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ABSTRACT 

The in-flow fluidelastic instability of tube bundles prompted renewed interest since the recent unanticipated failure of 
the replacement steam generators at the San Onofre nuclear power station. A literature review on the topic discloses 
contrasting views, depending on the tube bundle and flow configuration addressed. In a recent paper, the authors reported 
experiments using square bundles, subjected to single and two-phase flows. No streamwise instability was observed, for 
the tested bundle configurations and the flow velocity ranges explored. In the present paper, experimental results obtained 
at CEA-Saclay for a rotated triangular tube bundle are presented, providing new in-flow fluidelastic data for both single-
phase and two-phase transverse flows. The bundle consists of 50 tubes, with reduced pitch P/D=1.44 and tube diameter 
D=30mm. It was subjected to single-phase (air or water) and two-phase air-water (with homogeneous void fraction in the 
range 40% to 98%) transverse flows. In the upper region of the bundle, several different flexibility configurations were 
tested, with up to 15 flexible tubes, mounted using anisotropic supports, which allow for in-flow vibrations. Results 
presented in the paper include in-flow fluidelastic stability data obtained for both single-phase and two-phase transverse 
flows. A detailed modal identification of the bundle under natural turbulence excitation was performed, at several flow 
velocities, highlighting the modeshapes which are prone to in-flow instability. Moreover, local void fraction and identified 
flow regimes are also presented. These results are discussed and compared to those obtained by previous authors, for 
similar tested configurations. 

 

1. Introduction 

In-flow fluidelastic instability of tube bundles (e.g., involving tube motions along the drag/stream-

wise direction) has been the subject of a strong renewed interest, since the unanticipated failure of 

the replacement steam generators of the San Onofre Nuclear Generating Station (SONGS) in 2012 - 

see the report from SCE (2012) and the documents referred therein. In-flow fluidelastic instability 

occurred in the U-bend region of the tube bundle, where the anti-vibration bars were ineffective to 

prevent instabilities of the low-frequency in-plane U-bend tube modes. Note that, in this upper region 

of the bundle, tubes are essentially excited by a two-phase ascending secondary cross-flow, with high 

values of the void fraction.  

Before this event, in-flow fluidelastic instability was usually considered irrelevant, although early 

studies by Weaver and Koroyannakis (1983) and Weaver and Schneider (1983) had reported the pos-

sibility of streamwise instability, depending on features of the flow and the tested bundles. Their 

findings were further explored and refined about 20 years later, through experiments in air flow per-

formed by Mureithi et al. (2005) and in two-phase flow performed by Janzen et al. (2005) and Violette 

et al. (2006). Then, the SONGS failure triggered an enlarging corpus of recent experimental and 

theoretical work, aiming clarification of the issues posed by test results. Delaune's (2016) review of 

the experimental literature on the topic, involving references up to 2015, discloses contrasting views, 

which may be broadly condensed as follows: 
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 For square bundles fitted with asymmetrically supported tubes, in-flow fluidelastic instability was 

never observed under single-phase flows. On the other hand, symmetrically supported tubes lead to 

fluidelastic coupling forces that induce time-varying planar and/or orbitally coupled motions, from 

which it is problematic to assert a dominant instability configuration. To the authors' best knowledge, 

experimental in-flow response data from square bundles is virtually nonexistent for two-phase flows. 

In a recent paper, Delaune et al. (2018) reported experiments under single and two-phase flows. No 

streamwise instability was observed, for the tested bundle configurations and the flow velocity ranges 

explored.  

For triangular bundles, in-flow fluidelastic instability was observed under single-phase flows, the 

stability boundary being dependent on the number of flexible tubes, while for two-phase flows in-

flow instability does not seem to depend consistently on the bundle flexibility configuration. How-

ever, for a single flexible tube within a rigid bundle, no in-flow instability was ever observed, what-

ever the nature of the flow. In any case, for both single-phase and two-phase flows, the in-flow insta-

bility boundary is always beyond the cross-flow instability boundary. 

References published since 2015 provided new experimental data on the in-flow fluidelastic insta-

bility of triangular bundles. The work by Feenstra et al. (2017) concerns U-bend tube regions in a 

rotated triangular configuration (with P/D=1.5) subjected to air cross-flow, with gap-controlled flat 

bar supports. Their results show in-plane fluidelastic instability, which may need a manual pushing 

help to trigger. They also observed a significant delay before the bundle instability emerged, these 

findings denoting that the in-plane fluidelastic coupling is quite weak. Nakamura and Tsujita (2018) 

tested three straight bundles, in a rotated triangular configuration (with P/D=1.2~1.5), also subjected 

to air flow. They obtained stream-wise instability with Connors' constant values in the range 

7.5 ~10K  , higher than typically observed for transverse instability. Tan et al. (2018) tested straight 

bundles, in a rotated triangular configuration (with P/D=1.48), subjected to single phase water flow 

and two-phase air-water flow. The tubes were supported by rectangular flexible bars, allowing to test 

fluidelastic instability along either the lift or the drag direction. According to the authors, their tests 

did not produce in-flow instabilities. 

