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SUMMARY

In this paper a method, based on a transfer matrix approach, is presented for determining
the coupled pump pulsations and mechanical vibrations of nuclear piping in steady state. The
method involves simultaneous solution of no more than 12 algebraic equations, and the small
HP 2000 computer has been found sufficient for calculations, irrespective of the application.

The state vector used in the method consists of 14 complex amplitudes of quantities de-
scribing the propagation of pressure waves in the fluid, and longitudinal, transversal and
torsional waves in the pipe. The piping is divided into proper members such as straight
pipes, bends, and equipment including pumps, valves, accumulators, supports and mechanical
dampers. The basic transfer matrices for each member are multiplied to yield the total
transfer matrix for equations relating the end values of the state variables. The end condi-
tions of the piping are substituted into these equations to obtain end state equations, which
can be solved for the end values. The intermediate values are finally detemined by succes-
sive multiplications of the state vector by the transfer matrices.

The method comes to grips with a numerical instability. This problem is solved by an ap-
propriate linear transformation of the state variables and an optimal scaling procedure,
using the method of least squares, developed to solve the end state equations.

A new formulation of the transfer matrix method has been introduced for approximate anal-
ysis of piping transients. The state vector now consists of the values of the quantities
mentioned above at three consecutive instants, ti’ tj and tk. The transfer matrices are
formed by solving the basic equations of piping vibration as discretized with respect to
time. The end state equations are solved for 7 independent end values of the state variables

at instants t,, and an explicit time integration formula relating these values to those at

k,
instants £ and t. is obtained.

The steady-state method has been applied to vibrations observed in a reciprocating pump
suction line in NPS Loviisa 1. The results suggest that at acoustic resonances flow fluctu-
ations are much stronger than pipe motions, making the purely acoustic analysis of acoustic
resonances justified. On the other hand, at mechanical resonances the fluid tends to lag
behind the pipe during strong longitudinal pipe motions. This gives rise to a reduction in
the effective fluid mass, the omission of which leads to erroneous responses and slightly

decreased eigenfrequencies when purely structural methods of analysis are applied.



1. The Algorithm of Solution

The mathematical model of the piping under consideration consists of an arbitrary un-
branching chain of straight pipes, bends and hydraulic or mechanical equipment terminating
at each end in a massive component, a tank or a reciprocating pump, which provides both a-
coustic and mechanical isolation from adjacent systems. In the solution, the basic transfer
matrices {TM's) of these members are First multinlied to yield the total TM for equations
relating the end values of the state variables (SV's). The end conditions are substituted
into these equations and the upstream end values are solved. The intermediate values are

finally determined by successive multiplications of the state vector by the basic TM's.

2. Steady-State Vibration

2.1 Straight Pipes

The TM of a straight pipe is derived by solving the differential systems governing the
propagatien of longitudinal, torsional and transversal waves along the pipe. By taking into
account both the longitudinal and radial deformations and the associated Poisson effects,
and using the conventional linearized friction law and the complex modulus of elasticity

E(l+ig), the following differential system has been derived for the longitudinal waves
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The torsional waves with structural damping are described by the differential system
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Since the tension originating from flow-induced reactions at the bends markedly reduces

’ , G*= G(1+g) 2)

the effects of internal pressure and centrifugal forces [1), the only hydroelastic effect to
be included in the analysis of transversal waves is that of the Coriolis forces. The differ-

ential system for transversal waves in the y-direction is therefore written as
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in which the sign conventions of Pestel and Leckie [2] have been used. A similar system
holds for transversal waves in the z-direction, where TV, ¢y’ M and Qz are chosen as SV's.
The differential systems are solved with special consideration for the numerical insta-
bility of direct TM solution of eq. (3). The obvious numerical problem caused by the dif-
ferent orders of magnitude of the SV's is first mitigated by introducing the dimensionless
Sv's VyAv, ¢z, MZ/E'IAV, -Qy/E'IAi, -VZAV, ¢y, My/E'IAV and QZ/E'IXS, where Xi

Denoting the dimensionless quantities by subscript ~ and denoting h = Zwufwo/E'IA the solu-
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v
tion of eq. (3) takes the form of eq.A(A), in which the propagation constants ij are the
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0 the TM in eq. (4), which will be denoted by G,» would consist solely

h x + cos x, sinh x - sin x, cosh x - cos x and sinh x + sin x. In ap-

aight pipe with this gv as a submatrix, the round-off errors associated
matrix multiplications required by the algorithm would convert the to-
encies toward another matrix obtained by veplacing each of these func-

view of the resulting matrix singularity, this suggests finding more fa-

hrough a linear transformation of the SV's describing the transversal
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0. Because the new functions have no common limits at great x's and be-
ent, e¥ in eq. (6), lies on the diagonal, the matrix singularity is
™ UG UT.
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system of the longitudinal waves can be partitionmed in the form

the state transition equation
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and UG U™ are combined into the TM of a straight pipe to obtain
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The element Z]5= 1 is used in the state vector Z to account for external loads at equipment.

