of the excited
modes depends on the duration of the impact force; the shorter the
duration, the higher the frequency content. Finally, the ronc]nsionp
are given in Section VIII.

2 LMR PIPING SYSTEM Iff/?-^ ii /~ " -'

2 . 1 Gap Identification

line of tho gap-Induced impact problems in the LMR piping system is
the presence of gap in the piping support, i.e. mechanical snvbhrr.
Because of the high-temperature nature of LMR piping system, the me-
chanical Knubber is usually characterized by a gap which allows f tcf



thermal expansion of the piping during normal plant operating
conditions. The typical snubber gap size ranges from 0.005 in.
(0.0125 cm) to 0.025 in. (0.0625 cm), but gap sizes as large as 0.06
in. (0.15 cm) have been used in the LMR piping systems. In the
SI'IRIIIIP events, the smibber is locked tip and boliaven a«; a ';oll<l i;l nil
when either the gap limit or acceleration limit experienced by the
nnnbhnr Is pxroodnd. Tho typical acceleration limit Is 0.02 >•,.

The mechanical snubber is a highly nonlinear .system [1,2,3]. In
addition Lu the nonlinearity due to the presense of the gap, the
dynamic characteristic of the mechanical snubber (i.e. stiffness,
damping) depend on the load level in the snubber and the frequency
content of the excitation motion. The amount of energy disipated by
the snubber far exceeds the damping ratio commonly used in the seismic
design of LMR piping systems. The detailed discussion of the
nonlinear behavior of snubberis beyond the scope of this paper.

Another area in the LWR piping system having the presense of gaps Is
the clamp/pipe assembly [4,5] as shown in Fig 1. The clamp body
usually consists of two nearly semi-circular halves which are bolted
together with the snubber connected at the splitline to restrain the
piping seismic motion. The bands of the clamp are machined to a
slightly larger radius than that of pipe-insulation assembly in order
to facilitate installation. Therefore, initial gap is present between
the interface of insulation and clamp and varies witli circumferential
direction as shown in Fig. 1. The gap size may vary with the thermal
or mechanical loac'ings- The load-deflection relationships for the
clamp/pipe can become highly nonlinear [6, 7]. Since the LMR piping
can be subjected to severe thermal transients during reactor scrams
and the other upset events, the clamp can have significant influence
on the piping stresses, especially for the thin-wall large-diameter
piping used in LMR plants.

2.2 Dynamic model of snubber and clamp/pipe assembly

As mentioned above, both the snubber and clamp/pipe assembly are
highly nonlinear systems. However, they are usually treated as an
equivalent linear system in the current seismic design and the
presence of the gaps is ignored. The spring rate Kof the equivalent
spring is

s c/p

whore K and K, / are the spring constant of the snubber and the
clamp/pipe assembly, respectively. Their nominal values (linear
spring) are used.

To understand the effects of the gap on the LMR piping seismic
response, the authors have performed a study on the nonlinear seismic
response of LMR piping considering the presence of gap in the
snubber. The results of the study are presented in the following
section.



2.3 Effects of gap on the LMR piping seismic response

The objective of this study is to investigate the effects of gap-
induced nonlinearity on piping response by comparing the linear
results with nonlinear results. For demonstration purpose, a simple
straight piping with 12.2 m (401) length, 45.7 cm (18") O.D., and 1.15
cm (0.45") wall thickness as shown in Fig. 2 is used as a model
piping. The snubber at mid-span is modeled as a spring-gap element
with the assumed linear spring constant of 99860 N/cm (57000 ///In.).
The gap sizes selected are 0.000 cm (linear case), 0.038 cm (0.015"),
0.076 cm (0.030"), 0.150 cm (0.060"), and 0.230 cm (0.090"). The gap
condition is treated as an explicit force and affects only the Joad
vector calculation. The detailed mathematical treatment of gap will
be described in Section V. Figure 3 shows the 6 sec input
acceleration history applied at nodes 1, 11, and 12 of the piping
model. Both the linear and nonlinear responses are calculated from
the time history method.