The work performed by Azuma et al. (2018) is part of a significant effort performed by Mitsubishi 

Heavy Industries related to stream-wise instabilities. In a very comprehensive experimental program, 

these authors tested triangular straight and U-bend tube bundles (with P/D=1.33) subjected to a SF6-

Ethanol mixture, which displays near-similar density and surface tension to air-steam two-phase flow. 

Experiments were performed for several flexible tube configurations, flow distributions and void 

fractions. The Connors instability constant was identified for both the out-of-plane and in-plane mo-

tions. For in-flow instabilities, a significant dispersion of K  was obtained, ranging from the order of 

magnitude for out-of-plane instability up to 5 times larger, depending on the bundle type (straight or 

U-bend) and on the tube modal frequencies. The lower values of K  pertain to the straight tube bun-

dles with higher modal frequencies. Also from this research group, the recent paper by Nishida et al. 

(2021) reports extensive measurements of the unsteady fluidelastic coupling forces in triangular 

straight and U-bend tube bundles (with P/D=1.33) subjected to actual steam-water flows under high 

temperature and pressure, which is a rare achievement. Results are presented for both cross-flow and 

in-flow instabilities. They then inserted the identified flow-coupling coefficients into the general 

Chen (1983) formulation and computed instability boundaries that compared favorably with the ex-

perimental critical velocities. Surprisingly, from their study, for isotopic mounted straight tubes, in-

flow instability will arise at a lower velocity than the cross-flow instability. For U-tube bundles, the 

in-line critical velocities were found to be higher. 

The present paper follows our preceding investigation documenting the absence of in-flow insta-

bility for square bundles, see Delaune et al. (2018). Here we present the results of an extensive ex-

perimental investigation, performed at CEA-Saclay, on the streamwise stability features of a rotated 



 

triangular bundle, providing new in-flow fluidelastic data for both single-phase and two-phase trans-

verse flows. The bundle consists essentially on 10 rows of 5 tubes, with reduced pitch P/D=1.44 and 

tube diameter D=30mm. It was subjected to single-phase (air or water) and two-phase air-water trans-

verse flows. Several different flexibility configurations were tested, with up to 15 flexible tubes, 

mounted using anisotropic supports, which allow for in-flow vibrations. Results presented include 

streamwise fluidelastic stability data obtained for both single-phase and two-phase flows. Also, a 

detailed modal identification of the bundle under natural turbulence excitation was performed using 

the NExT-ERA technique, see for instance Kordkheili et al. (2018), and compared with the computed 

fluid-coupled bundle modes under stagnant fluid conditions, using the finite element CEA-program 

CAST3M. These results highlight the modeshapes which are prone to in-flow fluidelastic instability. 

Moreover, local void fraction and identified flow regimes are also presented. These results are dis-

cussed and compared to those obtained by previous authors, for similar tested configurations. 

 

2. Experimental rig 

The tests were performed using the experimental rig TITAN (Fig. 1) with the CEA-Saclay air/water 

loop GASCOGNE (Fig. 2). As shown, the rotated triangular bundle consists of 50 tubes (10 rows, 5 

columns) with reduced pitch P/D=1.44, tube diameter D=30mm and length L=300mm, completed by 

two rows of half-tubes attached to the test-section walls. The rigid lower 20 tubes of the bundle are 

used to condition the incoming vertical flow, before the test section. 
For the tested bundle configurations, as illustrated in Fig. 3 for configuration C1 with 15 vibrating 

tubes, each flexible tube is supported through a flexible rectangular bar with 100 25 4  mm, posi-
tioned such that maximum flexibility is along the streamwise direction. All the flexible tubes display 
nearly identical values for the first modal frequency and damping values in air. For motions along the 
in-flow (drag) direction, the relevant average and standard deviation values are given in Table 1. For 
each tested configuration, tubes with the first streamwise bending modal frequency at 32Hz and 14Hz 
(in air) were tested. The lower modal frequency was obtained by adding an extra mass at the end of 
the flexible tubes, so that fluidelastic instabilities were eventually reached at lower flow velocities. 
The second streamwise and the first transverse flexural modal frequencies were measured one order 
of magnitude higher that the frequency range of interest. 

