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ABSTRACT

An experimental parametric study of the surface pressure
on a cylinder in the sixth row of a rotated triangular tube array
(P/d=1.375) with air cross flow has been conducted. A range of
static displacements were examined. Jet switching was observed
in this array and resulted in the large asymmetry observed in the
pressure distribution around the static cylinder even in a geo-
metrically symmetric configuration. The large fluctuations in lift
force due to jet switching suggest that it should be more seriously
considered when designing against fatigue failure. The effect of
jet switching on the pressure distribution data was mitigated by
deconstructing the pressure distribution into two modes. Forces
were calculated from the pressure measurements offering an in-
sight into the fluid mechanics generating the forces. No simple
parameterisation was found for either the lift or drag force, but
it was found that the drag force was only weakly affected by the
tube displacement. The dataset presented here compliments the
data previously presented for normal triangular arrays and rep-
resents a valuable reference for validation of simulations and
flow-induced vibration models.

∗Address all correspondence to this author.

NOMENCLATURE
CD Drag coefficient
CL Lift coefficient
CP Mean pressure coefficient
d Tube diameter
FD Drag Force
FL Lift force
FEI Fluidelastic instability
l Tube length
P Pitch
P/d Pitch ratio
Pθ Mean pressure at a give position angle
P0 Mean pressure at stagnation point
Re Reynolds number
RT Rotated triangular
U Free stream flow velocity
Ug Gap velocity
y/d Non-dimensionalised tube displacement (y∗)
θ Position angle
ρ Fluid density (air)

INTRODUCTION
In 1979 Paidoussis (1) presented details on case studies of

flow induced vibration problems in heat exchangers and nuclear
reactors. We are interested in the 33 cases presented on flow in-
duced vibration due to a cross-flow. The flow induced vibration
mechanisms were classified under a number of headings: vor-
tex shedding; vortex shedding and acoustic resonance; fluidelas-
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tic instability; turbulent buffeting; and unknown. It is generally
accepted that the mechanism of fluidelastic instability has the
greatest potential to cause damage and it occurs when a critical
velocity is reached. The mechanism has the potential to destroy
a unit in a number of hours. As such the operating cross-flow ve-
locity chosen is on the conservative side compared to the fluide-
lastic threshold, or so its thought. However, as the fluid mechan-
ics are not fully understood it is difficult to determine whether
cross-flow velocity is conservative or not even if the cross-flow
velocity does not cause the onset of fluidelastic instability.

The mechanism responsible for fluidelastic instability (FEI)
in tube arrays has been described by three theoretical frame-
works: the “wavy-wall” model (Lever & Weaver (2)); the quasi-
static model (Connors (3)); and the quasi-steady model (Price &
Paidoussis (4)). There are also a number of empirical models. In
addition, there have been a number of numerical simulations of
flow through heat exchangers tube arrays and fluideleastic insta-
bility using Large Eddy Simulation, Reynolds Averaged Navier
Stokes and vortex methods (e.g. (5), (6), (7)). These models,
whether semi-empirical or numerical, are based on very differ-
ent assumptions of the fluid mechanics. However, the approach
for validating these models depends primarily on comparison
of predicted critical velocity to experimental values. Unfortu-
nately, while this threshold is ultimately of greatest interest from
a practical point of view, the experimental data available show
a significant unexplained scatter and hence confidence in model
validation is poor. In order to provide an initial validation of
the assumptions and predictions of these models, a detailed sur-
vey of the surface pressure distribution on a statically displaced
cylinder in a rotated triangular tube array has been conducted.
While there is already limited pressure data in the literature ((8),
(9), (10)), pressure distributions were measured for only a few
Reynolds numbers. Furthermore, until recently there have been
no comprehensive studies of the pressure field around a stati-
cally displaced cylinder within a tube array available. Batham
(11) presented a limited study of the pressure distribution around
a statically displaced cylinder in an array. The configuration used
was a ten row in-line array with pitch ratio of 1.25. It was report
that the first three rows where displaced by 0.25mm which cor-
responds ∼ 0.5% tube displacement and that the pressure distri-
bution “completely changed”. However no detailed results were
presented. More recently, Mahon & Meskell (12) presented pres-
sure distributions around a cylinder in three normal triangular
tube arrays, for a range of Reynolds number and static tube dis-
placements1. Nonetheless, there is still limited information on
parallel (rotated) triangular tube arrays. This study presents a
survey of surface pressure in a parallel triangular tube array with
static tube displacement.

