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Abstract

Laboratory experiments were conducted to determine the flow-induced vibration (FIV) response and fluidelastic
stability threshold of a model heat exchanger tube bundle subjected to a cross-flow of refrigerant 11. The tube bundle
consisted of a normal square array of 12 tubes with outer tube diameters of 7.11 mm and a pitch over diameter ratio of
1.485. The experiments were conducted in a flow-loop that was capable of generating single- and two-phase cross-flows
over a variety of mass fluxes and void fractions. The primary intent of the research was to improve our understanding of
the FIVs of heat exchanger tube arrays subjected to two-phase cross-flow. Of particular concern was the effect of array
pattern geometry on fluidelastic instability. The experimental results are analysed and compared with existing data from
the literature using various methods of parameter definition. Comparison of tube vibration response in liquid flow with
previous results shows a similar occurrence of symmetric vortex shedding that validates the scale model approach in
single-phase flow. It was found that the introduction of a small amount of bubbles in the flow disrupted the vortex
shedding and thereby caused a significant reduction in streamwise vibration amplitude. The fluidelastic stability
thresholds for the present array agree well with results from previous studies. Furthermore, a good collapse of the
stability data from various investigations is obtained when the fluid density is defined using the slip model of Feenstra
et al. and when an effective two-phase flow velocity is defined using the interfacial velocity model of Nakamura et al.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Two-phase flow-induced vibration (FIV) of an array of cylinders is the subject of this paper. The research was
designed to shed new light on the FIV that occurs in the U-bend region of a nuclear steam generator by experimenting
with a scale model heat exchanger tube array subjected to two-phase R-11 cross-flow. Fluidelastic instability (FEI) is
the vibration mechanism of primary interest because it is the most damaging in the short term, and can cause the tubes
to vibrate excessively, leading to rapid fatigue or wear at the tube supports. However, periodic excitation by coherent
vorticity phenomena and turbulence may also lead to damaging vibrations and, in heavy fluids, may influence the onset
of FEI. An overview of FIV in power and process plant components is provided by Weaver et al. (2000).

Most of the early experimental research in the field of FIV in heat exchangers relied on sectional scale models of tube
arrays subjected to single-phase fluids such as air or water. Complete reviews on the topic are provided by Paidoussis
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(1982) and Weaver and Fitzpatrick (1988). More recently, researchers have expanded the study to include two-phase
flows, which occur in nuclear steam generators and many other tubular heat exchangers. For an overview of two-phase
FIV research, see Pettigrew and Taylor (1994).

The cheapest and simplest approach to perform an experimental study of two-phase excited tube vibration is to
model the two-phase flow by mixing air and water at atmospheric pressure. However, air—water flows have a much
different density ratio between the phases than steam-water flow and this will affect the difference in flow velocity
between the phases. The liquid surface tension, which controls bubble size, is also not accurately modelled in air—water
mixtures. For these reasons, it has become more common in recent years to simulate steam flows using refrigerants,
which boil at or near atmospheric pressure and temperature conditions. For example, Pettigrew et al. (1995) used
refrigerant 22 (R-22) while the present research used an R-11 loop (Feenstra et al., 1995). The use of R-11 as a
modelling fluid is a reasonable alternative because it approximates the density ratio, liquid surface tension and liquid
viscosity of steam-water mixtures more accurately than air-water mixtures. It also permits local interaction between
phases that could affect damping and added fluid mass such as vapour flashing and bubble collapse due to tube motion
induced pressure fluctuations. Clearly, air—water mixtures will not simulate these phenomena.

Traditionally, researchers have relied on the homogeneous equilibrium model (HEM) to determine the pertinent fluid
parameters in two-phase flow such as density, void fraction and flow velocity. This model treats the two-phase flow as
homogeneous in density and temperature with no difference in velocity between the gas and liquid phases. It has been
widely used because it is easy to implement and no reliable alternative was generally available. The main drawback with
using the HEM is that it assumes a velocity ratio of unity between the gas and liquid phases (i.e., Ug/U, = 1). This
assumption is not accurate in the case of vertical upward flow where the density difference between the gas and liquid
creates a significant buoyancy or gravity effect. The density ratios for air—water is roughly 830:1 while for steam water it
is only about 33:1 so that the velocity ratio (slip ratio) of these two fluids is expected to be quite different. In
comparison, the density ratio of R-11 at 40°C is about 150:1. Earlier work by the present authors (Feenstra et al., 1995,
2000a) as well as the present study utilized gamma densitometry to measure the actual void fraction in the test-section,
and it was found to be much lower than that predicted by the HEM. This led to the development of a new model by
Feenstra et al. (2000b) for predicting the void fraction in upward two-phase flows in horizontal tube bundles.
Comparison with other researchers’ measurements of void fraction in tube bundles for air-water and R-113, showed
remarkably good agreement using this new model.

This paper presents the results of an experimental study of two-phase R-11 cross-flow excited vibrations in a square
in-line tube array with a pitch ratio of 1.485. The results for vorticity excitation and FEI are compared with previous
results for tube arrays of different geometries and working fluids. Finally, the stability data are analysed using different
definitions of two-phase velocity and density in an attempt to improve our scale modelling of FEI in tube arrays.

2. Description of the experiments
2.1. Flow-loop

The flow-loop was specially constructed to produce a uniform velocity and void distribution cross-flow in the test-
section, using refrigerant 11 (trichlorofluoromethane, CCI;F) as the working fluid. The advantage of using this fluid to
model the actual steam—water flow in a nuclear steam generator is that R-11 requires roughly 1/13th the amount of
enthalpy to generate a vapour. Thus a two-phase flow of R-11 can be generated with greatly reduced heating power and
the flow-loop can be operated at a much reduced pressure, thereby reducing the cost of the experiments as compared to
a steam—water loop. The fluid is circulated by a gear pump with a practical pumping capacity of 2.2 L/s. Vapour is
generated in the heater section (just upstream of the test-section) by electric heating elements which are presently
configured for 19.2 kW maximum power. The R-11 flows vertically upward into the test-section, where the model tube
bundle is located. For more details on the flow-loop, see Feenstra et al. (1995).

2.2. Test-section and tube bundle

The focal point of the loop is the test-section, where the model tube bundle is mounted. It is a rectangular flow
channel with cross-sectional dimensions of 31.75mm x 305mm. It is equipped with large side widows for flow
visualization and an end window to permit vibration measurement with a nonintrusive optical probe. The test-section
and flow-loop are equipped with thermocouples to monitor fluid temperature around the loop for determining the flow
quality of the R-11 entering the test-section. A gamma densitometer was used in this study to permit nonintrusive
measurement of void fraction of the two-phase flow in the test-section.
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The tube bundle consisted of 12 horizontally mounted brass tubes, 7.11 mm in diameter, 305 mm long in a normal
square pattern with a pitch over diameter ratio of 1.485. The tubes were cantilever mounted into a solid brass block,
and tuned to within +0.2% of the average in-air natural frequency of 35.5 Hz. More details of the tested tube bundle
are given in Table 1 and an illustration of the tube bundle cross-section is given in Fig. 1. The tube vibration response
was measured with a special optical light probe, which is described in detail in Judd et al. (1992). The output of this
device was processed by a dynamic analyser (model HP35670A), which calculated the r.m.s. amplitude and frequency
spectrum in the frequency range from 0 to 100 Hz. The number of sample averages used for determining two-phase
response (i.e., amplitude, frequency and damping) was 100, while for single-phase flow tests, only 25 sample averages
were sufficient to obtain repeatable results.