 

Fig. 1. Test rig TITAN of CEA-Saclay. 



 

Concerning the flow, Fig. 2 (left side) shows a general view of the test loop. Water flow is provided 

by a centrifugal pump, delivering up to 1080 m3/h, while air is supplied by a compressor with a 

maximal flow of 3000 m3/h (at 0oC and 1 Bar). As shown in the figure, the two fluids are mixed prior 

to the test section where the tube bundle is located. Tests were performed for single-phase (air, water) 

and two-phase air-water flows at various void fractions. 

Concerning the instrumentation, as shown in Fig. 2 (right side, upper drawing), each flexible tube 

is equipped with a strain gauge, located near the clamped side, calibrated with respect to the tube 

displacement at the free end. On the other hand, Fig. 2 (right side, lower drawing) shows the lateral 

opening for inserting the sapphire bioptical probe, which was located between the 3rd and 4th rows 

of the bundle, in order to measure the local void fraction of two-phase flows. 

 

 

Fig. 2. Air/water experimental loop GASCOGNE of CEA-Saclay. 

 

 

Table 1. Average values and RMS dispersion of the flexible tubes first streamwise modal frequencies and damping val-
ues, for the two tested modal frequencies in air. 



 

 

 

Fig. 3. Configuration C1 with 15 in-flow flexibly supported tubes. 

 

3. Experimental procedures 

The first tests were performed, for the different flexible configurations, with the higher frequency 
"32Hz" tubes, for single-phase (air, water) and two-phase flows (with homogeneous void-fraction 40, 
80, 90, 95 and 98%). Then, in order to reach streamwise fluidelastic instability, a significant number 
of tests was also performed using the lower frequency flexible "14Hz" tubes.  

In all cases, the flow rate was increased until the mean tube drag plus the peak vibration amplitude 
nearly reached the gap between tubes (0.013m). Figure 4 shows the measured mean drag of the tubes 
when the water velocity is increased, for configuration 1 (see Fig. 3). As might expected, the drag 

increases in quadratic manner with the flow pitch velocity 
p

V . 

 
Fig. 4. Static drag of the in-flow flexible tubes as a function of the flow pitch velocity. 

 



 

Beyond these preliminary static drag drift tests and the standard statistics of the tubes vibration 

amplitudes and spectral content, as a function of the flow velocity, a specific feature of the present 

experiments is that a full modal identification of the vibrating tube bundle was performed from the 

in-line turbulence responses of all the flexibly mounted tubes, as a function of the flow gap-velocity. 

For such a purpose, the identification method NExT-ERA (Natural Excitation Technique - Eigensys-

tem Realization Algorithm) technique, developed by Juang & Pappa (1985) and further developed by 

several authors, see James (1993). This identification method in the time-domain, based on a state-

space representation of the dynamical system and on concepts originated from control theory, proved 

efficient enough for the purposes of the present work. The ERA identification method can be imple-

mented in polyreference, and thus enable identification of modes with near-identical frequencies.  

In its time-discrete state-space form, the system state dynamics are written at time kt  as: 
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where ( )ktu  is the excitation vector and ( )kty  the response vector, while the output vector ( )ktz  is: 

 ( ) ( )k kt tz Cy  (2) 

and matrices A , B  and C  stand for the time-discrete state-space matrix model. Assuming impulse 

excitations 0 0( ) ( )t tu δ , one obtains from (1)-(2) the recurrence for the ensemble ( )ktZ  of all system 

responses at r  locations to all system excitations at e  locations: 
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with matrices A , B  and C  yet unknown. 

At this step, from the ensemble of impulse responses ( )ktZ , one can build a Hankel matrix ( )ktH  

as usual, with a given number s  of time-samples per column and a number d  of delayed columns, 

both numbers large enough to encompass the maximum rank of the Hankel matrix: 
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which can be written as the matrix product: 

 ( ) k

k s dt H P A Q  (5) 

where sP  and dQ  are the observability and controllability matrices, respectively, see Juang & Pappa 

(1985). The SVD decomposition of the Hankel matrix of order zero leads to: 
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hence, the Hankel matrix of order one reads: 
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1 1( ) T

s dt   H H P A Q UΣ AΣ V  (7) 

and a suitable truncation order m  is chosen, in order to filter noise and other non-physical artefacts, 

in order to obtain a minimal model realization:  
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so that, from (7) and (8), one obtains a minimal estimation of the dynamical matrix A : 
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while the other minimal state matrices are obtained as discussed by Juang & Pappa (1985): 
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where rE  and eE  are the r th order and e th order selector matrices. Matrix A  contains the essentials 

of the state dynamics, through the eigen-formulation: 

