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Abstract

HI-FLOW is a computer program which enables piping engineers to perform
flow-induced vibration analysis of complex piping systems at normal opera-
ting conditions. HI-FLOW was developed specifically to minimize problems due
to flow-induced vibrations which are otherwise discovered only during the
Preoperational Testing Phase in the construction of a nuclear power plant.

This paper describes the complex frequency-domain algorithm and numer-
ical procedures implemented into program HI-FLOW, and its successful appli-
cation to the flow-induced vibration analysis of a major piping system in a

nuclear power plant.
1. Introduction

In the recent past, the Nuclear Power Industry has become increasingly
interested in finding a reliable method to minimize, or to avoid the major
problems which arise due to excessive flow-induced vibrations of major piping
systems during normal operation. Up until now, major manufacturers of
nuclear piping systems have relied almost exclusively on preoperational test-
ing to identify problems arising from flow-induced vibration. This has not
been a completely satisfactory method for two primary reasons.

First, preoperational testing itself is often on the critical path of
the construction schedule leading to startup and licensing of each nuclear
power plant. Discovery of excessive vibration problems in that phase of the
schedule can lead to severe logistical problems, including diagnosis, devel-
opment of a feasible solution, procurement of necessary hardware, and imple-
mentation of the required repair or retrofit.

Second, the problems arising from flow-induced vibration are unique to
each piping system, and are quite sensitive to such parameters as pipe confi-
guration, type and location of supports, and the flow regime. Although suc-
cessful completion of preoperational testing undoubtedly reduces the likeli-
hood of potential problems of vibration due to loads to which the piping
system may be exposed to during its lifetime, no preoperational testing pro-

gram can provide a truly comprehensive test of those loads and load combina-
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tions. BAs a result, although trial-and-error field modifications may solve
the vibration problems in one flow regime, they may inadvertently aggravate
the problem in another flow regime, or when combined with other loads.
Flow-induced vibrations under normal operating conditions are initiated
by the cyclic pulsations caused by mechanical sources such as valves and
pumps and, on occasion, by cavitation and turbulent flow in elbows, tees,
reducers and orifices. Due to the relatively low damping in piping systems,
when the dominant frequencies of cyclic pulsations approach, or coincide
with, the natural structural frequencies of the piping system, unacceptable
levels of resonance are induced. The resulting vibrations, when excessive,
can severely shorten the life of the piping, pipe supports, and all other

appurtenant equipment, including instrumentation and gauges.

2% Theoretical Background

During normal operating conditions in a nuclear power plant, the fluid
in the piping system usually undergoes a period flow behavior in time. Such
a behavior is commonly referred to as "steady-oscillatory". This behavior is
in contrast to the "transient" flow in which a sudden change in flow occurs
due to some abrupt change of a source (e.g., valve opening).

Basically, there are three methods by which steady-oscillatory flow in a
piping system can be analyzed. They are (1) the Method of Characteristics
(time domain solution), (2) the Impedance Method (frequency-domain solution),
and (3} the Extended Transfer Matrix Method (frequency-domain solution). The
Extended Transfer Matrix Method was implemented into HI-FLOW because fre-
quency domain analysis is much more suitable and cost-effective for the ana-
lysis of steady oscillatory flow, and is much simpler and more systematic to
implement than the Impedance Method.

The variables of interest in the flow in piping are h (head) or p (pres-
sure), and q (discharge or volume velocity) or v (velocity). In steady-
oscillatory flow of a piping system, the volume velocity, Q, and the pressure

head, H, at any instant are described as:

0 = o + q eq. (1)
H = H + h eq. (2)
where Oo = mean velocity
q = velocity variation about the mean value
HO = mean head
h = head variation about the mean value

Tt should be noted that g and h are functions of both time and geometry
of the piping system. 1In steady-oscillatory flow, it is assumed that the
magnitude of q and h are relatively small in comparison to Qo and Ho’ respec-
tively. Furtkhermore, g and h are periodic in time due to periodic excitation
of the source.

Flow through a pipe is governed by the continuity equation (see Wylie[1]1)
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da gA dH
= + — == 0 eq. (3)
dx a® dt

and the dynamic equation of motion

an 1 dg £Q"
—  } =Ee— + =3 0 eq. (4)
dx gA dt 2gDA

where = gravitational constant

= cross-sectional area of the pipe section
wave acoustical velocity along the pipe
= Darcy-Weisbach frictional factor

= wet or inside diameter of the pipe
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= exponential term of velocity in friction loss along the
pipe
The solution of the equations of continuity and motions in terms of g

and h as a function of space, x, is described in Wylie [1], and is given by

q{x) = clsinh(mx) + c2cosh(mx) eq. (5)
2
a‘m
h(x} = - (clcosh(mx) + czsinh(mx)) eq. (6)
JjgAw
where 2
m = =& 4 JgAwR
2 2
a a
R = linearized resistance factor to account for the charac-

teristics of the flow (turbulent or laminar)

Cyr Cy = arbitrary constants to be determined
j = V-1
w = harmonic frequency (rad/sec)

Egs. (5) and (6) describe the state variables, g and h, at any section
of pipe. The equations relating the variables at both ends of a pipe element

of length L and flow from node i to node j are given by

jwgA
qj = cosh(mL) a; - ;;f_ hi eq. (7)
2
ma
h, = - sinh(ml) gq. + cosh(mL} h, eq. (8)
3 ; i i
JwgA
or, in matrix notation
cosh (mL) - >sinh(mL) o | [qa
c
= wqﬁcssirxr'utzz:L) cosh (mLL) 0 h eq. (9)
1 0 0 0 1
J i
2
ma
where 7 = eq. (10)
C .
JwgA

is called the characteristic impedance of the element. The matrix in eq. (9)
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which relates the state variables from node i to node j is called the exten-

ded field transfer matrix, [F], such that
{f}j = [F] {f}i eq. (11)

This matrix ix computed for each element and for every frequency throughout
the execution of HI-FLOW.
Going from element to element, it is necessary to relate the state vari-

ables on the upstream side of the connecting node to the state variables on

the downstream side of the connecting node. 1In order to do so, we need to
define an extended point transfer matrix, [P]. This matrix is necessary to

model changes in flow at a point due to changes in the boundary condition due
to the existence of special devices (e.g., pump, valve, orifice, etc.) .
Examples of extended point transfer matrices for various boundary conditions

and devices is given in Wylie [1].