To simplify the analyses, the damping is not included in the
study. The computed spring force histories and their peak values
along with the occurrence times for each of the gap cases are shown in
Fig. 4. It can be seen that the gap sizes alter the snubber forces
significantly and the gap phenomenon (zero spring force) is well
depicted in the case of gap sizes 0.150 cm (0.060") and 0.230 cm
(0.090").

Bending stress histories are calculated at various locations of the
model. The computed bending stress histories and the peak values
along with the occurrence times for all the gap cases at location 5
are shown in Fig. 5. From the figure, it can be seen that the low-
amplitude, high-frequency vibration occurs in the gap cases 0.150 cm
(0.060") and 0.230 cm (0.090"). The occurrence period coincides with
that of the zero spring force shown In Fig. 4. The cause of the high-
frequency vibration Is uncertain. It could simply be due to the large
gap size. In addition, it also can be seen that the peak responses in
the gap cases 0.150 cm (0.060") and 0.230 cm (0.090") occur nearly at
the end of the history (6 seconds), which is relatively late compared
to the other gap cases. Ths prolongation phenomenon is believed due
to the existence of the high-frequency vibration which delays the peak
response occurrence time. Although the degree of nonlinearity can
also be affected by the magnitude of the input motion, the computed
responses of the various gap sizes seem to indicate that systems with
gap sizes 0.076 cm (0.030") or less is a moderate nonline.ii—system.
The system exhibits high nonlinearity when the gap size excees 0.076
cm (0.03").

The magnitudes of the peak spring forces and the peak bending
stresses for each of the gap cases are summarized in Fig. 6. Several
significant findings are obtained by comparison of the magnitudes in
Fig. 6. First the nonlinear responses (gap cases) are found to be
significantly larger than the linear response. Secondly, the
variation of gap size affects the response shapes (mode shapes) of the
system. This can be recognized from the fact that the position of
maximum bending stress of the system (shown in Fig. 6 with asterisk
sign) is shifted from location 4 (gap cases 0.00 cm to 0.150 cm) to
location 5 (gap case 0.230 cm). Thirdly, the increase In gap size



causes an increase of response amplitudes in the first three gap
cases. This may be explained by a careful examination of the stress
histories In Fig. 7. This figure shows that the system apparently
behaves as an equivalent linear system with an equivalent response
frequency for each gap case. The case with no gap has a dominant
natural frequency of 13.375 Hz, In the case of 0.015 in. p,a\>, the
dominant frequency decreases to 12.70 Hz. As the gap size is in-
creased, the equivalent frequency is decreased. The natural frequency
of the case with gap of 0.030 in., 0.060 in. and 0.090 in., the equiv-
alent frequency is 12.20 Hz, 9.25 Hz and 8.75 Hz, respectively. It is
noted that the natural frequency is significant decreased in the last
two cases. The decrease in frequency may cause either an increase or
decrease in piping response, depending primarily on the frequency con-
tent of the input response spectrum. In this study, the decrease of
frequency would bring the system close to the response-amplified re-
gion (2-10 Hz) of the input response specrum. The last two gap cases
(0.150 cm and 0.230 cm) have smaller peak amplitudes. This is du«? to
the high-frequency vibration which delays the peak occurrence time.

The results of the study lead to the general conclusions and recom-
mendations as follows:

1. The effects of gap-induced nonlinearity can significantly alter
the seismic responses of piping systems from that calculated by the
linear analysis. The general effect of snubber nonlinearity is to
lower the natural frequencies of the piping systems. This may cause
either an increase or decrease in piping stresses, depending on how
closely the participating vibration mode frequences become tuned to
the peak seismic response spectra frequencies.

2. For the simple system studied here, large gap sizes (>O.O76 cm)
may cause the system to oscillate at a high frequency between the gap
limits. This phenomenon prolongs the occurrence time of the peak
response. Hence, a complete history of input motion is generally
required to obtain the peak response for the system with a high non-
linearity.

3. Simplified methods of analysis of nonlinear piping system using
the concept of "equivalent frequency" in conjunction with the standard
response spectrum method should be developed, since use of the time
history analysis incurs much higher computation cost.