2.3. Determination of two-phase flow parameters

A general expression for void fraction, «, in a two-phase flow is given by

-1
v = {1+S”—G(1—1)} , (1)

Pr\X

Table 1

Design parameters of experimental tube bundles

Parameter Present study Feenstra et al.  Pettigrew et al.  Axisa et al. Mann and Hirota et al.  Nakamura

(1995) (1989a, b) (1985)* Mayinger (1995)  (1996) et al. (1999)

Test fluid R-11 R-11 Air-water Steam—water R-12 Steam-water  R-123

P/D 1.485 1.44 1.47 1.44 1.5 1.46 1.46

D (mm) 7.11 6.35 13.0 19.05 22.0 222 22.0

fa (Hz) 35.5 38.1 ~33 ~74 22.5 22.1 20.75

f1 (Hz) 25.5-27.5 ~32.8 ~26.9 ~ 60 ~17.5 17.9 —

m, (kg/m) 0.147 0.179 ~0.37 ~0.52 1.60 ~0.87 —

la 0.03%" 0.11%" < 0.2% ~0.5% 0.11% ~0.4% 0.1%

(i 0.68%"° — — — — — —

#Tube end conditions are fixed-pinned (all other studies used fixed-free end conditions).
®Measurement was made with other tubes held fixed.

f<+—

? Flow

Fig. 1. End view of tube bundle layout (dimensions in mm).

Instrumented
tube

Inner wall of

/ test section
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where p; and p; are the gas and liquid densities, respectively, x is the flow quality and S is the slip ratio (or velocity
ratio) of the gas and liquid phases such that S = Ug/U. (see Whalley, 1987). Measurement of slip ratio has
traditionally been neglected by many researchers in favour of assuming the HEM, in which the two phases are assumed
to be well mixed and flowing with equal velocity. Thus the HEM void fraction, oy, is determined using Eq. (1) and
assuming S = 1. A general expression for the time-averaged two-phase fluid density, p, is determined by

p=opg+(1—a)p,. (2)

Note that we since the flow is adiabatic in the test-section, it is assumed that the density is also spatially averaged in the
tube bundle. The HEM fluid density, py, is determined using Eq. (2) by substituting oy in place of . The HEM pitch
flow velocity, V), is determined by

Ve =G,/py. (3)
The pitch mass flux, G,, is determined from flow measurements obtained from an orifice plate reading by
Gp = (m/Au) * P/(P - D), (4)

where ri7 is the measured mass flow rate, A, is the flow area immediately upstream of the tube array, P is the tube pitch,
D is the tube diameter.

In two-phase flow, some uncertainty remains on how best to define the average fluid density and flow velocity of the
two-phase mixture. The traditional approach has been to use the HEM, which treats the two-phases as well mixed and
moving with equal velocity. In a vertical flow however, the gas phase flows faster than the liquid due to buoyancy or
gravity effects, and therefore the actual void fraction is lower and the average fluid density is higher than predicted by
the HEM. Recently, researchers have been experimenting with newer fluid models that account for the slip ratio, S,
between the two phases. To determine slip ratio, one either needs direct measurement of the void fraction of the flow, or
an adequate two-fluid model to predict it. In this regard, a new analysis procedure is employed to determine average
two-phase fluid density of the present data along with the traditional HEM method. This is afforded by a gamma
densitometer, used in the experiments of this study, that permitted an independent measurement of void fraction of the
flow in the test-section just upstream of the tube bundle. Thus, a method to more accurately predict the average density
of the two-phase mixture was possible in the present study, termed RAD for radiation attenuation determination. For
more information on gamma densitometry, see Chan and Banerjee (1981).

In order to properly compare the present RAD data with data of other researchers who did not measure void fraction
directly, an empirical model for predicting the void fraction in vertically upward two-phase flows through horizontal
tube bundles was used. This model was first introduced by Feenstra et al. (2000b), where it was developed from their R-
11 data and tested against other researchers’ measurements of time-averaged void fraction for vertical two-phase air—
water and R-113 flows through horizontal tube bundles. Remarkably good agreement was observed over a wide range
of mass flux and array geometries. The new void fraction model, which predicts the velocity ratio of the phases, is given
by

S = 1+ 25.7(Ri*Cap)*5(P/D)"", ®)

where the velocity ratio, S, is used in conjunction with Eq. (1) to determine the actual void fraction, o. The Richardson
number, Ri, is calculated by

Ri = Ap’ga/G;, (6)

where a is the gap between the tubes, Ap is the density difference between the phases (i.e., Ap = p; — p) and g is the
gravitational acceleration. The Capillary number, Cap, is calculated by

Cap = p, Ug/o, @)

where p; is the liquid phase absolute viscosity, ¢ is the liquid surface tension and Ug is the gas phase velocity
determined by

Us = xG, [opg. (8)

While this definition of the Capillary number is unusual, it created the best fit for the slip ratio model and, of course,
the liquid and gas phase velocities are related by the slip ratio. This void fraction model is utilized in this paper to obtain
more accurate estimates of the time-averaged fluid density of other researchers’ data sets for subsequent stability
analysis.

In addition to the traditional HEM approach, two new methods of time-averaged flow velocity calculation are
considered in this paper. The first new method is designated as an “‘equivalent™ two-phase flow velocity, Vg, which is
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calculated by a summation of the kinetic energy of the two-phases and weighted by the void fraction, «, as given below:

Veo = \/(@pGUE + (1 — 2p, UD/p. ®)

This is perhaps a more realistic estimate of the effective velocity of the two-phases than the HEM pitch velocity given
by Eq. (3). The average density, p, and phase velocities, Uy, Ug, are determined either from the RAD analysis (i.e., from
gamma densitometer measurements) or from the slip ratio model.

