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ABSTRACT

Resonant fregquencies in piping systems with a gapped support are discussed
through the experimenis. A simple estimation method for rescmant frequencies
is proposed and the results ars compared with both the experimnts and
calculations using egquivalent spring comstants.

1 INTRODUCTION

Piping systems in nuclear power plants and cther facilities oftenm have some
clearance at the supports. These clearances cannct be ignored if
low-amplitude vibrations occur and they affect the vibraticm chracteristics
such as resonant frequency, damping factor and, consequently, respaonse of the
piping system. An iterative algorithm nsing an cquivalent linearization
technique to compute the respouse of a piping systen with gapped supports has
been proposed (M.S.Yang et al. 1589). Steady forced vibration in continucus
systems with clearance has been analyzed by applying a piecewise-linear
method (T.Watanabe 1978). The response of a three-dimensional multi-gap
piping system has been calculated by reducing it to a single degree of
freedom system (J. P. Vayda 1981). The response of piping support systems
with gaps and friction has been calculated from that of a linear piping
support system by using a reduction factor (A.Some and K.Suzuki 1989).
Although the response calculation for piping systems with gapped supports is
important, it is more important to calculate the rescmant frequencies of such
systems, in order to avoid resonant vibration. However, hardly say
investigations of the rescnant frequency of such systems have been carried
out by experiments. In this paper, the sffects of suppori parameters on the
resonant frequency of a piping system with a gepped support were investigated
through experiments using simple piping models. The parameters evaluated
were: clearance, eccentricity of the clearance, and piping diamster. A
simplified method of estimating resomnant frequency is also proposed.

2 EXPERIMENTS

In order to investigate the resonant frequencies imn piping systems with a
gapped support, simple piping models were tested. A schematic view of the
test model is shown in Fig.l. Three different sizes 1/2B3,1B, and 2B, were
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tested. The dimensions of the piping models are given in Table 1. All these
piping models were simply supported at ome end, A, and fixed at ths another
end, B. Additional masses were mounted on the pipes at locaticns D and E. In
addition, there was a restraint C with some clearance between the pipe and
the svpport. This clearance was varied in the test. The first natural
frequency of these three piping models was designed to be about 8 Hz without
stpport C, and about 10 Hz with a pinned support at location C. So, these
were similar to each other. Shaking direction was Y-directiom in Fig.1. These
were one dimemsional model. In the parametric calculations in latter section,
it was also calculated about the case of a gapped support at location F.

The models were placed on a shaking table and sinusoidal sweep up tests
were carried out. The input acceleration level was kept constant during sweep
tests. Strain gauge type accelercmeters were used {0 measure the response of
the piping models at the elbow. Load cells were also used to measure the
reaction force at the gapped support, C. In this paper, the resonant
frequency is defined as the frequency at which the response of ths piping was
a maximum during the sinusoidal sweep up test.

The response accelsration curves of a piping model with linear boundary
conditions are shown in Fig.2. The sclid line in Fig.2 represents the
response of a piping model without gapped support, C, and the dashed line
shows the response without clearamce at a support G. Fig.3 shows typical
response acceleration curves with some clearance at the gapped support C.
Input acceleration level was varied in Fig.3. Hardening system
characteristics are seen in Fig.3.

The relationship between resonant fregquency and input acceleration divided
by clearamce is shown in Figs.4., 3, and 6. In these figures, f, is the first
natural frequency of the piping model without support C, and ¥, is that with
a pinned support at location €. These relationships are linear in a
semi-logarithmic plot. The effects of clearance on resomant frequency are
shown in Fig.4. The effects of pipe diameter are shown in Fig.5. The resonant
frequency remains constant if either the clearance or the pipe diameter
changes, as long as the ratic of input acceleration to clearance is constant.

Even if the total clearance of the gapped support is constant, the pipe can
be placed in various positions inside the restraint; initialy contacting omne
side of the restraint or biased towards one side of the restraint. The
effects of these eccentricities on the resonant frequencies are shown in
Fig.6. This shows that the resonant frequency depends on total clearance and
is not affected by the eccentricity.

The relation between resonant frequency and equivalent spring constants is
shown in Fig.7. In this figure, experimental equivalent spring comstants are
also plotted. The experimental equivalent spring constants were calculated as
measured load divided by clearance. It was shown that using equivalent spring
constants, the resomant frequency can be calculated approximately.