3 LMR REACTOR CORE SYSTEM

A LMR reactor core may consist of hundreds of assemblies as shown in
Fig. 8. The assemblies are closely spaced, separated only by narrow
gaps to permit thermal expansion, irradiation swelling and coolant
circulation. Each assembly (fuel, blanket, control, or shield)
contains a bundle of pins inside the thin-walled hexagonal-shaped
duct (hexcan). For example, Fig. 9 shows a fuel assembly contains a
bundle of 271 fuel pins. There are two types of impacts that can
occur under horizontal seismic motion. They are lateral Impact of ad-
jacent assemblies and impact of pin bundles on duct walls. Since the
irradiated hexcan ducts and fuel pins become brittle over their design



lifetime, impact is of important concern for it may lead to fractures
of fuel pins, collapse of hexcan duct and initiate interactions of
fuel with the surrounding coolant or blockage of coolant
circulation. The section reviews the methods used for predicting the
seismic response of typical LMR reactor cores. Emphasis is plncod on
the determination of impact loads.

3.1 Impact between assemblies

In the mathematical model used for calculating the impact loads, each
type of assemblies (fuel, blanket, control, shield, etc.) are usually
grouped together and modeled as a single unit by beam elements. The
impact is considered by stiff springs and gaps between the two
adjacent beams at a few discrete points. Gaps are ususally treated by
way of equilibrium of forces rather than reformulating the stiffness
matrix for each iteration. Fluid-structure interaction and fluid
damping are ignored in this type analysis.

Another method used for calculating the assembly hexcan duct
impacting on adjacent components is the assumed mode method proposed
by Moran [8, 9, 10]. The method is based upon the Rayleigh-Ritz
approach where a number of modes of deformation of the assembly ducts
are assumed. The reactor core is dividied into clusters. Each
cluster consists of one or several assemblies. All assemblies in the
cluster must response as a single unit and deform in unison. The
clusters may Interact at designated points through contact elements.
These contact elements have stiffness and damping, a "gap" value, and
allow only compressive forces. The cluster may also interact througli
forces transmitted by the fluid between them. These fluid forces are
represented by added mass and fluid damping coupling matrices which
depend on the cluster acceleration and velocity, respectively.

3.2 Pin bundle impact on the duct wall

Another type of impact that can occur on assembly duct wall during
seismic events is the pin bundle impact on the assembly duct wall.
The seismic response at the assembly duct supports obtained from
assembly hexcan duct impact analysis is used as input motions for
calculating the pin bundle impact on the duct wall. The method used
for prediction of pin bundle impact on the duct is similar to that of
assembly impact. The pin bundle is modeled by a beam element that has
the stiffness and mass of all the pins combined together. The hexcan
duct is also modeled with a beam element which has the stiffness and
mass properties of the hexcan duct. Impacts between the duct wall and
pin bundle are simulated with gapped springs. Impacts are allowed to
occur only at designed places. Various methods are used to determine
the impact stiffness-

It should be noted that impact forces obtained from this method are
the total impact forces. The impact forces can be used for analyzing
the collapse of hexcan duct walls. However, to analyze the possible
rupture of fuel pins, these inpact forces must first be divided by the
number of pins to obtain the average pin impact forces and then



multiplied with a load factor to reflect the higher impact forces that
occur at pins closest to tfie point of impact.

4 IMPACT DURING REACTOR SCRAM

For earthquakes equal to Operational Basis Earthquake (OBE), the reac-
tor must ho shutdown hy inserting the control rods into llic control
assemblies (reactor scram). In LMR reactors, the control rods are
connected to the Control Rod Drive Mechanism (CRDM) while the control
assemblies are supported on the grid plate of the core support struc-
ture. Since the CRDM and the core system vibrates independently under
horizontal motion of the earthquake. Impact of the control rod on the
duct of the control assembly may occur during the reactor scram. Very
large friction forces can develop at the impact points. Th^s, the
scram insertion time is retarded. If the friction forces are large
enough to overcome the graviational force plus the scram spring force,
the scram insertion may fail. Therefore, the impact is a very impor-
tant concern in reactor scram analysis.