The second new method of flow velocity determination examined in this study is called an “interfacial”” flow velocity,
Vi, that was first introduced by Nakamura et al. (2000), is given by

Vi=0.73(Ugs + Urs) + vV 9D.(py — ps)/pL, (10)

where an effective tube diameter is defined as, D, = 2(P — D). The superficial liquid and gas phase velocities, Urs and
Ugs, are given by

Ups = (1 =x)G,/py, Uss = xG,/pg- (1n

The specific form of Eq. (10) was adapted from Nicklin et al. (1962), and given final form by correlating it with
interfacial velocity measurements obtained from vertical two-phase flows of R-123 and steam—water in horizontal tube
bundles as described in Nakamura et al. (2000). Their measurements were obtained using a specially designed bi-optical
probe, which could detect the passage of a gas—liquid interface across the probe tip by a change in refractive index of the
fluid and hence a change in light intensity reflected back from the probe tips. The velocity was determined by correlating
the two signals from the probe tips to determine the average time difference between the passage of an interface from
the lower probe tip to the upper one. It should be noted that this correlation was developed from experiments with
vertically upward R-123 and steam water flows in a normal square tube array at high void fraction flows of between
o = 80-95%, typical of that in the U-bend region of a nuclear steam generator. Nakamura et al. (2000) assumed that
the flow regime would be slug flow and froth flow at these high void fractions.

2.4. Procedure for single-phase flow experiments

Initially, experiments were conducted in single-phase liquid flow, because it was important to establish a benchmark
response of the tube bundle in a realm, which is fairly well mapped out by previous research. In this case, it was desired
to obtain the vibratory amplitude response of the tube bundle as a function of pitch-flow velocity. This experiment
consisted of a many trials where, in each trial, the amplitude response of the monitored tube was measured for a
constant pitch-flow velocity. The flow rate in each trial was set and permitted to run for a few minutes to ensure steady
flow conditions. The output of the displacement transducer was input to a spectrum analyser, from which vibration
amplitude and frequency were determined. The procedure was repeated for increasing flow velocities until tube clashing
occurred or was imminent. The single-phase flow experiments were operated at room temperature with no heating of
the flow.

2.5. Procedure for two-phase flow experiments

Experience has shown that the tube response in two-phase flow is a function primarily of two variables: mass flux and
flow quality (or void fraction). Proper determination of the tube amplitude response requires that one parameter be
held constant while the other one is varied. In this study, the flow quality was increased in each trial, starting from zero,
while the mass flux was maintained constant. By this method, the flow rate into the test-section was set and held
constant while the flow quality was varied from one trial to the next simply by increasing the heater power. Data
acquisition was commenced when steady state conditions were achieved, determined by monitoring fluid temperatures
at various points around the loop. The r.m.s. tip amplitude of the monitored tube and the frequency spectrum were
determined from 100 sample averages, over a frequency range of 0—100 Hz on the dynamic analyser.

The experimental procedure adopted for this study, in which mass flux was held constant while void fraction was
varied, was favoured over the reverse approach adopted by other researchers mainly because it required fewer variables
to adjust when moving from one trial to the next. Since the flow rate was held constant throughout the experiment,
much of the uncertainty in this parameter was eliminated. Visual observations verified that uniform flow conditions
with regard to bubble size, void distribution and flow velocity existed across the test-section at FEI for all test cases.
Additionally, tube response spectra showed that there was no measurable tube excitation due to the gear pump.
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3. Fluidelastic instability in single-phase liquid flow
3.1. Tube bundle response in single-phase liquid cross-flow

The amplitude response of the tube bundle is shown in Fig. 2 for the fully flexible bundle and the single flexible tube
bundle. For the fully flexible case shown in Fig. 2(a), symmetric vortex shedding is believed to be the cause of the large
drag response that initiated at Vp = 0.22m/s and persisted nearly up to the fluidelastic stability threshold, which
occurred at Vp = 0.52m/s. Visual observation of these vortex-induced streamwise tube motions were made with the aid
of a strobe light. It was observed that each tube vibrated in phase with its transverse neighbours. By observing each of
the four transverse tube rows, it was observed that the lower three transverse tube rows vibrated about 90° out of phase
with the neighbouring rows, while the top row vibrated about 180° out of phase with respect to the tube row below.
These observations appeared to hold true for the full range of flow velocity in which vortex-induced tube motions were
observed.

In the sub-critical region, as shown in Fig. 2(a), the vibration frequency increased gradually from 25.5 Hz up to about
27.5Hz at the stability threshold. The lift and drag direction frequencies were generally the same for each trial. Beyond
the critical flow velocity, the vibration frequency suddenly jumped up to 33 Hz. This behaviour was similar to that
observed with the parallel triangular tube bundle of Feenstra et al. (1995), where a sudden jump in frequency from 30.5
to 37.0 Hz was observed in single-phase liquid flow. It is believed that this increase in frequency is due to a reduction in
fluid added mass caused by the liquid flashing into vapour on the tube surfaces during vibration.

Experiments were also conducted with all tubes held fixed except for the monitored tube (see Fig. 1). The results for
this single flexible tube in a rigid array are shown in Fig. 2(b). The stability threshold is seen to occur at Vp = 0.66 m/s
which is about 25% higher than for the fully flexible array. The onset of symmetric vortex shedding occurs at

14 T T T T ¥ T T T T T T T T
- (a) Fully flexible tube array ]
12 f,=255-27Hz f,=33Hz

R.m.s. tip amplitude (%D)

0.0 0.1 0.2 0.3 04 0.5 0.6 0.7

24 T T T T T T T T T | — T T
- (b) Single flexible tube array

20
16 |

12 |

R.m.s. tip amplitude (%D)

TS N S it A N N BRI

0.0 0.1 0.2 0.3 0.4 0.5 06 07
Pitch flow velocity, V, (ms)

Fig. 2. Amplitude response of the tube array subjected to single-phase liquid R-11 cross-flow. (a) Fully flexible tube bundle,
Ve = 0.52m/s. (b) Single flexible tube with other tubes held fixed, V). = 0.66m/s. +, drag direction; [, lift direction.
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Vp = 0.36 m/s, which is about 70% higher than for the fully flexible array. Interestingly, the peak amplitude in the drag
direction in the vortex shedding region was slightly higher than in the fully flexible case (i.e., 6%D. vs. 5%D) The
vibration frequency remained fairly constant (in the sub-critical flow range) at roughly 29 Hz, increasing slightly to
30 Hz. Just before the fluidelastic stability threshold was reached, the transverse frequency shifted downward to 28 Hz.

The fact that the stability threshold is slightly delayed for the single flexible tube case indicates that both the
displacement mechanism and velocity mechanism are at work to initiate FEI in this tube array. If the stability threshold
had been greatly delayed or absent in the case of the single flexible tube bundle, this would indicate that FEI was
controlled by a displacement mechanism, in which the dominant fluid forces are proportional to the tube displacement
relative to its nearest neighbours. Under this mechanism, the fluid forces act in phase with tube displacement with
respect to its nearest neighbours. Chen (1983) concluded that the velocity mechanism (negative damping) is the
dominant influence in heavy fluids, such as water and liquid R-11, while fluid stiffness related forces related to the
displacement mechanism are dominant in “light” fluids such as air. Such a conclusion would suggest that the threshold
flow velocity in a liquid cross-flow should be nearly the same for the single flexible tube case and the fully flexible case.
However, the observed delay in the onset of FEI for this tube array is also dependent upon tube pattern, since Feenstra
et al. (1995) found that the FEI threshold was the same for the fully flexible and single flexible tube cases of a parallel
triangular array in liquid R-11 cross-flow.