 ˆ ˆ ˆ , 1,2, ,n n n n m A L   (11) 

Then, the system modal frequencies n  and damping values n  are extracted from the eigenvalues 

of (11), after conversion to the corresponding continuous state-space model: 
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and, similarly, the system modeshapes n  are obtained from the eigenvectors ˆn  of the discrete for-

mulation as: 

 ˆ , 1,2, ,n n n m C L   (13) 

In its basic form, the ERA method deals with the modal identification from the free responses of 

systems subjected to impulse excitations. For those subjected to wideband random excitations ( )tu , 

such as unmeasured aerodynamic loads, the NExT development by James (1993) replaces the use of 

the forced random system responses ( )tX  by their cross-correlation functions ( )
R

t
XX

R , where 

( )R ktX  stands for reference responses. These correlations and their derivatives also comply with the 

system dynamical equations, so that: 

 ( ) ( ) ( ) ( )et t t t  MX DX KX F  (14) 

is equivalent to: 

 ( ) ( ) ( ) ( )
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and, as the assumed random excitation is uncorrelated with the responses, ( )
e R

 F XR 0 . The original 

forced problem (14) is then replaced by the equivalent free response formulation: 

 ( ) ( ) ( )
R R R
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MR DR KR 0  (16) 

which encapsulates the same modes as (14) and can be identified by the ERA method. When the 

NExT-ERA technique is used for system identification under unmeasured excitations, it is obviously 

not possible to identify the state-matrix B  from formulation (16). This is of no consequence, as the 

system modal features are extracted from matrices A  and C , see equations (11)-(13). 

 

 
Fig. 5. Motion response and autocorrelation of the tube 4: 0.481 m/s

p
U   (left); 0.724 m/s

p
U   (right). 



 

 

Figure 5 (left upper side) illustrates a typical random response of tube 4, under steady conditions 

at flow pitch velocity 0.481 m/s, lower that the flutter instability boundary, as well as the correspond-

ing autocorrelation function in Figure 5 (left lower side). These plots illustrate well how the correla-

tion function reproduces the tube free response and damping behavior. Figure 5 (right upper side) 

shows the results obtained at flow pitch velocity 0.724 m/s, higher that the flutter instability boundary, 

as well as the corresponding autocorrelation function in Figure 5 (right lower side). These results 

pertain to the limit cycles of the linearly unstable tube, hence the near-similarity of the motion am-

plitude and of the correlation function. 

In Fig. 6 (left side) we illustrate the confidently identified modes using the NExT-ERA method, 

from the 15 tube responses at pitch velocity 0.481 m/s, under stable conditions. Theoretically, 15 

modes stem from this flexible configuration, but several tools have been used to highlight those iden-

tifications deserving most confidence, not only from several "Mode Indicators", see Pappa & Elliott 

(1993), but also from the modeshape orthogonality, as illustrated in Fig. 6 (right side). In the follow-

ing one will notice that, as the flow velocity increases, so does the quality of the modeshape orthog-

onality diagram. 

       
Fig. 6. Bundle immersed in water flow at pitch velocity 0.481 m/s

p
U  : Confidently identified flow-coupled modes, at 

the frequencies of the red lines (left); Orthogonality diagram of the identified modes (right). 

 

                
Fig. 7. Illustrative identified modes of the bundle immersed in water flow at pitch velocity 0.481 m/s

p
U  . 



 

 

          
Fig. 8. Fluid mesh and illustrative computed modes of the bundle immersed in stagnant water and coupled by the 

fluid, using program CAST3M. 

 

In Fig. 7 we illustrate some examples of the experimentally identified bundle collective 

modeshapes, pertaining to the results shown in Fig. 6 (left side), at pitch velocity 0.481 m/s. These 

illustrative modal plots clearly show definite symmetrical and anti-symmetrical tube motion patterns. 

Figure 8 shows the corresponding modes, computed under stagnant fluid conditions, using the finite 

element program CAST3M, developed at CEA-Saclay. There are some obvious differences in details, 

not only because the computational model has no imperfections, geometrical or mechanical, which is 

obviously not the case of the experimental rig. Even so, the similitude of the identified and computed 

bundle modes is obvious, giving confidence on both procedures and results. Notice that, most often, 

there are entire tube columns which not vibrate, or nearly so, strongly suggesting that cross-coupling 

between tube columns is of second order importance, as far as in-flow instability is concerned. 