The mathematical model used in the seismic scram analysis is similar
to that used in the reactor core seismic analysis. All structural
components, fuel assemblies, control rod ducts, and control rod drive-
lines are usually represented by beam elements. The control rod
driveline and control rod duct, control rod guide, and CRDM assembly
are connected through spring and gaps. So are the in-core components
such as core barrel, instrument tree, reflector, fuel assembly, con-
trol rod ducts, etc. A mathematical model developed by A. Morrone
[11] is shown in Fig. 10. In the model, the impact force is computed
from

F = K x + C x (2)

where F is the Impact force; K the impact spring constant; C the nodal
impact damping constant; x the penetration distance; and x the rela-
tive velocity between two sides of the gap.

The impact is considered to occur over a finite area of the cylinder
caused by local deformation. The impact spring constants are based on
results of load-deflection data from separate analyses. A coefficient
of restitution of 50% selected for impact damping to obtain the frac-
tion of critical damping at impact. The value of critical damping B,
for 50% restitution was computed to be about 0.10. The impact damping
constant C was calculated from

c = M.
(3)

where M) and M2 are nodal masses on each side of the gap.
critical damping at impact.

R is the

Impact forces occur at times when relative displacement of the
center of the control rod driveline with respect to the control rod
guide tube exceeds the width of the dimetral gap. The total impact



forces on all driveline impact nodes are calculated then, the scram

time is calculated from

mx = mg + Fs - Fb - Fj - Ffd - yFt/N (4)

where m is the mass of the control rod; x the acceleration of control
rod; g the gravintional constant; Fg the scram spring force; F^ the
buoyancy force; F. the dash-pot force; F^j the fluid drag force; u the
coefficient of friction; Ffc the Impact force on a control group; and N
the number of control rods grouped together.
The scram time can be significantly Increased due to friction forces

at impact points.

5. MATHEMATICAL TREATMENT OF GAP AND IMPACT

The gaps in the LMR pipings and reactor systems are usually
represented by the spring-gap elements. The element represents two
plane surfaces which may maintain or break physical contact and may
slide relative to each other. The element is defined by two nodal
points (I and J), a stiffness k, a coefficient of friction \i, a gap
size, and the initial gap status (open or closed). Each node has two
degrees of freedom, translation in the normal and tangetial
directions. It is capable of supporting compression in the normal
direction and shear (Coulomb friction) in the tangential direction
when the gap is closed and not sliding. If the gap is opened, no
stiffness is associated with this element. If the gap is closed, the
stiffness k is used for both gap and sliding effects. If the gap is
closed but sliding, the stiffness is used for gap effect and no
stiffness is used for the sliding effect.

The force deflection relationships for this element can be separated
into normal and tangetial (sliding) directions as shown in Fig. 11.
In the normal direction, when the normal force (Fn) is negative, the
interface remains In contact and responses as a linear spring. As the
normal forces become positive, contact Is broken and no force is
transmitted. In the tangential direction for Fn < 0 (gap closed) and
the absolute value of the tangential force (F ) less than or equal to
(u |F n|), the interface does not slide and responses as a linear
spring In the tangential direction. However, for Fn < 0 (gap closed)
and Fs > u |Fn|, sliding occurs and no tangential spring exists.

The gap condition can be treated either implicitly or explicitly in
the governing equations of motion. The implicit form requires
iteration process, with the stiffness matrix reformulating each
iteration. The solution converges until the gap (open or closed) and
sliding, (or not sliding) status for each pair of impact nodes at
beginning of the iteration match those at the end of the iteration.
The rate of convergence decrease as the contact stiffness increases.

In the explicit form, the gap condition is treated as an explicit
force and affects only the load vector calculation and not the
stiffness matrix. Since the contact stiffness is usually very high,
the integrations time step for stable solution is very small. A
varying time step wil significantly reduce the computer running time.



6. UNCERTAINTIES IN THE SEISMIC IMPACT ANALYSIS

The methods described above for seismic impact analysis are basically
one-dimensional. No coupling between the horizontal and vertical
response can be included in the analysis. The Impact Is modeled by
separating the possible impact surfaces at a few discrete points by
stiff springs and gaps. Impacts at intermediate points are not
modeled and no theory is available as to how this changes the
response. Also, whether impact phenomena between components can be
modeled by stiff springs with gaps is questionable.

