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ABSTRACT INTRODUCTION

Two-phase flow in power plant steam generators can induce ~ Steam generators are major components of a nuclear pow
tube vibrations, which may cause fretting-wear and even fatigue Plant. They work as heat exchangers between the primary loa
cracks. It is therefore important to understand the relevant two- and the secondary loop. For obvious safety reasons, fluid e
phase flow-induced vibration mechanisms. Fluidelastic instabil- change between the two loops has to be avoided. Two-phase flc
ities in cross-flow are known to cause the most severe vibra- in steam generators can induce tube vibrations that may cau
tion response in the U-bend region of steam generators. This fretting-wear and even fatigue cracks.
paper presents test results of the vibration of a normal triangu- Vibration due to fluidelastic instabilities in the U-bend re-
lar tube bundle subjected to air-water cross-flow. The test sec- gion are known to cause the most severe vibration response [
tion presents 31 flexible tubes. The pitch-to-diameter ratio of The two-phase flow fluidelastic instability is a complex mecha-
the bundle is 1.5, and the tube diameter is 38 mm. Tubes were nism that depends on the array geometry (tube diameter, pitcl
flexible in the lift direction. Seven tubes were instrumented with  triangular or square configuration), and on the flow conditions
strain gauges to measure their displacements. A broad range of(void fraction, velocity, density and flow direction). Data are
void fractions (from 10% to 90%) and fluid velocities (up to 13  available for steam-water flow [2], freon vapor-liquid [3] and
m/s) were tested. Fluidelastic instabilities were observed for void air-water [5] two-phase flow. Most of the data is for a pitch-
fractions between 10% and 60%. Periodic fluid forces were also to-diameter ratio (P/D) around 1.5, and a tube diameter aroun
observed. The results are compared with those obtained with 20 mm, because this is what exists in most nuclear power plar
the rotated triangular tube bundle, showing that the normal tri- steam generators.
angular configuration is more stable than the rotated triangular

: : Steam-water experiments are very expensive, therefore it |
configuration.

easier to perform tests in freon vapor-liquid and even cheaper i
air-water. Tests performed on a normal triangular tube bundls
configuration subjected to freon vapor-liquid flow showed [3] a
well defined fluidelastic instability threshold at each void fraction
tested, from 25 % to 95 %. Price and Zhang [4] obtained flu-
*Addressall correspondence to this author. idelastic instabilities in air-flow, in drag and lift directions, they
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also shown that an acoustic resonance could cause a flexible arwereSis the free stream cross-sectional area.
rayto go unstable. No periodic fluid forces were observed in [3]
and [4]. Steam-water flow is closer to freon vapor-liquid flow

than to air-water flow, since first two are both single-component bea”?
fluids, whereas the latter is a two-component fluid. However, N
considering homogeneous flows, air-water is suitable to simulate support
fluidelastic instabilities in steam-water flows. In the case of inter- Y

mittent flows, the use of air-water flow is less relevant, but still
less expensive. There are very few data available on air-water
flow for a normal triangular tube bundle configuration, thus the
present study is a contribution to these data.

We present flow-induced vibration results for a normal tri-
angular tube bundle in air-water flow, with a pitch-to-diameter
ratioP/D=1.5, and a tube diameter BE38 mm, which is larger
than what is usually tested. We used the same geometry param-
eters (DandP/D) as those of previous work with a rotated tri- ]
angular configuration, which makes it possible to compare these air injection /
two configurations. All tubes are preferentially flexible in the lift
direction. Seven tubes are instrumented for vibration response
measurement. Several void fractions were tested varying from
0 % to 90 %.

FIGURE 1. TESTLOOP.

EXPERIMENTAL APPARATUS

Test loop .
The air-water loop (Fig. 1) comprised a 2500 L tank, a 1est section _ . _

30 L/s variable speed pump, and an air supply system (500 scfm). __The test section which has a rectangular cross sectio

The air and water were homogenized with an undulated plate de- (229>191 mm), consisted of 31 flexible tubes of 38 mm diame:-

signed mixer. A magnetic flow meter was used to measure the " With & pitch-to-diameter ration of 1.5 (Fig. 2). The tubes were

water flow rateQy, and an air flow meter gave standard air flow N @ n_ormal triangular conflgurgtlon, with the flow direction per-

rateQ at atmospheric pressulg. Since the pressure in the test  Pendicular to the base of the triangle.