 

4. Single-phase flow experiments 

Figure 9 presents the experimental results obtained for configuration C1, using the higher fre-
quency 15 flexible tubes ("32Hz") subjected to air flow, for increasing pitch velocity. The left plot 
shows the experimental streamwise response spectra of the central tube 7 (see Fig. 3), while the right 
plot displays the RMS response amplitudes of all the flexible tubes. Figure 10 presents the results 
obtained for configuration C1 in air flow, when using the lower frequency flexible tubes ("14Hz"). 
Both figures clearly highlight an instability of the modal response peak, which arises at about 17 m/s 
for the "32Hz" tubes and about 13 m/s for the "14Hz" tubes. 

Figures 11 and 12 present the corresponding test results, when configuration C1 is subjected to 
water flow. Not only the modal frequencies are lowered, due to the water added mass effect, but one 
can also notice that the single modal peaks displayed by the air tests are now replaced by groups of 
modal peaks spanning a significant frequency range, due to a strong tube coupling by the denser fluid. 

 



 

 

Fig. 9. Configuration C1 "32Hz" in air flow: Response spectra of tube 7 and RMS amplitudes of all the flexible tubes 

as a function of the pitch velocity. 

 

 

 
 

Fig. 10. Configuration C1 "14Hz" in air flow: Response spectra of tube 7 and RMS amplitudes of all the flexible tubes 

as a function of the pitch velocity. 

 

 

Fig. 11. Configuration C1 "32Hz" in water flow: Response spectra of tube 7 and RMS amplitudes of all the flexible 

tubes as a function of the pitch velocity. 



 

 

 

 
 

Fig. 12. Configuration C1 "14Hz" in water flow: Response spectra of tube 7 and RMS amplitudes of all the flexible 

tubes as a function of the pitch velocity. 

 

            
 

        
Fig. 13. Configuration C1 "32Hz" in water flow: Covariance matrix of the 15 vibrating tubes for three increasing val-

ues of the flow pitch velocity. 

 



 

For the "32Hz" tubes in water, the modal group ranges from 16 to 24Hz, while for the "14Hz" tubes 
in water, the modal group ranges from 11 to 13Hz. The experimental data in water flow displays 
unstable behavior beyond about 0.6 m/s for the "32Hz" tubes and about 0.4 m/s for the "14Hz" tubes. 
The slope of the increasing amplitude responses, beyond the instability boundary, is much steeper for 
the tests in air flow than for those in water flow. 

The results shown in Fig. 11 are particularly interesting. One can notice in the lower plot that the 

lines displaying the tube RMS amplitudes are interlaced, so that the tube with maximum response 

amplitude changes with the flow velocity. The upper plot shows that this behavior is due to switching 

of the unstable mode as the flow velocity increases. 
The covariance matrices shown in Fig. 13, computed from the measured time-domain responses of 

the flexible tubes at increasing flow velocities, further confirm that the bundle response pattern 
changes significantly as the flow velocity increases. At 0.481 m/s, below the critical velocity (0.6 
m/s), the covariance matrix is nearly diagonal, so that tube motions are uncorrelated. Beyond the 
critical stability boundary, the covariance matrices at flow pitch velocities 0.724 m/s, 1.08 m/s and 
1.33 m/s point to specific motion cross-correlations, although with changing patterns. Such interest-
ing behavior is possibly related to the fluidelastic forces changes with the reduced velocity, and to 
the forces projections on the different bundle modeshapes.  

       
Fig. 14. Bundle immersed in water flow at pitch velocity 0.724 m/s

p
U  : Confidently identified flow-coupled modes, 

at the frequencies of the red lines (left); Orthogonality diagram of the identified modes (right). 

       
Fig. 15. Bundle immersed in water flow at pitch velocity 1.08 m/s

p
U  : Confidently identified flow-coupled modes, at 

the frequencies of the red lines (left); Orthogonality diagram of the identified modes (right). 



 

       
Fig. 16. Bundle immersed in water flow at pitch velocity 1.33 m/s

p
U  : Confidently identified flow-coupled modes, at 

the frequencies of the red lines (left); Orthogonality diagram of the identified modes (right). 