2.2 Equipment

The effects of hydraulic or structural equipment are analyzed with a single TM. To de-
rive it, consider the general mathematical model of equipment at a fixed point O described
by an external load F, a pressure rise P due to a centrifuszal pump, a gas volume V of bulk
modulus BV due to an accumulator, a minor loss of factor g, a mass m of mass center position
GC, and a translational spring, a rotational spring and a mechanical damper of constants k,
kr and c acting in the directions e €. and e, respectively. All vectors are expressed
in the local Oxyz coordinate system of the pipe. The relative flow velocity has a discon~
tinuity at O and the left hand limit w and the right hand limit w' are related by the mass

. . + - .- . . .
conservation equation w = w —iup V/B_A_. The change in pressure is expressed by the line-

v f
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arized energy equation p = -Zp LAY +p +P. The displacement u + v and the rotatiom § + ¢ of

the pipe are assumed to be coniinuous at 0. The internal force N + Q has a discontinuity

by virtue of F, the inmertial force u m[u + v+ (g + ¢)x6 |, the supporting force

- (Ke, ek+ 1wce e ) (u + v) and the reaction force (p - )A e of the fluid. The internal
moment T + haq a discontinuity at 0 due to the moment of 1nPrL1u1 forces mzmd x(u + V) +
rkrkr (6 + 9.

The equations of force and moment balance are wrltten in the scalar form and the follow-

w [ S (6 T - §8)dm]+(6 +,) and the supporting moment k e

ing matrix equation is obtained:
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Applying the transformations of section 2.1 to the coefficient matrix in eq. (l1) the

TM of equipment is established.

2.3 Bends

In most nuclear piping systems the bends have bend radii essentially smaller than the
lengths of the straight pipes. This creates conditions for approximating the bend with a
mitre element whose physical properties are chosen with a view to minimize the errors origi-
nating from the wrong geometry. To analyze the mitre element, TM's for a tangent of the mi-
tre element and the mitre are needed. Suppose the bend has a centerline bend radius R, a
bend angle 8, a cross—sectional area rAAD, a bending moment of inertia rII, a mass r U per
unit length and a flexibility factor K to account for ovalization under bending. Denoting
r = tan(g/2)/g/2 and utilizing the results of [3] directly, the following differential

n
system is applied within the tangent
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The second equation in egs. (13) corresponds to inextensible analysis of the bend, and jus-
tifies the concentration of the flow-induced reaction to the mitre section. Considering rie
shortness of the tangent it is reasonable to present the solution as a truncated Taylor
expansion in which the wavelengths are accounted for by using three, two and “our terms Lo
describe longitudinal, torsionmal and transversal waves, respectively, When transformed ac-
cording to section 2.1 and when applied over the length Rtan(g/2), the coefficient matrix
of the expansion becomes the TM of the tangent,

The mitre section produces no discontinuity in the flow velocity, The pressure has a
drop of Lo w w, where g is a factor of the total friction at the bend. The components of
U+vV, 6 +¢ and T+ M have a discontinuity at the mitre section due to the change in
the coordinate system. It can be shown [3] that the components of N + Q have an addi-
tional discontinuity owing to the influence p_Af(E; - E:) + gpwaWE; of the static pressure

. . . - + C . .
and the linearized centrifugal force ap w(ex - ex) on the original bend, where ¢ 1is

w
fo
a correction factor of impulse. The equations of force and moment balance are written in
the scalar form and the eq. (14) is formed whose coefficient matrix can be transformed ac-

cording to section 2.1 into the TM of a mitre.
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2.4 End State Equations
The total TM G relates the left hand limit of Z at the upstream end to the right hand

limit of Z at the downstream end in the form ZD+= GZU_. Here the end junctions have been
analyzed by TM's of equipment. The end conditions of the pipe are GU+ ;U= e P
TD++ ﬁD+= 0, and those of the fluid are pU—= 0 or pD+= 0 for a connection with a tank,

and W= @Y or WPte WP for a connection with a reciprocating pump creating the velocity