section was not necessarily equal to one atmosphere, the flow

rate was corrected based on the pressure in the test section. Two

pressure measuremer®s and Py were taken down stream and DOOO(
upstream of the tube bundle. The pressure used to calculate the O000
correct air flow rateQ.c was the average of the two measured )OOCDOOG,/instrumented
pressures, @) ®@©SG tubes
)OO©O@O%
2P,
Qac = 5—5Qa. @ 0000
Ru+Fa DOOO(
The homogeneous void fraction was calculated from the
water flow rate and the correct air flow rate : two-phase flow
e — Qac @) FIGURE 2. TESTSECTION.
Qac+Quw’
andthe pitch velocityJy, is given by : The tubes were limited to move in one direction since they
were supported with a flexible cantilever beam (Fig. 3) which
Qac+Qw P was thin (4 mm) in one direction and thick (25 mm) in the other.
Up = s pP-D’ ®) The tube natural frequency in air was around 14.4 Hz in the thir
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FIGURE 3. FLEXIBLE TUBE.

direction and 81 Hz in the thick direction. Seven tubes were
instrumented with strain gauges, located on the flexible beams
to measure tube displacements. The signals were numerically
recorded with an OROS 32 dynamic data acquisition system.
Fig. 2 shows the location of instrumented tubes.

Tests were performed with all tubes flexible in the lift direc-
tion, over a homogeneous void fraction range from 0 % to 90 %.

RESULTS

Fig. 4 presents the total response vibration amplitude of in-
strumented tubes for 10 % void fraction. A clearly defined in-
stability occurs at 2.2 m/s with an abrupt increase in vibration
amplitude beyond this flow velocity.

tube 1
tube 2
tube 3
tube 4
tube 5
tube 6
tube 7

> o & & X +

RMS amplitude (% D)
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Flow velocity (m/s)
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FIGURE 4. RMSVIBRATION AMPLITUDE VERSUS FLOW VE-
LOCITY, FOR 10 % VOID FRACTION.

For 60 % void fraction (Fig. 5), instability occurs at 3.2 m/s,
but the increase in amplitude is not as abrupt as itis for 10 % voi
fraction. We also observe a local maximum in amplitude below
3.2 m/s that may be due to periodic fluid forces as observed b
Zhang et al. [6]. In this case the amplitude reaches a value c
5 % of the tube diameter at 2.4 m/s. This suggests that period
fluid forces may have non negligible consequences in terms ¢
fretting-wear damage.

RMS amplitude (% D)

Flow velocity (m/s)

FIGURE 5. RMSVIBRATION AMPLITUDE VERSUS FLOW VE-
LOCITY, FOR 60 % VOID FRACTION.

A waterfall plot of the response spectra of Tube 1 for 60 %
void fraction is shown in Fig. 6. The spectra contain sharply
defined vibration peaks. Normally such peaks would be expecte
at instability. However, in this case they appear at velocities wel
below the critical velocity at 3.2 m/s. This raises the question of
whether what we interpreted as periodic fluid forces may not be
a particular mechanism of fluidelastic instability.
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FIGURE 6. VIBRATION RESPONSE SPECTRA OF TUBE 1 VER- FIGURE 7. VIBRATION FREQUENCY OF THE TUBES VERSUS
SUS FREQUENCY AND FLOW VELOCITY, FOR 60 % VOID FLOW VELOCITY, FOR 60 % VOID FRACTION.
FRACTION.

To answer the previous question let us consider the response 1.0
frequency (Fig. 7) and the coherence between the tubes (Fig. 091
8) for 60 % void fraction. We observe three zones. In the first, 081
between 0 and 1.9 m/s, the coherence is very low and the re- 07]
sponse frequencies of the tubes are very different. In the second % 061
zone, between 1.9 and 3.2 m/s, the frequencies are close but not %o 5] +
strictly identical, whereas the coherences are still far from one. 5 0'4: x
And finally in the third zone above 3.2 m/s the coherences are T ®
uniformly close to one, and the seven instrumented tubes oscil- 3 -
late at exactly the same frequency. The third zone obviously cor- 0.21 S
responds to the fluidelastic instability regime where all the tubes 017 A tube 6
oscillate at the same frequency with a constant phase. This con- 0-00 1 2 3 4 &
firms our first critical velocity identification at 3.2 m/s. The sec- Flow velocity (m/s)

ond zone corresponds to the resonance of tubes, where each tube
oscillates at almost the same frequency but independently from FIGURE 8. COHERENCE BETWEEN TUBE 7 DISPLACEMENT

each other, as the coherence values testify. The resonance could\ND THE OTHER TUBES DISPLACEMENTS AT THE OSCILLA-
be explained by a periodic fluid force of which the frequency TION FREQUENCY VERSUS FLOW VELOCITY, FOR 60 % VOID