 
These findings can be better put in perspective by looking at the experimentally identified unstable 

modes, as a function of the flow pitch velocity. Firstly, the results presented in Figs. 14 to 16 show 
the response spectra of the 15 tubes and the corresponding confidently identified modes (at the fre-
quencies of the red lines), as well as the orthogonality diagram of the identified modes, respectively 
for the flow pitch velocities of 0.724 m/s, 1.08 m/s and 1.33 m/s. These results show already that the 
confidently identified modes are in general quite orthogonal, hence that the identifications are relia-
ble. Then, see Fig. 14, notice that at flow velocity 0.724 m/s the only unstable mode is near 16.2 Hz, 
the corresponding modeshape being shown in Fig. 17(a). However, at flow velocities 1.08 m/s and 
1.33 m/s, in spite of a few spectral differences, there are mainly two unstable modes near 14.7 Hz and 
about 20 Hz, the corresponding modeshapes being shown in Fig. 17 (b-c). Notice that, the system 
being linearly unstable, the unstable modes vibrate nonlinearly through limit cycles, with a net damp-
ing value approaching zero. Therefore, the identified "modal damping" under such circumstances is 
only a residual artefact, with no relation whatsoever with the negative modal damping under linear 
unstable conditions. Overall, the results obtained in Figs. 14 to 17 are consistent with the global RMS 
amplitudes shown in Fig. 11 and support our results interpretation. 

 

           
(a)                                    (b)                                 (c) 

  

Fig. 17. Modeshapes of the unstable modes: (a) Pitch velocity 0.724 m/s; (b-c) Pitch velocities 1.08 m/s and 1.33 m/s. 



 

Additional single-phase flow tests were performed for other flexible tube arrangements, as dis-

cussed in section 6.  

 

5. Two-phase flow experiments 

Figures 18 to 21 summarize the experimental results obtained for the flexible configuration C1, 
subjected to air-water flows. Figures 18 and 19 concern the higher frequency "32Hz" tubes, while 
Figs. 20 and 21 relate to the lower frequency "14Hz" tubes. Results are illustrated for two void frac-
tions, 40% (Figs. 18 and 20) and 80% (Figs. 19 and 21). For both void fractions, the higher frequency 
tubes did not reach instability, in the range of homogeneous velocity explored, see Figs. 18 and 19. 

Such is not the case for the lower frequency tubes, which display instabilities at about 3.8 m/s (40% 
void fraction) and 5.3 m/s (80% void fraction), see Figs. 20 and 21. One might conjecture that, for a 
high enough flow rate, instability would be reached for the "32Hz" subjected to two-phase flow. 
However, as pointed earlier, this could not be attempted, as the maximum velocities explored in Figs. 
18 and 19 already led to a tube drag plus random response that nearly reached the inter-tube gap. 

  

 
 

Fig. 18. Configuration C1 "32Hz" in air-water two-phase flow (void fraction 40%): Response spectra of tube 7 and 

RMS amplitudes of all the flexible tubes as a function of the pitch velocity. 

 

 
 

Fig. 19. Configuration C1 "32Hz" in air-water two-phase flow (void fraction 80%): Response spectra of tube 7 and 

RMS amplitudes of all the flexible tubes as a function of the pitch velocity. 



 

 
An interesting feature in Fig. 18 is the non-monotone behavior of the RMS tube responses, as the 

flow velocity increases. It is suspected that this behavior is possibly connected with changes of the 
two-phase flow regime. Such an interpretation seems supported by the data presented in Fig. 22, 
which shows a two-phase flow chart experimentally obtained from the CEA air-water tests of a square 
bundle with P/D=1.5 (chart expanded from Delaune et al., 2018). The flow velocity region covered 
by the tests of Fig. 18, at 40% void fraction, is highlighted in Fig. 22, showing that the Bubbly and 
Slug flow regimes are intermixed. 

 

 
 

Fig. 20. Configuration C1 "14Hz" in air-water two-phase flow (void fraction 40%): Response spectra of tube 7 and 
RMS amplitudes of all the flexible tubes as a function of the pitch velocity. 

 

 
 

Fig. 21. Configuration C1 "14Hz" in air-water two-phase flow (void fraction 80%): Response spectra of tube 7 and 
RMS amplitudes of all the flexible tubes as a function of the pitch velocity. 

 
Tests at other void fractions did not trigger instability for the "32Hz" tubes, while it was clearly 

reached for the "14Hz" tubes. This is the very reason why the lower frequency tubes were tested. 
Actually, because of their different mass and frequency parameters, our results from the "32Hz" tubes 
were ill-fitted for comparison with the instability data from Violette et al. (2006).  



 

If one excepts the peculiar behavior shown in Fig. 18, most of our two-phase experiments led to a 

near-linear increase of the RMS tube amplitudes with the flow velocity, prior to instability. On the 

other hand, as can be seen in Figs. 18 and 19, a wideband low-frequency response often arises in the 

response spectra. This is a somewhat classical feature, often observed in vibration experiments using 

two-phase flows. 
 