The mathematical model treats all the assemblies of one type or all
the fuel pins acting as a unit; the effects of fluid between adjacent
assemblies or fuel pins are either totally ignored or only partially
included in the analysis. For assembly impact calculations, the
result obtained would be unduly conservative, for the squeezing out of
the fluid minimizes the impact loads substantially. On Lhe other
hand, obtaining the impact forces on the assemblies by dividing the
impact force calculated by the number of assemblies that are grouped
together will result in unconservative impact force, since the
assemblies closest to the point of impact obviously sustain higher
forces. The method used to calculate the impact force load factor is
not rigorously derived.

Impacts are assumed to occur only at the contact elements and are
simulated by gapped springs with large stiffness and dashpots. As
long as the gaps are open, the springs are inactive, but when the gaps
close, large spring forces are suddenly experienced. Impact forces
are characterized by high-frequency components. Whether impact can be
modeled with this stiff spring approach Is subject to some question.

The choice of the contact element properties, stiffness and damping
can have a strong influence on the response of the model and the
calculational difficulty. The integration timestep is controlled by
the contact stiffness, K. It is important to ensure that the
stiffness is sufficiently large so that unrealistically large
deformations do not occur at the contact points. On the other hand
too large a stiffness pays a heavy penalty in computation time. Quite
often, the stiffness of a contact element has to be reduced in order
to obtain a reasonable integration time in the numerical analysis.

When several assembly ducts are vibrating close together, there is
an inertia coupling effect in which the force on one duct is affected
by the acceleration of its neighboring ducts. Chen [12] has shown
that for circular rods vibrating In a circular cavity filed with fluid
this "added mass" increased as r/(R - r) where r is the diameter ot
the rod and R the diameter of the cavity. However, these results are
not directly applicable to the core assembly ducts for the gap to
diameter ratio of a typical LMFBR fuel assembly is 0.04 which Is much
less than that of the vibrating circular rods. If assembly impact
takes place, the magnitude of the hexcan displacements must be equal
to the depth f the fluid layer situated between two flats. This
contradicts the assumption used in the potential flow theory that the
structure Is immersed In a fluid volume which Is sufficiently large
compared with the structural motion. Currently, no analytical method
is available to calculate the fluid inertia effect for small gap to

t



diameter ratios such as those which exist in LMR fuel assemblies. The
phenomenon of the squeezing out of fluid between two adjacent
assemblies must be studied numerically with the use of finite
difference or finite element fluid element and the results of this
analytical study must be verified by experimental data.

7. CHARACTERISTICS OF IMPACT-EXCITED VIBRATION

Impact can excite structure Into vibrations. It is of importance to
understand the characteristics of the impact-excited vibration. This
section describes the results obtained from a hammer impact test on a
1/10-scaled thin shell representing a LMR reactor thermal liner. The
test model and instrumentation locations are shown in Fig. 12. The
shell is 37.4 in. (950 mm) in height, 40.0 in. (1010 mm) in radius and
0.047 in. (1.2 mm) in thickness. The shell is clamped at the
bottom. Table 1 shows the natural frequencies of the test model based
on analytical solution. I and J represent the wave numbers in the
axial and circumferential directions of the shell. Impact test is
performed at various locations on the shell as shown in Fig. 12. In
this Paper, only the results of the impact test performed at shell top
(135°) are described. Figure 13 shows the impact loading time history
recorded by the force transducer which detects the magnitude of the
impact felt by the hammer. The duration of the Impact is 0.01s. The
test results indicated that the duration of the Impact Is closely
related to the excited frequency range; the shorter the duration, the
higher the excited frequency range. The results also indicated that
natural modes with frequency below 1/T (100 Hz In this case) are
difficult to be excited, where T is the duration of the impact.
Figure 14 shows the frequency content of the impact pulse. Figure 15
shows the measured acceleration time history at top of the shell
(180°), whereas Figure 16 shows the frequency content of the
acceleration history. Figure 16 indicates that several cluster
(closely spaced) natural modes are excited. The first cluster
consists of three modes at frequencies of 134, 143 and 151 Hz.
According to Table 1, they are the modes of 1=2, J=21, 22, 23,
respectively. The second cluster contains two modes at frequency of
172 Hz (1=2, J=25) and 187 Hz (1=2, J=26). The third cluster contains
three modes: 227 Hz (1=2, J=29), 241 Hz (1-2, J=30) and 257 Hz (1=2,
J=31). The other excited modes (above 300 Hz) are less important.
They are damped out quickly