3.2. Comparison of results in single-phase flow with other data

The amplitude response of the fully flexible bundle of the present array was compared in Fig. 3 with previous data of
Weaver and Abd-Rabbo (1985), who tested a normal square bundle of 25.4 mm diameter acrylic tubes, and data of
Weaver and Yeung (1983) who tested a normal square bundle of 12.7mm diameter aluminium tubes. These other
studies were conducted in water cross-flow and the pitch over diameter ratios of those tube bundles were both
P/D = 1.5. In Fig. 3, the comparison is made on the basis of the reduced pitch flow velocity, Vp/fD, where the vibration
frequency at the threshold flow velocity was used as a normalizing parameter as indicated in each graph. The similarity
in tube response between the present study and that of Weaver and Abd-Rabbo is remarkable. In both studies, a
significant response in the drag direction was observed below the critical velocity at a reduced velocity of about 1.2.
Through flow visualization, those authors found that symmetric vortex shedding was the root cause, affecting the
second and third tube rows the most. In the post-critical region, above a reduced velocity of about 2.75, both studies
revealed that the lift and drag amplitudes are nearly equal, indicating that the tube exhibited a whirling orbit. Weaver
and Yeung’s work also shows remarkable similarities with the present tube response, though those authors made no
distinction between lift and drag response and simply presented the overall amplitude. This comparison of the response
of tubes with much different densities and diameters in single-phase flow demonstrates the validity of the results
obtained using the present apparatus. In particular, questions regarding the small scale of the present set-up are
resolved, at least for characterising the single-phase flow response of the tube bundle. The remarkably long lock-in
region is common to all three sets of experiments and is associated with strong fluid—structure coupling as well as
shifting relative modes with increasing flow velocity.

For comparison purposes, the fluidelastic threshold flow conditions in single-phase flow for the fully flexible tube
bundle case are plotted in Fig. 4 on two separate stability diagrams drawn from the review papers of Weaver and
Fitzpatrick (1988) and Chen (1984). These diagrams are presented in the form of reduced velocity, Vp/fD, versus mass
damping parameter, m3/pD?. In order to make the comparison consistent with the other plotted data, the logarithmic
decrement of damping of the tube in quiescent air, J,, is utilized in the upper graph, while the in-fluid damping, Jy, is
utilized in the lower graph. In this study, tube damping in air was determined by analysis of the amplitude decay trace
of the monitored tube after plucking, with the other tubes held fixed. The parameters used to determine reduced velocity
and the mass-damping parameter for the monitored tube at the stability threshold in single-phase flow are given in
Table 2. The critical reduced velocity is 2.68 and the mass-damping parameter is 0.0062 and, as seen in Fig. 4(a), it
shows good agreement with previous empirical results obtained from experiments in single-phase flow of air and/or
water. The mass-damping parameter of the present study is rather low when using this methodology because the bundle
has very low structural damping, due to the soldered joint between the tubes and the brass mounting block. For the
single flexible tube in the rigid array, the critical reduced velocity is 3.32 and the mass-damping parameter is 0.0060.
These data are also plotted in Fig. 4(a), where it lies above and slightly to the left of the data-point of the fully flexible
bundle. Comparison of the data using the stability diagram provided by Chen (1984) is shown in Fig. 4(b). The critical
reduced velocity for the fully flexible case remains 2.68, and the mass-damping parameter is 0.139. The data agrees well
with previous data.

The purpose of comparing the single-phase fluidelastic threshold data to that of others was to provide benchmark
response characteristics of the present tube bundle. It is important that the amplitude and frequency response in
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Fig. 3. Comparison of amplitude response data for single-phase liquid cross-flow. (a) Present data, (b) Weaver and Abd-Rabbo (1985),
(c) Weaver and Yeung (1983). +, drag direction; [, lift direction; O, overall amplitude.

single-phase cross-flow should agree with previously published data since knowledge in this field is relatively sound. The
results of these tests provide a basis for interpreting the subsequent vibration tests in two-phase cross-flow.

4. Fluidelastic instability in two-phase flow
4.1. Tube bundle response in two-phase cross-flow

The following sections describe the experimental results for FEI in two-phase R-11 flow, where the primary purpose
was to determine the threshold velocity for the onset of FEI in a two-phase flow of varying void fractions and mass
fluxes. A comparison is made between two methods of data analysis, the traditionally used HEM vs. the slip ratio
analysis, which was afforded by the gamma densitometer measurements and the void fraction model introduced by
Feenstra et al. (2000b). The amplitude response and fluidelastic threshold data of the fully flexible tube bundle are
presented along with damping measurements obtained from the single flexible tube array.
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Fig. 4. Critical flow velocities for FEI of normal square tube arrays in cross-flow. (a) Stability diagram drawn from Weaver and
Fitzpatrick (1988) utilizing in-air damping. (b) Stability diagram drawn from Chen (1984) utilizing in-liquid damping. B, Present data
in liquid R-11 cross-flow.

Table 2

Summary of fluidelastic instability data for single-phase R-11 cross-flow

Parameter Present study Feenstra et al. (1995)
Normal square tube bundle, P/D = 1.485 Parallel triangular tube bundle, P/D = 1.44
Fully flexible Single flexible Fully flexible Single flexible
tube bundle tube bundle tube bundle Tube bundle
Ve (m/s) 0.52m/s 0.66 m/s 0.32m/s 0.34m/s
f (Hz) 27.5Hz 28.0Hz 29.4Hz 31.8Hz
Vye/fD 2.68 3.32 1.71 1.68
m (kg/m) 0.245kg/m 0.236 kg/m 0.301 kg/m 0.257kg/m
oL 1478 kg/m> 1473 kg/m> 1477 kg/m> 1477 kg/m>
04" 0.0019 0.0019 0.0069 0.0069
md,/pD? 0.0062 0.0060 0.035 0.030
oLt 0.0425 0.0425 — —
mdy/pD? 0.139 0.135 — —

#In-air and in-liquid damping values obtained from instrumented tube with other tubes held fixed.
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Fig. 5. Amplitude response of the fully flexible tube array subjected to two-phase R-11 cross-flows of pitch mass fluxes of (a)
G, =98 kg/m?s, (b) 396 kg/m?s, (c) 579 kg/m?s. +, drag direction; O, lift direction.