3 CALCULATIONS

As already mentioned, the resomant frequency can be calculated approximately
using equivalent spring constants. However, in these calculations several
iterations are necessary. In this paper, a simplified method is propossd.

3.1 Estimation method

Modelling the piping by an equivalent single—degree-of-freedom—system, the
vibration eguation can be expressed as follows:
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M, X +Cp» x+K, x=—8M, 2 (1)

where
x :Relative displacement
z :Input displacement
K.:The equivalent stiffness of the piping model at the gapped support.
C,:Viscous damping coefficient
M., :The equivalent mass of the piping model without a gapped support.
B :Modal participation factor

The equivalent stiffmess K, of the piping model at the gapped support can be
calculated easily using static analysis. Using the equivalent stiffness K, and
the first natural angular frequency w, of the piping model without a gapped
support, the eguivalent mass M, of the piping model without a gapped support
can be obtained as follows:

K.

M. Py

(2)

When the input motion is a harmonic functiomn, the relative displacement can
be expressed as follows:

X=Xp'sinwt (3)

where

Xo:Relative displacement amplitude

@ :Input angular frequency
When the response displacement of the piping model at the gapped support is
less tham the clearance, the resonant freqguency is @w.. On the other hand,
when the response displacement of the piping model at the locatiom of the
gapped support is larger tham the clearance, the actual response displacement
is equal to the clearance if the support is rigid enough. Therefore,
considering only the first natural vibration the equivalent stiffmess of the
whole piping model including the effect of the gapped support can be
expressed as follows:

. Xo
K= & K. (4

where
K: The equivalent stiffness of the whole piping model
X, :Relative displacement amplitude of the piping model at the location
of the gapped support
S5, :Clearance at the gapped support
So natural frequency can be written as follows:

_[KE _ [
W= =0/, (5)

3.2 Parametric calculations

Using the equivalent spring constant method, the resonant frequencies of
several piping models,shown in Figs. 1 and 8, were calculated. These models
are as follows:

Case 1: Tested piping model supported with clearance at location C(Fig.1).
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Cose M: Tested piping model supported with clearance at location F(Fig.1).

Case W: Cantilever piping supported with clearance at two—thirds of its

length(Fig.8).

Case W: Straight piping clampsd at both ends and supported with a clearance

at the mid-point(Fig.8).

The relationship between resonant frequency and response displacement
without & gapped support is shown in Fig.9. For case I, the experimental
results are also shown in Fig.8. The calculated results coincide with the
experimental ones. The estimation error in resomant frequency using Eq. (5)
comparison with the results of the equivalent spring constant method, is
shown in Fig.1l0. The estimation of the resonant frequency is acceptable as
long as the response is small. The error may be due to vibration mode changes
as the response becomes large. In case I in particular, the effect is thought
to be large because of the small modal amplitude at the location of the
gapped support. The applicable limit of this method will be considered in
future.

Furthermore, more simplified estimation of the resonant frequency may be
considered using the linear relationship seen in the semi-logarithmic plot of
resonant frequency against ratic of the input acceleration to clearance. For
cxample, siraight lines connecting the {wo points; Xo/8.=1 and x/8.-10 in
Fig.9, provide good estimations of the resonant frequency for all these
cases.

4 CONCLUSIONS

Simple piping model with a gapped support were tested to investigate the
resonant frequency. The experiment proved that the resomant frequency remains
constant even if either the clearance or the pipe diameter changes, as long
as ths ratio of imput acceleratiom to clearance is constant. It became clear
that the rescnant fregquency depends on total clearance and not on
eccentricity. It was also confirmed that the relationship between resonant
frequency and input acceleration divided by clearance is linear in a
semi—lozaritbhmic plot.

4 simplified estimation method for rescnant frequency based on the
equivalent stiffness of the piping was propossd. Results using the proposed
method agree with the analytical resulis as long as the response of the
piping is small. A simpler estimation of resomant freguency may bs considered
using the limear relationship seen in ithe semi-logarithmic plot of resonant
frequency against ratio of the input acceleration to clearance.

REFERENCES

Yang,M.5..Leung,J.S5.M, and Tang,Y.K. (1989). Analysis of Piping Systems with
Gapped Supports Using the Respomnse Spectrum Method, Proceedings of ASME BVP
Confersnce, Honolulu, Vol.155, pp.51-89.

Hatanabe,T. (1978} . Forced Vibration of Continuous System With Nonlinear
Boundary Conditions’, J. of Mechanical Design, Vol 100, pp.487-491.