Impact tests at other locations also indicate that several clusters
of natural mode can be excited by impact pulse. The frequency range
of the excited modes depends on the duration of the impact pulse; the
shorter the duration, the higher the frequency content.

8. CONCLUSIONS

Gap and Impact problems in LMR piping systems and reactor core
components are presented in this paper. The major conclusions are as
follows:
1. In the LMR piping system, the presence of the gap in the snubber

support decreases the natural frequencies of the piping system. The
system behnves as an equivalent linear .system with ;m equivalent
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natural frequency. Since nonlinear analysis incurs high computation
cost, simplified method based on the concept of "equivalent frequency"
should be developed in conjunction with the standard response spectrum
method.

2. Impact is of important concern in the reactor core seismic
response for it may lead to fractures of irradiated core components.
The seismic analysis of LMR cores is complicated by the presence of
gaps among hundreds of core assemblies and Interaction of liquid
sodium with the assemblies. The impact pattern changes frequently
during seismic motion. In concept, a three-dimensional model should
be used to accurately account for the 3-D contact pattern among the
assemblies. The fluid-structure interaction effects, such as fluid
coupling, fluid damping, etc. should be considered in the analysis.

3. The impact tests indicate that several clusters of natural
vibrational mode can be excited by the impact pulse. The frequency
content of the excited modes depends on the duration of the impact
force; the shorter the duration, the higher the frequency content.

ACKNOWLEDGMENTS

The authors wish to thank Mr. Ralph W. Seidensticker for his encour-
agement and support during the performance of the work.

This work is part of the Engineering Mechanics Program of the Reactor
Analysis and Safety Division, Argonne National Laboratory, under the
auspices of the U.S. Department of Energy.

REFERENCES

1. Barta, D. A., Huang, S. N., and Severud, L. K., "Seismic Analysis
of Piping with Non-linear Supports," Effects of Piping Restraints
on Piping Integrity, PVP-40, American Society of Mechanical
Engineers, N.Y., N.Y., pp. 5-25, August 1980.

2. Barta, D. A., "Analysis of Piping Systems with Nonlinear Supports
Subjected to Seismic Loading," Eleyated Temperature Pi pi ng Desi gn,
PVP-36, American Society of Mechanical Engineers, N.Y., N.Y., pp.
39-57f June 1979.

3. Brussalis, W. G., Jr., "Comparison of Linear and Nonlinear Seismic
Analysis of Piping," Effects of Piping Restraints on Piping
Integrity, PVP-40, ASME, N.Y., N.Y., pp. 27-40, August 1980.

4. Chang, K. C , and Lien, S. Y., "Effects of Pipe Clamps on Support
Stiffness and Pipe Stress Distribution," Effects on Piping
Restraints on Piping Integrity, Proceedings of ASME Century 2
Pressure Vessel and Piping Conference, PVP-40, San Francisco, CA,
August 1980.

5. Anderson, M. J., et al., "Insulated Pipe Clamp Design," Effects of
Piping Restraints on Piping Integrity, Proceedings of ASME
Century 2 Pressure Vessel and Piping Conference, PVP-40,
San Francisco, CA, August 1980.

6. Anderson, M. J., and Entz, R. D., "Load Rating and Design Criteria
for Pipe Snubbers with Extension Struts," Elevated Temperature
Piping Design, PVP-36, ASME, N.Y., N.Y., pp. 33-38, June 1979.



7. Margolin, L. L., and LaSalie, F. R., "Design Analysis of Liquid
Metal Pipe Supports," Elevated Temperature Piping Design, PVP-36,
ASME, N.Y., N.Y., pp. 59-72, June 1979.