Fig. 5 presents a sample of amplitude response curves of the monitored tube for the flexible array, which illustrates
the phenomenon of FEI in two-phase flow. The graphs show the r.m.s. tip amplitude of the tube versus HEM pitch flow
velocity which is calculated by Eq. (3). Each graph corresponds to a different pitch mass flux, which is held constant
while the void fraction is varied from zero. Below the critical two-phase flow velocity, the tube responds to turbulence,
gradually increasing in amplitude as the effective flow velocity increases. Beyond this however, the vibration amplitude
increases at a much greater slope, particularly in the lift direction. This change in response behaviour and amplitude vs.
velocity slope is defined as the fluidelastic threshold. The threshold is particularly well defined at high-mass fluxes such
as seen in Fig. 5(c) but is less clear at low-mass fluxes such as shown in Fig. 5(a). In such cases, the critical threshold was
determined as the point when the slope of the curve starts to deviate significantly away from that of the turbulence-
buffeting region.

Of particular interest are the high values of streamwise response at the lowest velocities in Figs. 5(b) and (c). These
are associated with symmetric vortex shedding in liquid flow as discussed in relation to Fig. 3. Recall that increasing the
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HEM pitch flow velocity in Fig. 5 is caused by heating the fluid and thereby generating vapour bubbles in the flow.
Thus, the dramatic reduction of vibration amplitude in Figs. 5(b) and (c), at about 0.31 and 0.43 m/s, respectively, are
due to vapour in the flow, where the void fraction is indicated by the percentage values in those figures. These
observations are very important because they demonstrate that a small amount of vapour in the flow is sufficient to
disrupt vortex excitation of tube arrays and help justify the neglect of vortex shedding response for tube arrays in two-
phase flows.

4.2. Comparison of FEI results in two-phase flow with other data

The results of the present study for FEI are plotted in Fig. 6 along with data sets other researchers who tested normal
square arrays using a variety of modelling fluids: Pettigrew et al. (1989b) in air—water; Mann and Mayinger (1995) in
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Fig. 6. Critical flow velocities for FEI of normal square tube arrays in two-phase cross-flows. Data analysed by (a) HEM, (b) Vo and
RAD, (c) V; and RAD. [ W, Present study in R-11; O @, Feenstra et al. (1995) in R-11 (parallel triangular array); AA, Pettigrew et al.
(1989b) in air-water; V'V, Axisa et al. (1985) in steam—water; +, Mann and Mayinger (1995) in R-12; & 4, Hirota et al. (1996) in
steam-water; X, Nakamura et al. (1999) in R-123; , Connors’ theory; ------- , prediction of Li & Weaver (1997). OAVO +,
Bubbly flow; @ AV H @ intermittent flow; ¥, dispersed flow.




804 P.A. Feenstra et al. | Journal of Fluids and Structures 17 (2003) 793-811

R12; Axisa et al. (1985) in steam—water, Hirota et al. (1996) in steam—water and Nakamura et al. (1999) in R-123. The
present results are also compared with the fluidelastic data for the parallel triangular array of Feenstra et al. (1995) in
this figure. The theoretical prediction of the well-known Connors model is also plotted as is the theoretical prediction of
Li and Weaver (1997) for parallel triangular arrays for single-phase flow. The data are presented on graphs, which
feature critical reduced velocity versus mass-damping parameter. These are currently believed to be the two most
important dimensionless parameters for scaling the phenomenon of FEI, while array geometry and pitch ratio are also
important. In the upper graph, Fig. 6(a), the dimensionless parameters are calculated using the traditional HEM. In the
lower graphs, Figs. 6(b) and (c), the RAD measurements and/or the void fraction model of Feenstra et al. (2000b) are
used to calculate the average fluid density and new correlations for two-phase flow velocity, Vgg and ¥, are used. These
fluidelastic threshold data are also summarized in Table 3.

The in-flow damping value, {, measured at roughly half the mass flux for FEI, was used to plot the data of the present
study. This was done to be consistent with the analysis methods of Pettigrew et al. (1989b). The lower bound Connors’
constant, K = 3.0 was determined by Pettigrew et al. (1989b) for P/D ratios of between 1.4 and 1.5 in continuous flow
regimes (bubbly). The constant, K, follows from the often-quoted Connors’ relationship

V,o/fD = Ky/2n{m/pD>. (12)

This theory predicts that the critical reduced velocity should rise proportionally with mass-damping parameter to the
one-half power. The data-points in Fig. 6(a) are distinguished between the different flow regimes predicted by the map
of Ulbrich and Mewes (1994). The open symbols correspond to bubbly flow and the solid symbols represent
intermittent flow (or dispersed flow for the data-points of Axisa et al.).

The present data in Fig. 6(a) shows a slightly lower stability threshold than the other data of the normal square array
type. It is clear that the parallel triangular bundle shows the lowest stability, where a lower bound Connor’s constant of
K = 2.0 is appropriate if one considers only the data corresponding the bubbly flow regime. When one considers all the
data of Feenstra et al. (1995), then a lower bound constant of K = 1.1 seems to apply. When plotted in this way,
however, it is clear that the data trend for intermittent flow does not follow that suggested by Connors’ equation.

Figs. 6(b) and (c) shows the same data sets as in the upper graph but with two differences in data reduction. The first
is that the average two-phase fluid density for the present data and that of Feenstra et al. (1995) were determined from
the void fraction measurements obtained with the gamma densitometer. However, since the studies of Pettigrew et al.
(1989b) and Axisa et al. (1985) had no means of making a direct void fraction measurement, the average density for
their data is estimated using the void fraction model of Feenstra et al. (2000b). The second difference is how the average
two-phase flow velocity is determined for the analysis. In Fig. 6(b), the equivalent flow velocity, Vg, is used to
determine the critical reduced flow velocity, while in Fig. 6(c), the interfacial flow velocity, V7, is used. Note that the
mass per unit length, m, and the vibration frequency, f, remained unchanged in the modified analysis. As was done in
Fig. 6(a), each data set in Figs. 6(b) and (c) are differentiated by the predicted flow regimes.

By comparing Fig. 6(b) with 6(a) it is clear that the new void fraction ratio model has compressed each data set into a
smaller range of mass-damping parameter. Because the RAD void fraction measurement and the void fraction model
always predict a lower void fraction than the HEM, this affects the determination of average fluid density, so that p is
always higher than p,. More importantly however, the overall range of average density for each data set is shrunk when
the new void fraction modelling technique is applied. In Fig. 6(b), the air—water data shows a remarkable change in
behaviour between the predicted bubbly and intermittent flow regimes. In bubbly flow, the critical reduced velocity
results follow a trend with mass-damping parameter, which roughly agrees with Connors’ formula. However, the data-
points corresponding to the intermittent flow regime show a significant reduction in critical reduced velocity over a
small range of mass-damping parameter. Roughly the same observation was observed for data of the present study
data. The steam—water data of Axisa et al. (1985) is rather tightly clustered in both graphs and it is difficult to observe
any clear trends in stability behaviour, either with mass-damping parameter or flow regime. The R-11 data of the
Feenstra et al. (1995) shows little variation in mass-damping parameter, yet it covers a significant range of reduced
velocity.

