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ABSTRACT

Two phase cross flow induced vibrations are capable of causing considerable damage in several
heat transfer applications. This work presents a method to determine conditions at the onset of the
instabilities based on a single phase cross flow model proposed in earlier works (Marn and Catton,
1991). TRAC based governing equations are used and several assumptions are made with regard to the
source of instabilities as well as the void fraction distribution in the rod bundle.

For an instability to occur the solid feedback to the initial disturbance and the fluid secondary
flow both adopt the growing solution to the coupled equations of solid-liquid motion. A simple Alternate
Direction Implicit finite difference algorithm was utilized to solve the discretized dimensionless
disturbance equations. Several parameters are identified as important to the onset of instabilities. Some
parametric studies are presented.

INTRODUCTION

In U shape heat exchanger design (Figure 1) there are two characteristic places where cross flow
induced vibrations become important factor for its design: 1) the bottom part of the exchanger where the
flow consists of mainly single phase and 2) at the top part of steam exchanger with two phase flow cross
flow. This contribution is addressing the air-water cross flow in rotated triangular cylinder array chosen
for two reasons. First, the coupled momentum and energy equations were avoided, and second, there
were not enough experimental data available to verify the theoretical results for steam-water mixtures.

ASSUMPTIONS AND SIMPLIFICATIONS

The flow is assumed to be horizontal to exclude gravity effects. TRAC equations and correlatlons
used for the model developmnent are not capable of predicting the void fraciion distribution thus an
assumed profile was utilized and used as a free parameter suitable for fine tuning of the presented model.

Similarly to other authors (Lever and Weaver, 1984, Yetisir and Weaver, 1988) assumption the
flow field is assumed to be decomposed into mean and perturbed flow. The fluidelastic instability is
assumed to be caused by perturbed part of velocity field. Constant velocity was used as a mean angular
component and mean radial component was assumed to be zero. There are experimental observations
available to support this assumption in single phase flow, but the experimental data for actual velocity
profile in two phase flow is not readily accessible.

GOVERNING EQUATIONS
The governing equations are taken from TRAC manual (1979) as
° liquid and gas mass conservation equations
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The air-water mixture is used thus avoiding the energy equation. Note

Vo=VotVe 5 V.=V, +v =v, 5)

Introducing the decomposition in mass conservation equation, subtracting the mean flow variables
and ignoring the time dependent term results in

ov, ov
_e_—i_a_(arv)=—r_r—v - 1 aa ©)

0 aor or " T« or

for gaseous phase.

Following the examination of available correlations for slip (drift flux) one has to conclude that
for bubbly and slug flow gravity plays deciding role. According to Rohatghi et al.(1982, eqs 5.1 and 5.2)
there is no relative velocity between gaseous and liquid phases for flows with absence of gravity. This,
assumption about negligible wall shear, the fact that there is no phase change in the flowfield and the
fashion in which void fraction distribution in the flow field discussed below was chosen result in
following form of gaseous momentum equation for radial and angular perturbation velocities,
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Combining both equations results in
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As a first approximation the void fraction dependence along the streamtube is assumed to be
negligible. Dhir (1991) reports the change of void distribution within the first few rows of the bundle.
Using this assumption and substitution of terms in Eq. (9) utilizing mass conservation equation yields
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This equation has the same form in both dimensionless and dimensional configurations. The
scaling parameters used throughout the text are

L ; r=r*d ;x=x'd ; y=y'd; U=V,
(10)
p=ppUdw, ; F=F*pUd2<on

X=X*d; Y=Y'd

where * denotes the dimensionless numbers. For the sake of clarity the stars in this text will be omitted,
so unless otherwise noted all the equations will be in dimensionless form. _
Quasi stationary phenomena ansatz is used to accommodate the time dependency:

X=X(x,y)e™" ; Y=Y(x,y)e'*
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Following dimensionless groups (Reynolds and streaming Reynolds numbers) are found to be
important
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The boundary conditions for the radial perturbation velocity require that the velocity of the fluid
on the cylinder surface matches that of the adjacent fluid,
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Finally, the model must include the void fraction distribution. This is one of the TRAC inherent
disadvantages. As mentioned before one expects the void fraction to attain minimum in the middle of
the streamtube and to be more or less symmetric. In addition, the fine tuning of the model to
experimental results can be achieved by changing the void fraction distribution. The best results (and at
the same time satisfying the conditions for void fraction mentioned above) were found by assuming
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where exponent s was found to be 1.5 and bar corresponds to centerline (i.e. minimum) void fraction.
This distribution represents anecdotal evidence of researchers who reported increase in void fraction
toward the outer diameters of the tubes.