8. Morrone, A., Nahavandi, A. N., and Brussalis, H. G., "Scram and
Nonlinear Reactor System Seismic Analysis for a Liquid Metal Fast
Reactor," Nuclear Engineering and Design, 38:3, pp. 555-566,
September 1976.

9. Yang, C. I., and Moran T. J., "Calculations of Added Mass and
Damping Coefficients for Hexagonal Cylinders In a Confined Viscous
Fluid," Flow Induced Vibration, ASME PVP Conference, New York,
June 197V.

10. Madell, J. T., and Moran, T. J., "Core Restraint and Seismic Anal-
ysis of a Large Heterogeneous Free-Flowering Core Design," EPRI
NP-1615, November 1980.

11. Morrone, A., "FFTF Scram and Nonlinear Reactor System Analysis,"
FRA-1074, October 1973.

12. Chen, S. S., "Dynamics of a Coupled Shell-Fluid System," Nuclear
Engineering and Design, Vol. 32 (1975), pp. 302-310.

INITIAL GAP
ATO°ATO'

JlflJf|i|
l l l l f 1-t£i

I ; W i l l i s

Ilillflf?]

Fig. 1. Pipe Clamp Gap Configuration

S 5

I



Table 1. Natural Frequencies (Hz) of the Shell
Based on Theoretical Solution

I = 1 I = 2 I = 3 1 = 4 1 = 5

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
35
39
40
41
42
43
44
45
46
47
48
49
50

627.70
322.60
189.05
123.12
86.60
64.S6
51.69
44.24

* 41.09
41.26
43.94
48.42
54.22
61.02
68.64
76.96
85.91
95.47
105.59
i 15.27
127.49
139.25
151.55
164.37
177.73
191.62
206.03
220.97
236.43
252.42
268.94
285.98
303.55
321.64
340.26
359.40
379.06
599.25
419.97
441.21
462.97
485.26
508.07
531.41
555.27
579.66
604.57
630.00
655.96

2641.18
1758.51
1124.09
753.11
533.41
395.97
305.31
242.91
198.61
166.61
143.45
127.03
116.01
109.48

* 106.74
107.16
110.19
115.35
122.23
130.52
139.97
150.42
161.72
173.80
186.59
200.03
214.11
228.78
244.03
259.86
276.24
293.18
310.66
328.68
347-24
366.33
335.96
406.12
426.80
448.02
469.77
492.04
514.84
533.16
562.02
5S6.40
611.30
636.73
662.63

5302.06
4170.59
2920.92
2036.07
1466.64
1096.GO
847.96
674.19
548.73
455.73
385.34
331.17
239.16
256.55
231.47
212.62
199.05
190.05
135.01

* 183.43
184.81
188.74
194.84
202.76
212.25
223.08
235.06
248.07
261.99
276.75
292.26
308.49
325.40
342.95
361.12
379.90
399.26
419.19
439.69
460.75
482.36
504.52
527.23
550.47
574.26
598.57
623.43
648.81
674.73

8115.48
6872.13
5216.31
3S04.19
2801.09
2117.31
1645.81
1312.02
1068.98
837.43
748.78
640.92
555.77
487.83
433.25
389.31
354.06
326.07
304.27
287.86
276.17
268.66
264.84

* 264.27
266.56
271.32
278.25
287.06
297.50
309.38
322.51
336.78
352.05
368.24
3S5.28
403.11
421.68
440.95
460.89
481.47
502.68
524.50
546.91
569.90
593.47
617.60
642.29
667.54
693.33

10S56.86
9680.90
7319.61
5959.27
4496.73
3443.16
2694.91
2156.43
1760.63
1463.02
1234.53
1056.01
914.22
800.17
707.48
631.59
569.16
517.74
475.49
441.03
413.28
391.41
374.73
362.67
354.74
350.49

* 349.53
351.47
355.98
362.77
371.56
382.13
394.26
407.79
422.57
438.48
455.42
473.30
492.06
511.64
531.98
553.06
574.84
597.28
620.37
644.10
668.43
693.37
718.89

I = Axial Wave Number

J = Circumferential Wave Number

Lowest frequency in Ith mode
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Fig. 14. Frequency Content of the Impact Pulse
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