Vayda,J.P. (1981).Influence of Gap Size on the Dynamic Behavicur of Piping
Systems, Nuclear Engineering and design, Vol.57, pp.145-164.

Sone,A. and Suzuki,K. (1983). A Practical Method for Obtaining Nonlinear
Response Properties Considering the Effect of Gap and Friction among Piping
and Supports, Froceedings of ASME PVP Conference, Homolulu, Vol.182, pp.31-
36.

— 245 —



ACCELERATION(G)

SHAKING DIRECTION

—

Table 1. DIMENSIONS OF PTPING MODELS
PIPE SIZE
INCHES 2B 1B 1728 =1 O I
Ly (am) 2400 1770 1392
L, om) 2000 1475 1160 Bl SECTION
Ly (mm) 600 442 348
Ly (mm) 200 147 116
Ls (mm) 2872 215 169
L. m) 600 442 348 -
B (e 6.4 1.9 0.7 b
B, Ko 6. 5 2. 0 0. 8 )
N CA
1 i
Fig. 1 A SCHEMATIC VIE¥ OF TEST PIPE MODEL
10'r AN
Fo_ GARANCE 6,76,
[ 9. =0 =k
e 1 i
g . i
= A
o= AR
2 10mk 4N
- ,
107y 4 6 8 10 12 14
FREQUENCY (z)
Fig.2  RESPONSE CURVES
10 INPUT /) 1.0p CLEARANCE o
LEVEL I . @ 0, 25mm a
—— 10Cal / ! Lplda 2 0.5 mo 2o
u* ——— 20Gal | = ® [ B 1.0m
10° o 60at A | g PIPE SIZE:1B B
1 hAnthal
| 0. 5¢
- :I l wi| = & g
-1l i !
10 L G
i -~ s @
10- . S : N L
9 i g 8 10 12 14 00— TR
FREQUENCY (liz) INPUT ACC, /CLEARANCE (m/s? /m)
Fig.3  RESPONSE CURVES Fig.4  EFFECT OF CLEARANCE OK RESONANT FREQUENCY

(EFFECT OF INPUT LEVEL)

— 247 —



1.0p 10p CLEARANCE
OPH]>52§12E s 8 e 0. 25-0. 25mm
] ) A 0.1-0.4 mn a3
g % E o] g 0-0.5m
- Q ® 0.5-0.5 op
.| cueanace:0.25m B 208570, Tomm
‘_‘_"TO o el ":Ié"j A U ‘1.0 mm
it & ‘LL'EO'S_ PIFE SIZE:18 @
g " &
& ®
A
0.0b—p ‘ T . 0. 0b—¢ L b !
50 100 560 1000 STTBETI00 500 1000
INPUT ACC. /CLEARANCE (u/s® /m) INPUT ACC. /CLEARANCE (n/s*/m)
Fig.5  EFFECT OF PIPE SIZE ON RESONART FREQUENCY Fig.6 LFFECT OF GAP ECCENTRICITY ON RESONANT FREQUENCY
]1(
CLEARANCE
:N; o—a (. 25mm
£ 10+ a—a (), Smm /}
& z—a 0. Tonm =
&  CALCULATION A A
& 9r PIPE SIZE:1B CASE IV
g !
£ 38
- ~l e
=IE z o -
CASE I
6,5 S [ E A 1= Fig. 8 PIPING HODELS
EQUIVALENT SPRING CONSTANT (KN/m)
Fig.7 RESONANT FREQUENCY VS. EQUIVALENT SPRING CONSTANT
© EXP. POR CASE I
—— CASE 1
Lop - st 1 Lo} — CaSE 1
—— CASE Il _ ~e= CASE T
—-— CASE IV SR ~-— CASE I
,/// g = CASE IV
5
fief Py =
“‘_(‘L 0.5r = 0.5F 4
o = 4
= 4
4 V
/ ////
0.0 — 0. bt e :
100 1 10 100
Xo / 8, Xo / &,
Fig.§  RESONANT FREQUENCY VS. RESPONSE DISPLACEMENT .. — !
ig q Fig. 10 ESTIMATION LRROR VS, RESPONSE DISPLACEMENT

OF PIPING SYSTEM WITHOUT GAPPED SUPPORT

— 248 —

QOF PIPING SYSTEM WITHOUT GAPPED SUPPORT