The application of the interfacial velocity correlation, V;, is explored in Fig. 6(c). The average fluid density is
determined by either the RAD void fraction measurements or from the void fraction model, while the interfacial
velocity, V;, is used to determine the two-phase flow velocity. It is evident that the data appears to show good collapse
that coincidentally agrees with Connor’s criteria with a constant of K = 3.0. In the vertical direction, the data has
changed by a small amount when compared to the HEM analysis because there is close agreement between Vp and V;
which can be verified by comparing Vp/fD versus V;/fD in Table 3. The interfacial velocity is higher than Vp for a flow
quality less than 5%. Above a flow quality of about 5%, V; is slightly lower than Vp. This trend is somewhat intuitive
when considering that the correlation for V; was derived from measurements of a bi-optical probe. For example, at low
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Table 3

Summary of fluidelastic instability data for various arrays in two-phase flow

Test G, X oy o f ¢ m HEM model Slip ratio model

No.  (kg/m?) (%) (%)  (Hz) (%) (kg/m) md/pyD*  V,/fD  md/pyD*  Vi/fD  Vio/fD
Present study, R — 11, normal square array, P/D = 1.485, D = 0.00711m, f, = 35.5Hz, {,=0.03%

A 98 0.1150 94.0 540 340 2.0 0.160 4.13 4.20 0.603 4.14 0.90
B 150 0.0480 873 46.6 338 2.0 0.163 2.11 3.27 0.525 3.45 0.92
C 208 0.0379 83.0 425 338 2.0 0.163 1.61 3.44 0.490 3.59 1.14
D 249 0.0248 77.6 384 335 2.0 0.165 1.31 3.18 0.436 3.41 1.23
E 288 0.0251 755 38.6 335 2.1 0.165 1.21 3.38 0.491 3.55 1.43
F 396 0.0145 63.8 353 330 2.1 0.170 0.93 3.23 0.526 3.46 1.85
G 490 0.0115 57.8 333 330 23 0.170 0.77 3.44 0.489 3.61 2.21
H 579 0.0088 50.2 294 325 2.9 0.175 0.89 3.52 0.630 3.68 2.50
1 691 0.0062 422 266 323 3.2 0.178 0.86 3.65 0.678 3.79 2.89

Feenstra et al. (1995), R-11, parallel triangular array, P/D = 1.44, D = 0.00635m, f, = 38.1 Hz, {,=0.11%

FO1 478 0.0080 520 313 368 250 0.190 1.07 2.95 0.749 2.63 2.08
F02 425 0.0086 535 343 370 252  0.188 1.10 2.67 0.782 2.77 1.92
F03 396 0.0088 552 333 370 253 0.188 1.14 2.60 0.771 2.89 1.76
F04 389 0.0101 585 328 368 257  0.190 1.27 2.78 0.786 3.17 1.73
FO05 356 0.0118 632 362 370 263 0.188 1.44 2.84 0.837 3.10 1.66
F06 308 0.0132 655 377 370 266 0.188 1.55 2.60 0.867 3.03 1.47
F07 296 0.0162 70.1  38.0 37.0 271 0.188 1.82 2.89 0.887 3.12 1.43
F08 250 0.0188 739 416 370 276 0.188 2.12 2.78 0.957 291 1.29
F09 205 0.0256 79.1 424 370 277 0.188 2.63 2.88 0.975 3.07 1.09
F10 176 0.0311 83.1 414 370 282 0.188 3.28 2.95 0.973 3.04 0.95
F11 130 0.0392 857 447 370 241 0.188 3.30 2.59 0.882 2.90 0.76
F12 98 0.0458 88.6 462 370 224  0.188 3.79 241 0.838 297 0.61
F13 86 0.0493 893 452 370 222 0.188 3.99 2.26 0.810 3.17 0.54

Pettigrew et al. (1989b), air-water, 22°C, normal square array, P/D = 1.47, D =0.013m, f, = 33Hz, {, =0.2%

0-2 753 6.28E-5 5 3.0 26.9 1.3 0.50 0.25 2.27 0.250 2.65 2.23
0-3 826 2.11E-4 15 9.3 27.0 1.8 0.49 0.39 2.76 0.363 3.01 2.60
0-4 984 398E—4 25 16.6  27.7 25 0.47 0.57 3.64 0.525 3.63 3.28
0O-5 1013 5.61E—4 32 21.8 279 3.4 0.46 0.87 4.11 0.745 3.96 3.58
0-6 898 1.I9E-3 50 352 289 40 0.43 1.28 4.78 0.989 4.42 3.70
0O-7 840 1.79E-3 60 434 289 43 0.43 1.70 5.58 1.216 5.01 3.96
0-8 581 357E-3 75 55.0  30.1 3.5 0.40 2.07 5.93 1.160 5.22 3.31
0-9 466 475E-3 80 587 302 34 0.40 2.47 5.91 1.227 5.21 2.89
O0-10 389 6.72E-3 85 634 304 3.1 0.39 2.98 6.53 1.230 5.65 2.71
O-11 234 0.0106 90 66.2 306 28 0.38 3.93 5.83 1.170 5.13 1.77
O-12 176 0.0156 93 69.2 306 28 0.39 5.56 6.25 1.318 5.43 1.48
O-13 147 0.0184 94 69.7 309 27 0.38 6.11 6.00 1.258 5.25 1.26
O-14 104 0.0278 96 719 307 28 0.38 9.56 6.34 1.407 5.50 1.02
O-15 75 0.0372 97 723 31.0 24 0.37 10.77 5.98 1.192 5.23 0.79
0-16 55 0.0553 98 743 313 2.1 0.37 13.64 6.39 1.122 5.53 0.70
O-17 29 0.1060 99 76.1 314 22 0.37 26.75 6.38 1.266 5.50 0.58

Axisa et al. (1985), steam-water, 210°C, normal square array, P/D = 1.44, D =0.019m, f, = 74 Hz, {, = 0.5%

A 244 0.340 978 915 760 0.5 0.526 1.56 5.80 0.560 4.75 2.60
B 321 0.250 96.7 895 754 0.8 0.529 1.87 5.71 0.751 4.69 2.64
C 420 0.186 953 87.6 745 1.0 0.532 1.78 5.71 0.807 4.68 2.82
D 638 0.117 92.1 840 740 1.3 0.540 1.52 5.67 0.843 4.66 3.25
E 828 0.090 89.7 81.8 739 1.6 0.546 1.50 5.82 0.927 4.78 3.68
E 1131 0.059 847 767 737 1.8 0.559 1.20 5.56 0.848 4.56 3.95

Mann and Mayinger (1995), R-12, normal square array, P/D = 1.5, D=0.022m, f, = 22.5Hz, {, = 0.5%