+ =

fluctuation W’ or W, The end conditions are substituted in terms of the SV's into the
total state transition equations to obtain 12 end state equations. The coefficient matrix

of these can be partitioned into two submatrices: a 12x5 matrix G' containing numbers 0 and
-1 only, and a matrix G" containing numbers normally very different in magnitude. To bring
the orders of magnitude of the elements in G" as close to unity as possible, it is advisable
to perform an optimal scaling [3] in the end state equations by using such scaling factors
that minimize the square sum of the logarithms of the absolute values of the scaled nonzero

elements in G" while G' remains unchanged.
3. Transients

A new formulation of the TM method has been introduced for analysis of piping transients.
In it the state vector consists of the values of the time-dependent quantities at three con—

secutive instants te, tj and e The TM's for this formulation are derived from the instan-

taneous equations which are discretized with respect to time by assuming parabolic time de-—

pendence of the quantities when t; = t <. The TM multiplications now yield 14 end state
equations from which 7 left hand side limits ZE_ of the SV's at U at instant tk can b
u-

solved in terms of those at t; and tj, and a vector accounting for the excitation: Ek =
égg_+ gg?—+ Ee As soon as the initial conditions and the time dependence of the excita-
tion are defined expligit time integration can be performed and the spatial distribution of
the SV's can be studied by state transitions at the instants of interest. Since the time

integration forwula is made up of 7 second order difference equations the method gives the
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response as an approximate combination of 7 eigenmodes of the piping.

4. Application

The steady-state method has been applied to vibrations observed in a reciprocating pump
suction line (SL) at NPS Loviisa 1. Because of strong hammers caused by water column sepa-
ration, the SL has been described by the simplified model of fig. 1 using the values
w, = 0.89 m/s, p. = 955 kg/m, p, = 7850 kg/m>, B* = 2.05 GPa, E = 202 GPa, v = 0.3, K = 3.3
and T, =T < 1. The undamped frequency response of the SL to the harmonic pressure pulsa-
tion of amplitude P and frequency f is presented in fig. 2 in terms of the values of
UP = |0f/P and wp = ﬂfwo|wl/P at the penetration, where ¢ is the maximum von Mises stress of
the cross-section. In the regime considered the frequency response exhibits four resonance
peaks at eigenfrequencies of 17.9 Hz, 18.9 Hz, 26.1 Hz and 33.0 Hz. The dominant projections
of the corresponding eigenmodes of the pipe are shown in fig. 3. By ignoring the couplings
between pressure and tension waves the eigenfrequencies 17.2 Hz, 18.9 Hz, 25.5 Hz and 32.3 Hz
have been obtained. The decrease in the eigenfrequencies can be attributed to neglect of
the decreased effective mass of the fluid caused by its tendency to lag behind the pipe dur-
ing strong longitudinal pipe motions [3]. This decrease is more pronounced in piping syslems
for which the ratio uf/up exceeds that of the SL, viz. 0.288.

The effects of compressibility of the fluid were studied using a hypothetical calcula-
tion in which B* = 53.0 MPa [3). This resulted in an additional strong resonance peak at the
eigenfrequency 24.0 Hz, exactly as predicted by an acoustic calculation. The result suggests
that in the vicinity of acoustic resonances flow fluctuations are much stronger than pipe
motions and therefore act in accordance with acoustic theories.

Resonant vibrations with damping were examined setting f = 17.9 Hz, a = 2, g = 0.01, & =
0.03, and using the values ¢ = 2, 1 and 0.2 for the valve, the upstream end and the bends,

respectively. The results op = 2600, w, ® 0.021 were obtained. For other g # O, wo% 0 both o«

P
. 0.5 . . . Cen
and w proved roughly proportional to l/gwO + The lagging behind of the fluid was verified.
The first eigenfrequency of the SL is 10 % higher than the frequency of the second har-

monic of the pump pulsation at which the SL has been observed to vibrate.

5. Conclusion

A compact method, based on a TM approach, has been presented for determining the damped
steady-state response of unbranching three-dimensional piping to pump pulsation. A new for-
mulation of the TM method has been introduced to allow approximate analysis of piping tran-—
sients. The results of application to a practical problem suggest that acoustic resonances
are nearly independent of pipe motions, whereas mechanical resonances present coupling to

flow fluctuations through lagging behind of the fluid during strong longitudinal pipe rotions
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Fig. 1. A Reciprocating Pump Suction Line.
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Fig. 3. Eigemmodes of the Suction Line.
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