would coincide with the natural frequency of the tube. On the FRACTION.
other hand the comparison of tube displacements between the
second and the third zones (Figs. 9 and 10) shows that the dis-
placement is much more irregular in the second zone than in the A possible scenario may be the occurrence of intermitten
third zone. The irregularity of the second zone may be due to fluidelastic instability, as observed for instance by Nakamura e
a strongly pulsating intermittent flow that would strike the tubes al. [5]. In this case the average intertube coherence may rema
with Dirac impulses causing the tubes to oscillate at their natural low due to constant interruption of instability (Fig. 11). Note
frequencies between successive "impacts”. Nevertheless, thesehat according to the map Fig. 16, the intermittent flow regime is
last assumptions need to be demonstrated by flow measurement&xpected foe > 70% particularly for high gas velocities. This is
to determine whether the principal oscillation frequencies corre- perhaps the simplest explanation.
spond to fluid forces or not. The frequencies (Fig. 14) and the coherence (Fig. 15) fo
90 % void fraction, show two zones. The first zone, from 0 to
5 m/s, is characterized by close vibration frequencies and lov
coherence values.
In the second zone, from 5 to 13 m/s, the frequencies di
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FIGUREY. TUBE1DISPLACEMENT VERSUS TIME AT 2.4 M/S, FIGURE 11. RMS VIBRATION AMPLITUDE VERSUS FLOW
FOR 60 % VOID FRACTION. VELOCITY, FOR 90 % VOID FRACTION.
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FIGURE 10. TUBE 1 DISPLACEMENT VERSUS TIME AT 5.0 FIGURE 12. VIBRATION RESPONSE SPECTRA OF TUBE 1
M/S, FOR 60 % VOID FRACTION. VERSUS FREQUENCY AND FLOW VELOCITY, FOR 90 % VOID
FRACTION.

verge and the coherences, interestingly, increase to reach values

between 0.85 and 0.95. The first zone corresponds to high am-  The low coherence value leads us to conclude that the larg
plitude vibrations, and the second zone to low amplitude vibra- amplitude responses observed for 60 % void fraction below
tions (Fig. 12). Fig. 16 presents a flow regime map, bound- 3.2 m/s and for 90 % void fraction are not due to a typical couplec
ary separating spray, bubbly and intermittent flows were drawn stiffness controlled instability, but it could be due to a damping
based on experimental observations, but the flow regime does notcontrolled instability, in which each tube is independent. In the
change suddenly, therefore, points located close to the boundary latter case, the inter-tube coherence need to not be high sin
as shown in the figure, should be considered as intermittent flow. the 1 d.o.f instability is independent of inter-tube coupling. The
The high coherence value in the second zone is due to intermit- decrease of amplitude could be due to a change of flow patter
tent flow effects, because the seven instrumented tubes bundleTo confirm these explanations, the value of fluidelastic damping
scale is small compared with the flow structure, especially at and the flow pattern need to be known. Nevertheless, the neg
high flow velocity. The observation of frequencies and coher- tive fluid damping is difficult to measure since one must measur
ences, allows us to conclude that there is no stiffness controlled fluid forces acting on a moving tube. This will be done in future
instability. work.
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FIGURE 13. TUBE 1 DISPLACEMENT VERSUS TIME AT 3.8 FIGURE 15. COHERENCE BETWEEN TUBE 7 DISPLACEMENT

M/S, FOR 90 % VOID FRACTION. AND THE OTHER TUBES DISPLACEMENTS AT THE OSCILLA-
TION FREQUENCY VERSUS FLOW VELOCITY, FOR 90 % VOID
FRACTION.
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FIGURE 14. VIBRATION FREQUENCY OF THE TUBES VER-
SUS FLOW VELOCITY, FOR 90 % VOID FRACTION.

DISCUSSION

A comparison (Table 1) with the rotated triangular configu-
ration results taken from previous work [7], shows that the nor-
mal triangular configuration is significantly more stable than the

rotated one. This is an important result for engineers designing
steam generators. When designing a steam generator, engineers use the Co

nors relation to ensure that fluidelastic instability will not oc-

cur [8,9]:
Up 2r¢m
D~ "\ oDz’ “

whereUp, is the pitch velocity,f is the tube natural frequency

FIGURE 16. FLOW REGIME MAP FOR ROTATED TRIANGU-
LAR TUBE BUNDLE IN TWO-PHASE CROSS FLOW, [10].
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TABLE 1. COMPARISON OF FLUIDELASTIC INSTABILITY
CRITICAL VELOCITY IN THE NORMAL TRIANGULAR CON-
FIGURATION WITH THE ROTATED TRIANGULAR CONFIGURA-
TION.