1 989 0.0754 64.0 358 21.7 399 1.72 1.85 4.27 1.09 4.07 2.66
2 1205 0.0340 43.0 222 20.7 344 1.89 1.16 3.62 0.86 3.65 2.74
3 1411 0.0209 320 160 193 2.80 218 0.94 3.84 0.78 3.87 3.18
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Table 3 (continued)

Test G, X oy o f ¢ m HEM model Slip ratio model

No.  (kg/m’) (%) (%)  (Hz (%) (kg/m) md/pyD*  V,/fD  md/pyD*  Vi/fD  Vpo/fD

Hirota et al. (1996), Steam-water, normal square array, P/D = 1.46, D = 0.0222m, f, = 22.1 Hz, {,~0.4%

S16a 599 0.0836 70 56.3 19.6 142 1.221 0.88 5.51 0.630 5.03 3.99
S16b 423 0.1353 80 65.3 19.5 1.90 1.233 1.69 5.54 1.048 5.05 3.55
Sléc 216 0.2603 90 74.6  20.3 1.40  1.138 1.97 4.65 0.939 4.36 2.50
Sl6d 118 0.4842 96 84.0 20.0 0.71 1.172 1.79 4.49 0.719 4.27 2.35
Nakamura et al. (1999), R-123, normal square array, P/D = 1.46, D = 0.0222m, f, = 20.75Hz, {,~0.1%
Al-1 158 0.4078 95.0 61.6 20.0 1.20  0.867 1.25 3.37 0.260 3.44 1.29
Al-2 265 0.2459 90.0 52.8 199 1.70  0.875 1.14 3.62 0.308 3.80 1.43
Al-3 429 0.1266 80.0 425 19.6 3.00 0.902 1.20 3.44 0.466 3.72 1.58
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Fig. 7. Flow regime map developed by Ulbrich and Mewes (1994). Fluidelastic threshold data of: [J, present study in R-11; O,
Feenstra et al. (1995) in R-11; A, Pettigrew et al. (1989b) in air—water; V, Axisa et al. (1985) in steam—water; +, Mann & Mayinger
(1995) in R-12; <, Hirota et al. (1996) in steam-water, x, Nakamura et al. (1999) in R-123.

flow quality (or low void fraction) the bi-optical probe would sense the passage of vapour bubbles, which would travel
faster than the bulk liquid due to buoyancy. However, at a higher flow quality, the probes would sense the passage of
liquid slugs or droplets, which would travel slower than the predominantly vapour phase since the forces carrying the
liquid upward against gravity would be due to the drag force of the faster upward flowing vapour.

The overall outcome of the two-phase fluidelastic stability analysis is that a remarkable collapse of the data is
obtained in Fig. 6(c), mostly by using the void fraction model of Feenstra et al. (2000b) to determine the average two-
phase density and partly by implementing the interfacial velocity model introduced by Nakamura et al. (2000).

4.3. Flow regime

The FEI data presented in the previous section were subdivided between different flow regimes: bubbly, intermittent
and dispersed. A vertical flow of two-phase gas and liquid will assume various flow patterns and distribution of phases
depending mostly upon the flow quality, the density ratio of the two phases and the total mass flux. The map used to
predict the various flow patterns in this work is drawn from Ulbrich and Mewes (1994), and is presented in Fig. 7. The
abscissa and ordinate are in terms of the superficial gas and liquid phase velocities respectively, Urs and Ugs, defined in
Eq. (11). The solid lines in Fig. 7 represent transition boundaries determined by Ulbrich and Mewes, who performed an
exhaustive analysis of available flow regime data in vertical two-phase cross-flow through horizontal tube bundles. They
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found that the flow patterns observed and those plotted on the traditionally used maps of Taitel et al. (1980) and Grant
and Murray (1972), showed only a 46% and 50% rate of agreement, respectively. Consequently, they developed a flow
pattern map more appropriate for cross-flow in a tube bundle, with a new set of boundaries, which had an 86% rate of
agreement with data from the literature. However, the flow regime boundaries must be considered as approximate, and
might be represented better by shaded bands to emphasize the gradual transition that occurs with the flow behaviour
when crossing from one flow regime to another. Plotted in Fig. 7 are the flow regime data of the present study together
with data from the literature: Pettigrew et al. (1989b, 1995), Axisa et al. (1985), Feenstra et al. (1995), Mann and
Mayinger (1995), Hirota et al. (1996), and Nakamura et al. (1999). These data-points correspond to flow conditions at
the stability threshold for FEI. Most of these data sets appear to cross over from the bubbly to the intermittent flow
regimes. This is of particular interest because the previous analysis (see Fig. 6a) suggested that a different fluidelastic
behaviour existed between the data in these two flow regimes.

4.4. Damping measurements

The structural damping of the monitored tube in the bundle, {,, was obtained by plucking the tube in air and
capturing the amplitude decay trace at a sampling rate of about 15 times the vibration frequency. Care was taken during
plucking to excite only the lowest cantilever mode. This was performed with the bundle mounted in a heavy vise, and
with the other tubes held secure so that the energy of the monitored tube would not “leak’™ away to other tubes. The
vibration was monitored by the optical light probe (same as that used in the experiments) for the lift and drag directions
separately. The damping was calculated using special FORTRAN software that fits an “envelope” curve to the
amplitude decay trace and calculates the equivalent logarithmic decrement damping, J,, from which the damping ratio
is calculated by {, = d,/2xn. This program provides damping values and corresponding amplitudes, so that the damping
value at an r.m.s. amplitude of 2% of the tube diameter (i.e., 2% D) was retained for analysis. The results in the lift
direction for three trials showed good agreement at a damping ratio of {, = 0.03%, and there was little variation of
damping over an r.m.s. amplitude range of 1.5-3.5%D.

Damping measurements were also made in still liquid R-11. The tube bundle was mounted in the test-section, with all
tubes fixed except the instrumented tube. This was accomplished by inserting a thin metal plate over the free ends of the
tubes with a hole pattern the same as the bundle. The hole for the monitored tube was oversize to allow this tube to
vibrate. This configuration is also known as the “single flexible tube bundle”. The test-section was moderately impacted
to excite the tubes in the lift direction. The amplitude decay trace was captured by the optical light probe for later
analysis using the FORTRAN software. In this case, an average damping value for still liquid R-11 of {; = 0.68% was
obtained. This data can be found in Table 1.

Damping measurements in two-phase flows were obtained in-flow using the single flexible tube bundle. To be
consistent with the method of Pettigrew et al. (1989a, 1995), care was taken to obtain damping measurements at critical
values of HEM void fraction but at half the critical mass flux for FEI (i.e., ““critical” refers to flow conditions at the
threshold of FEI). The original logic behind this approach was that, since damping appeared to vary mostly with void
fraction and little with mass flux (as observed in the air—water study of Pettigrew et al., 1989a), representative damping
values could be obtained from additional experiments with a single flexible tube bundle subjected to conditions at the
critical HEM void fraction but at lower mass flux. It was thought that such an approach would avoid fluidelastic forces,
which would violate the assumptions that were required for half-power bandwidth analysis: i.e., that the forcing must
be random and ergodic.