 

Fig. 22. Two-phase flow chart experimentally obtained from the CEA air-water tests of a square bundle with P/D=1.5 

(expanded from Delaune et al., 2018); Flow regimes: Red=Bubbly, Green=Slug, Blue=Churn, Yellow=Annular. 

 

As for single-phase flows, additional two-phase flow tests were performed for configurations with 

various flexible tube arrangements. These experiments are described in the next section.  

 

6. Other tested configurations 

Figure 23 shows the many flexible configurations that were tested, most of them for the lower 
frequency "14Hz" tubes, to which the results of Fig. 23 apply (except for configuration C3, which 
was only tested with the "32Hz" tubes). Configuration C2 is also a 15 flexible tube arrangement, just 
as the "centered" configuration C1, but displaced towards the bundle end. Configuration C3 is a cen-
tered seven-tube cell. Configuration C4 is a single flexible tube at the center of the bundle. Then, 
configurations C5 to C11 explore different arrangements, using three to seven flexible tubes. 

Figure 23 synthetizes the occurrence or not of streamwise fluidelastic instability for each configu-
ration, under air flow, water flow and two-phase flow. Results of configuration C2 are similar to those 
of C1, with unstable behavior under single-phase and two-phase flows. The cell C3 (with "32Hz" 
tubes) became unstable under single-phase flow, but not for two-phase flow. The single flexible tube 
C4 never went unstable, in agreement with experiments by Violette et al. (2006). Concerning the 
other configurations, one can notice that those with a single flexible tube per column (C9 and C10) 
never became unstable, whatever the flow type. All the other configurations, having two or more 
flexible tubes in one or two columns became unstable under air flow, but remained stable under water 
flow and two-phase flow.  

All these results suggest that: (1) Streamwise instability occurs through the vibration coupling of 
two or more tubes along the bundle columns; (2) Coupling between tubes along the bundle rows is 
irrelevant for streamwise instability; (3) The destabilizing coupling forces are comparatively weak, 
so that instability may or not be triggered, depending on a number of factors such as the system 
damping. 



 

 

 
(*) Results for configuration C3 with "32Hz" tubes, as this configuration was not tested with the 

"14Hz" tubes. 

Fig. 23. Tested configurations with various arrangements of the "14Hz" flexible tubes; also shown is the occurrence 

(Yes) or not (No) of streamwise fluidelastic instability for each configuration, respectively under air flow, water flow 

and two-phase flow. 

 

7. Summary of results 

After the previous qualitative remarks on the features that seem to govern streamwise instability 
phenomena, we now summarize the instability data stemming from our experiments. Figure 24 dis-
plays the Connors stability map for the various tested configurations, under single-phase and two-
phase flow:  
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The values of the mass-damping parameter, as well as those of the critical reduced velocity are 

based on the numerical data collected in Table 2, for both the "32Hz" and "14Hz" tubes, the various 

tested flexible configurations, under single-phase and two-phase flows. The present results are also 

compared with those obtained by Violette et al. (2006).  

 



 

     
(*) This could be a biased identification of K, due to the difficulty of controlling and monitoring a void ratio of 99%. 

Table 2. Bundle configuration C1 - Tubes "32Hz" and "14Hz": Flow physical parameters and structural modal fre-
quency and damping values, as well as the experimental streamwise Connors constant K, for increasing values of the 

two-phase void fraction. 

 

Fig. 24. Connors stability map from the test results:    Two-phase flow configuration C1 with "32Hz" tubes;  Sin-

gle-phase flow configuration C1 with "32Hz" tubes; Two-phase flow configuration C1 with "14Hz" tubes;  Single 

phase flow configurations C1, C2, C5, C6, C7; C8, C11 with "14Hz" tubes;  Violette et al. (2006). 

Concerning the damping values, in single-phase we use those measured for the most prominent 

mode at low flow velocity, while in two-phase flow this could only be achieved for the "14Hz" tubes. 

Due to identification difficulties, for the "32Hz" tubes in two-phase flow the maximum recommended 

value by ASME code 3 %   was assumed. 

Figure 24 shows that all the single-phase test results of configuration C1, for both the "32Hz" and 

"14Hz" tubes, in air flow and water flow, lay about the boundary stability line at 10K  . A similar 

result was obtained for the other tested configurations using "14Hz" tubes which became unstable in 

air flow. Concerning two-phase flows, for configuration C1 using the "32Hz" tubes, instability does 

not arise in the tested reduced velocities up to this boundary. This is highlighted in Fig. 24 by enclos-

ing the experimental data obtained at maximum reduced flow velocity (blue circles) and pointing to 

a putative higher value of the corresponding Connors "constant" K . Configuration C1 using the 

"14Hz" tubes became unstable in two-phase flows, leading to most values in the range 6 ~10K  . 