In order to calculate the forces acting on the cylinders the pressure needs to be computed from
the angular momentum equation. Using all the above mentioned assumptions and utilization of scaling
produces

0.0<x<1.0
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for pressure calculations. The forces are obtained by integrating the pressure along the cylinders surface.

THRESHOLD OF INSTABILITY

The conditions for instability do not have a direct bearing on the type of fluid flow, i.e. the
difference between single and multiphase flow. There is an influence on natural frequency and mass ratio
of the system, granted, but the form of equations do not change. The conditions for instability is thus
summarized from the previous works, see Marn (1991).

The static instability (divergence) is not of interest as it is not believed to produce any significant
impact on structural instability. Fluid elastic (dynamic) instability, associated with first power of w/w,
ratio is of major concern and is the final result of this investigation.

GEOMETRY AND NUMERICAL DOMAIN

The geometry the method discussed above will be applied to is a finite array of circular cylinders
presented in Figure 2. The array consists of 44 cylinders which can be arranged in number of different
setups. Of 44 cylinders the outer 12 are assumed rigid the rest being flexible. The two combinations for
relative positions of the cylinders used in this report are normal triangular and parallel triangular arrays
with pitch to diameter of 1.32 and 1.47. The reason for these particular values is compatibility with
available experimental data.

The computational domain consists of a cylinder surrounded by an arc of fluid flow (denoted as
a block), see Figure 3. Number of blocks are fitted together to describe the array. The compatibility
conditions between blocks are continuity of velocity and pressure. The computational domain and its
application to the finite domain of cylinder have already been discussed in great detail in Marn and
Catton (1991) so we are not going to repeat it here.

RESULTS

The solutions to the governing equatlons were obtained by using Alternate Dlrectlon Implicit
finite difference scheme and applying above described temporal ansatz. Figures 4 and 5 show the critical
reduced velocity dependence on mass damping parameter. There seems to be the incompatibility between
Pettigrew et al. (1988) and this definition of mass damping parameter. The inconsistency arises through
the scaling of equations for cylinder motion. This model cannot treat the logarithmic decrement
separately as it lacks the solid dynamic background to do it. The mass damping parameter is treated as
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a single parameter governing the w/w, to the first power term on the LHS of equations of the cylinder
motion. Figures present the theoretical predictions for normal and parallel triangular arrays and the
experimental results obtained by Pettigrew et al. (1988). While at the higher reduced velocity region data
seem to agree nicely with predictions there is a sizeable discrepancy at the lower reduced velocities.
There most likely explanation is the fact that the model presented does not account for viscous forces
which may be important for low reduced velocity flows. The best remedy would be to repeat the analysis
using true two fluid models and rigorous relations between phases and wall. Since that is hardly possible
due to extreme complexity of the problem one could attempt to solve the problem by using appropriate
available wall shear and interfacial correlations.

For higher critical mass damping parameter (7.00) the following correlations to link the effects
of angle of attachment and pitch to diameter velocity was found to hold

VO,cr= C
wd P o3 16)
d

where C depends on mass damping parameter and is usually expressed in terms of constant K and
exponent 7.
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NOMENCLATURE

Roman letters:

mean velocity vector with components V, and V,

diameter of the tube

liquid component

gravity, gaseous component

pressure

exponent in void fraction distribution

time

velocity vector with components vy and ¥, in local x and y coordinate directions
liquid shear on the wall

gaseous shear on the wall

£ 4" vwTm o g

)

wg e
Greek letters:

frequency, subscript n denotes natural frequency of the tube
kinematic viscosity of the fluid

T vapor generation

L sum

o void fraction, angle between attachment point on the tube and midplane [rad]
o density

)

v
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Figure 2. The Flowfield.
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Figure 1. The Steam Generator

Figure 3. The Fluid Cell.
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Figure 4. Threshold of Instability Figure 5. Threshold of Instability
for Normal Triangular Array. for Parallel Triangular Array.