Br Computational Procedure

The basic steps in the computational procedure is given in the flowchart
in Figure 1. Briefly, the computational procedure can be described in the
following way:

(a) In the data generation phase, the nodal coordinates and piping

data are defined. Each run or section is defined in terms of run
type (parallel, branch) and the pipe elements within each run. The
flow vector define the connectivity of all runs from the upstream
to downstream are identified. This flow vector is used to assemble
all of the field and point transfer matrices for each run to the
overall transfer matrix. Tee nodes and loop runs are also identi-
fied for subsequent computations. All boundary conditions for any
nodes with either prescribed pressure or velocity are identified.
Nodes with specific devices, including oscillating valves or pumps,
are also identified. The range of frequencies over which the ana-
lysis will be performed is also required.

(b) In the excitation decomposition phase, a Fast Fourier Transform is
performed for each prescribed source of excitation in order to
define the number of required harmonics at which the flow-induced
vibration analysis will be performed.

(¢) In the run computation phase of HI-FLOW, the point transfer matrix,
[P], for each node, and the field transfer matrix, [F1, for each
element of each run is computed. Nodes with special devices
attached are updated in the corresponding point matrix. The trans-—
fer matrix for each run, [Ur]’ is calculated by alternately premul-
tiplying the point and field transfer matrices of each node and
cach element added, respectively, in going along the assumed flow
direction. For example, in going from node 1 to node j, the trans-

fer matrix for run r would be calculated as
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) = Pyl IRg1IF, 41(Py_

L (p,l{F 1 (P} [F] eq. (12)

(d) In the system transfer matrix assembly phase, the relative configu-
ration of each run is identified as being either series, branch, or
loop. Loop runs are first assembled to overall transfer matrix.
The branch runs are then assembled, incorporating the boundary
conditions at the ends of the runs. Series runs are then assembled
and added to the overall transfer matrix. The overall transfer
matrix, [Ut]’ for the entire system is finally calculated.

{(e) 1In the response calculation phase, with [Ut] known between the two
end points of the system at which at least two flow variables are
known, the other two unknown flow variables (pressure and/or velo-
city) can be calculated. Once the pressure and velocities are
known at these two end points, the pressures and velocities at all
other nodes in the entire piping system can be calculated by con-
structing the appropriate transfer matrix linking the nodes with
known variables to the node with unknown variables.

(f) In the total response time history calculation phase, steps (c)
through (e) are repeated for each source of excitation. The res-
ponses at each harmonic for each source of excitation (in the fre-
quency domain) are superposed. A Backward Fast Fourier Transform
is then performed to obtain the pressure and velocity time history
at each node. These time histories are saved for used in subse-
quent structural response analysis using standard finite element

computer programs.

4. Applications

HI-FLOW was used to analytically predict the flow-induced vibration res-
ponse of a major large-bore piping system in the Turbine Building of a
nuclear power plant. The primary objective of that study was to demonstrate
that the response of that piping system under normal operating conditions
could be reasonably predicted using the analytical methods implemented into
program HI-FLOW. The flow-induced vibration response of that piping system
had been previously measured at selected locations along the pipe.

The pipe system consisted of pipes ranging in diameter from approxi-
mately 0.35 m to 0.75 m, and is approximately 80 m in length. The entire
system was supported by several rigid hangers, spring hangers and snubbers.
Flow under the normal operating conditions test ran through a series of
valves, reducers, and tees to one of two pumps.

HI-FLOV was used to calculate the hydrodynamic force time histories at
various points along the pipe. The FIV displacement responses to these
hydrodynamic force time histories were then calculated using standard finite
element structural analysis programs. The overall correlation between

measured and predicted displacements was quite good, in light of the uncer-
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tainties in the material properties, particularly damping, and the support

boundary conditions
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INPUT DATA FOR EACH RUN
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IDENTIFY SOURCE OF EXCITATION
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COMPUTE [P] AND [F] MATRICES
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fu} = [F}1[P].....[P][F]
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[

BRANCH RUN: FIND TEE NODE, UPDATE
[U] ON LEFT AND RIGHT ON MAIN RUN

PARALLEL RUN: FIND ALL RUNS WITH
SAME 2 END NODES, UPDATE {U] ON
LEFT AND RIGHT ON MAIN RUN

ASSEMBLE ALL ([U's] ON MAIN RUN TO
OBTAIN FINAL OVERALL (U] (3 x 3)

COMPUTE RESPONSE AT TWO ENDS
OF MAIN RUN

COMPUTE PRESSURE AT REQUIRED NODES
USING CORRESPONDING TRANSFER MATRIX
AND RESPONSE AT 2 ENDS OF MAIN RUN

SAVE NODAL PRESSURE/VELOCITY

FOR EACH HARMONIC

PERFORM BACKWARD FFT FOR EACH NODE
TO OBTAIN PRESSURE TIME HISTORY AND
SAVE ON TAPE FOR PIPE STRESS BNALYSIS

FIGURE 1
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FLOWCHART FOR HI-FLOW COMPUTATION PROCEDURE
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