 

These results are consistent with those obtained by Violette et al. (2006), as also shown in Fig. 24. 

As mentioned in the Introduction, the experimental results obtained by Nakamura and Tsujita (2018) 

for bundles with reduced pitch in the range P/D=1.2~1.5 point to values 7.5 ~10K  , therefore are 

also consistent with our results. Concerning the experiments by Azuma et al. (2018), using SF6-

Ethanol, with both straight bundles and U-bundles, they also observed streamwise instabilities in all 

cases. Interestingly, they obtained for the straight bundles the surprisingly low value 2.5K  , whereas 

for U-bundles they obtained values 10K  , depending on the tubes modal frequencies. Similar results 

seem to have been obtained by Nishida et al. (2021), in their steam-water experiments. 

Recently, Panunzio et al. (2022) presented experimental results obtained using the same test rig as 

those of the present paper, but with the flexible tubes moving in the plane transverse to the flow 

direction. Their Connors stability map built from those single-phase and two-phase flow experiments, 

compared with the stability map of Fig. 24 pertaining to the in-flow experiments. Interestingly, the 

lower stability bound for the transverse motion (except for some data pertaining to the single flexible 

tube) is only marginally smaller than the lower stability bound for the in-flow motion. However, it 

would be risky to apply this conclusion to the upper stability bounds, as all the in-flow stability data 

pertaining to the two-phase flow configuration C1 with "32Hz" tubes is actually higher than plotted 

in Fig. 24. And, as discussed earlier, how much higher is actually unknown. 

 

8. Conclusions 

In this paper we presented experimental results for a rotated triangular straight tube bundle with 
reduced pitch P/D=1.44, providing new in-flow fluidelastic data for both single-phase (air or water) 
and two-phase (with homogeneous void fraction in the range 40% to 98%) transverse flows. Many 
different flexibility configurations were tested, with up to 15 flexible tubes, mounted with anisotropic 
supports allowing for in-flow vibrations. For the single-phase experiments, extensive modal identifi-
cation of the flow-coupled tube bundle was performed under unmeasured turbulence excitation. The 
identification results obtained are consistent with finite element computations under stagnant flow. 
Moreover, they helped to disclose interesting changes concerning the unstable mode(s) as the flow 
velocity was increased beyond the linear stability boundary. 

A conclusion from the ensemble of our tests, consistent with the main bulk of a (still limited) liter-
ature, is that streamwise instabilities may arise for 6K  , and often 10K  . However, this contrasts 
with the low values 2.5 ~ 3.5K   obtained by Azuma et al. (2018) and Nishida et al. (2021) for some 
straight tube bundles (although not excited by the usual air-water flow mixture). Even so, Nishida et 
al. (2021) point that, for tubes with the same modal frequencies in the streamwise and transverse 
directions, the critical flow velocity for the transverse direction is lower than for the streamwise di-
rection. These results clearly suggest that in-flow coupling forces are significantly smaller than those 
leading to out-of-plane instabilities. Actually, the topology of flows inside the bundles seem to sup-
port such idea. 

All tested configurations with 2 to 7 in-line flexible tubes that became unstable did so when sub-
jected to air flow, but not under water flow nor two-phase flow. The reason of such behavior is still 
unclear, but several lines of thought may be explored: (1) The denser fluids typically generate more 
damping, and this is particularly so concerning two-phase flows; (2) The denser flows further drift 
the flexible tubes from their nominal positions, and this may affect the destabilizing coupling forces; 
(3) The denser flows generate more effective random excitations and hence vibration amplitude, 
which might "break" the flow-coupling deterministic organization. 

From the many experiments presented here, stems the important general conclusion that stream-
wise instability occurs only through the vibration coupling of two or more tubes along the bundle 
columns. This is a necessary condition, suggesting that streamwise instability cannot be theorized 
from a single-degree-of-freedom model. At least a model with two adjacent tubes of the same bundle 
column is needed, pointing to the significance of cross-coupling force terms. A somewhat similar 



 

view was expressed by Nishida et al. (2021), when stating that a stiffness mechanism is dominant for 
streamwise instability. 

Finally, we note that the lower stability bound for the flexible tubes transverse motion is only mar-
ginally smaller than the lower stability bound for the in-flow motion. 
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