The damping data for this study are presented in Fig. 8 as a function of HEM void fraction. These data-points were
obtained from the monitored tube, averaged over 100 samples of the spectral analyser and a frequency resolution of
0.25 Hz. Damping values were determined from a best fit of a frequency response function to the measured frequency
spectra using special FORTRAN software written by AECL. The damping values plotted in Fig. 8 represent an average
of the lift and drag directions where, in most cases, the drag direction damping was slightly higher. Each curve on this
graph represents a particular experiment in which the mass flux was held constant while the void fraction was increased
from one trial to the next. On each of these curves, a circle indicates the desired conditions for obtaining representative
damping data for FEI analysis (i.e., conditions at the critical HEM void fraction but at half the critical mass flux). The
solid lines indicate that the damping increases with void fraction (for the range that was tested), but the trend of the
representative data-points (indicated by the larger circles) suggests the opposite, that damping decreases with void
fraction. This apparent contradiction underscores the difficulty in obtaining reliable damping data for tube bundles in
two-phase flows. Additionally, while the damping values obtained at one-half the critical mass flux may be useful for
practical stability analysis, the use of such data to estimate the two-phase damping at the stability threshold seems
difficult to justify scientifically. It should be noted that the damping data shown in Fig. 8 extends only over a limited
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Fig. 8. Summary of damping measurements of the present study for the single flexible tube bundle subjected to two-phase cross-flow.
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range of pitch mass flux between G, = 100 and 350 kg/m?s. Conditions below this range are unattainable because it is
not practical to operate the flow-loop at a pitch mass flux below 100 kg/m?s.

5. Conclusions

FIV experiments were conducted to explore the response of a normal square array of tubes subjected to single- and
two-phase cross-flows. The tube bundle consisted of 12 cantilevered tubes, with a tube diameter of 7.11 mm and a pitch
over diameter ratio of P/D = 1.485. Refrigerant 11 was the working fluid, in which the vapour phase was generated by
boiling on electric heater elements. A gamma densitometer was used to make void fraction measurements in the test-
section just upstream of the tube bundle. Damping measurements of the tube vibration in two-phase flow were made
with the all tubes in the bundle fixed except the monitored tube. The primary intent of this work was to determine the
threshold flow velocity for the onset of FEI. Of special interest was to compare the present data with that of a parallel
triangular tube bundle that was studied previously in the same apparatus. Comparison was also made with other
researchers’ data using a variety of techniques for determining average fluid density and average pitch flow velocity in
two-phase flow. A summary of findings of this study are as follows:

1. The amplitude response of the tube bundle in single-phase liquid flow was very similar to that of other normal square
tube arrays in liquid flows such as: Weaver and Abd Rabbo (1985), who tested a bundle of 25 mm diameter acrylic
tubes, and Weaver and Yeung (1983), who studied a bundle of 12.7mm diameter aluminium tubes, both in water
flows. The amplitude response of the present array was essentially the same as those other bundles. Moreover, when
plotted on the traditional stability diagram, the present data for FEI showed good comparison with other data in
single-phase flows. This finding demonstrated the validity of the reduced scale modelling of the present study, at least
in the realm of single-phase flow.

2. In liquid flow, the in-line square arrays show a large peak in response amplitudes below the stability threshold
associated with symmetric vortex shedding. The introduction of a small amount of void is sufficient to disrupt this
excitation mechanism. This helps to explain why vortex-shedding excitation is not observed to be a problem in two-
phase flows.

3. Experiments with a single flexible tube in an otherwise rigid tube bundle showed that the onset of FEI was reached at
a flow velocity 25% higher than for the fully flexible tube bundle, while the onset of symmetric vortex shedding
occurred at a flow velocity that was 50% higher. This indicates that FEI in single-phase flow for this bundle is
controlled by both a displacement mechanism (negative stiffness) and by a velocity mechanism (negative damping).
This differs from the response of the parallel triangular tube bundle (tested in the same rig), where the critical
velocity was the same for both the single flexible and fully flexible tube cases.
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4. The FEI threshold of the tube bundle in two-phase flows was determined in a series of nine tests. In each test, the
tube bundle was subjected to a flow of constant mass flux while flow quality was increased from one steady state trial
to the next. The amplitude response showed no obvious vortex shedding, but FEI was observed in all of the
experiments with the fully flexible tube bundle. Instability was not observed for the single flexible tube bundle in two-
phase flow, indicating that the controlling mechanism of FEI for this in-line square array in two-phase flow is
dominated by a displacement mechanism (negative stiffness), i.e., coupling with neighbouring tubes.

5. The two-phase FEI data was analysed using the interfacial velocity correlation introduced in Nakamura et al.
(2000). The velocity determined by this model showed close agreement with that of the homogeneous equilibrium
model. When other fluidelastic data were compared with this model and using the density determined by the RAD
void fraction or the void fraction model introduced by Feenstra et al. (2000b), the data showed remarkable collapse
in terms of reduced flow velocity and there was good agreement with Connors’ model with K = 3.0. Moreover, this
analysis approach removes the apparent change in stability behaviour seen in the conventional HEM analysis when
the flow regime changes from bubbly to intermittent.
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Appendix A. Nomenclature

a gap between tubes (m) (i.e., a = P — D)

Ay upstream cross-sectional area of test-section (m?)
Cap Capillary number

D tube diameter (m)

D, effective tube diameter (m) (i.e., D, = 2(P — D))
f frequency of vibration (Hz)

FEI fluidelastic instability

FIV flow-induced vibration

G, pitch mass flux (kg/m?s)

g gravitational acceleration (m/s?)

K Connors’ constant

m tube mass per unit length including added fluid mass (kg/m)
m; tube mass per unit length (kg/m)

Ri Richardson number

S slip ratio

Ug time-averaged gas phase velocity (m/s)
Ur time-averaged liquid phase velocity (m/s)
Ugs Superficial gas phase velocity (m/s)

Urs Superficial liquid phase velocity (m/s)

Vp pitch flow velocity (determined with the HEM) (m/s)
Vi interfacial flow velocity (m/s)

X flow quality

o void fraction

Ap density difference between phases (kg/m>)
A Logarithmic decrement damping

4 damping ratio

u absolute viscosity (Pas)

o fluid density (kg/m?)

o liquid surface tension (N/m)

Subscripts

quantity measured in air
EQ Equivalent quantity
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C critical value at the fluidelastic threshold

G gas phase

GS Superficial gas phase

H quantity calculated by the homogeneous equilibrium model

L liquid phase

LS Superficial liquid phase

P pitch quantity

RAD quantity corresponding to radiation attenuation method of void fraction measurement
HEM quantity corresponding to homogeneous equilibrium model for void fraction measurement
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