Void fraction (%)

Upc normal(m/s) Uy, rotated (m/s)

60 31 11
70 20 12
80 1.8 12
90 2.7 13

* inconclusive

in the two-phase mixturel is the diameter of the tubem is

the mass per unit length including hydrodynamic masis, the
homogeneous density of the two phase mixtufés the total
damping ratio an is the fluidelastic instability factor. It is
recommended [9] to take a valueldf= 3.0 to avoid fluidelastic
instability (Fig. 17) for all tube bundle with pitch-to-diameter
ratio P/D > 1.47. We can see in Table 2 that this guideline is
verified by the present results, except for the 90 % void fraction
case which is inconclusive for now.

90%
40%

70% 80% | 80%
é 20%
10%
50%,
30%,

60%

0O Periodic fluid forces
A Fluidelastic instability (present results)

FIGURE 17. FLUIDELASTIC INSTABILITY DATA IN TWO-
PHASE FLOW COMPARED TO DATA FROM PETTIGREW AND
TAYLOR [9].

TABLE 2. CONNORS EQUATION PARAMETERS.

€ Upg f m  p % Z;TSQ‘ K
(%) (m/s) (Hz) (kg/m) (%) (kg/r)

0 >23 106 420 25 1000 > 0.46 >85

57

10 22 118 408 47 900 49 093 51
20 23 127 397 39 800 48 084 52
30 24 133 385 32 700 47 0.77 54
40 27 136 374 25 600 52 068 63
50 29 138 362 19 501 55 060 71
60 31 139 352 14 401 61 053 83
70 20* 141 340 08 301 37 039 59
80 18° 143 329 10 201 33 0.71 39
90 27* 144 318 10 101 49 137 42

* Inconclusive

usedin steam generators [11-13]. Thus, the presence of thes
forces may be related to the larger spacing between the tube
This needs to be confirmed by measuring the fluid forces on th
present geometry and on smaller diameter tube bundles. It |
important to clearly understand this phenomenon, and to state
we have to account for it in steam generator designs.

One may also wonder if these increases and decreases
amplitude were already observed in previous studies and inco
rectly interpreted as fluidelastic instability. In many studies, once
a certain amplitude is reached at a certain velocity, authors ust
ally do not perform tests beyond this velocity, for many reason:
such as avoiding damage to the experimental apparatus. Tht
perhaps they miss the decrease of amplitude we observed at hi
void fractions. Assuming this, we can wonder if there exists ar
instability beyond 13 m/s for 90 % void fraction (Fig. 11). But
when designing a steam generator, beyond 13 m/s flow rate son
other problems due to important drag forces may occur.

A decrease of the amplitude just before the instability as
for 60 % void fraction (Fig. 5) has already been observed by
Joly et al. [7] with a rotated tube bundle for 70 % void fraction.
From [3], which deals with freon vapor-liquid, there are two re-
gions of instability, in the first at low void fraction the instability
is very well marked with an abrupt increase of amplitude, in the

Periodic fluid forces have already been found in the rotated second one instability is not that well marked with a lower slope

triangular configuration [6]. In the normal triangular case the

of the instability curve, which make it difficult to extract a pre-

vibration amplitude can reach up to 8 % of the tube diameter cise value of critical velocity. This observation is confirmed by

at relatively low fluid velocities. Such amplitudes could cause

the present work and by Violette et al. [14] on a rotated triangu-

significant fretting-wear damage. Periodic fluid forces have not lar tube bundle in air-water flow. Nakamura et al. [5] proposec
been observed on tube bundles with smaller diameters typically tests on a square tube bundle in air-water and steam-water floy

7
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they observed a low slope of the instability curve as well butonly  [5]
for the air-water case. They also observed a decrease of vibra-

tion amplitude after the instability in the air-water case. But the
curves proposed are not at constant void fraction, thus the com-
parison with present results is not obvious. But still, this leads

us to make the assumption that the phenomenon observed in the [6]
present study will not occur in steam-water flow.

CONCLUSION
Experimental results on the vibration of a normal triangular [7]
tube bundle subjected to a air-water flow and constrained to vi-
brate only in the lift direction have been presented. Fluidelastic
instabilities were observed. Comparison with previous studies
showed that the normal triangular configuration is more stable
than the rotated triangular configuration. [8]
Significant vibration amplitudes, that increase with void
fraction, were observed. This phenomenon is not well under-
stood and might be due to the diameter of the tubes, which is
larger here than which exists in real steam generators. We know [9]
only little about the origins of the phenomenon, and weather
they are due to periodic fluid forces or damping controlled in-
stability. Thus if we want to clearly understand this phenomenon
we need to determine the prevailing two-phase flow regime by [10]
locally measuring the dynamic characteristics of the two-phase
flow (i.e. velocity, void fraction, bubble size, flow direction).
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