As detailed above, models for fluidelastic instability tend to
look at the critical velocity and this is not unreasonable given that

1This data is available at http://www.ercoftac.org

the critical velocity is generally the quantity of interest when one
is looking to predict the onset of fluidelastic instability. However,
there is significant scatter in the threshold velocities presented
in the literature. It would therefore be beneficial to be able to
validate the models using a number of intermediate steps. The
data presented in this paper provides that intermediate step. Con-
sider the quasi-steady model, this model separates the fluidelastic
force into a magnitude dependant on the static fluid force and a
phase dependent on the time delay. In the magnitude dependent
part, the fluid forces (lift and drag) are assumed to be identical
to those measured with the tube at rest in the same location (this
is the quasi-static assumption). Using the data presented in this
study it is possible to validate the magnitude dependent part of
the model.

EXPERIMENTAL SETUP
The experimental facility consists of a draw down wind tun-

nel which has a tube array installed in the test section. The test-
section is 750 mm long with a cross-section of 300 mm high ×
272 mm wide. An 8 row rotated triangular array with a pitch ra-
tio of 1.375 and air cross flow was investigated in this study. A
schematic of the test-section is shown in Fig. 1.

FIGURE 1. Test section schematic: parallel triangular array,
P/d=1.375

A pitot-static tube installed upstream of the tube array con-
nected to a Furness Control micromanometer (model FC015)
measured the free stream flow velocity in the test section. The
flow velocity in the wind tunnel test-section ranged from 2 m/s
to 10 m/s with a free stream turbulence intensity of less than 1%.
The tubes in the array (38 mm diameter) are rigidly fixed, ex-
cept for one tube which will be referred to as the instrumented
cylinder.

The instrumented cylinder has 36 pressure taps with a diam-
eter of 1 mm and located at the mid-span around the circumfer-
ence of the cylinder (equispaced at 10o intervals). The length of
the cylinder assembly within the test section was 298 mm with a
diameter of 38 mm.

2 Copyright c⃝ 2010 by ASME



The instrumented tube was connected to the pressure trans-
ducers with short lengths of 2 mm internal diameter silicone tub-
ing. Each pressure tap was monitored with a differential pres-
sure transducer (Honeywell 164PC01D37). The other port of
the pressure transducer was vented to atmosphere. In effect the
gauge pressure was measured.

The signal from the pressure transducer was acquired simul-
taneously at a sample frequency of 1024 Hz. As the primary
focus of this study is the mean pressure distribution, the pressure
transducers were calibrated by applying a constant known pres-
sure. From this, the sensitivity of the pressure transducer was
obtained. i.e. a relationship between the output voltage from
the pressure transducer at a known pressure. The other pressure
transducers were then calibrated with respect to this reference
pressure transducer. The readings from the pressure transducers
were digitised and logged using a NI 48 channel, 24 bit data ac-
quisition frame. Each channel was simultaneously sampled and
automatically low pass filtered to avoid aliasing.

The tube was mounted on a traverse (located outside the
wind tunnel) allowing a specific static displacement to be ap-
plied to the cylinder. The traverse facilitated fine displacements
and the displacement was monitored with a clock gauge with an
accuracy of up to 0.01 mm. Additional information on the test
setup including schematics and photographs of the pressure tap
tube can be found in Mahon & Meskell (12) and Mahon (13).

RESULTS
An 8 row rotated triangular array with a pitch ratio of 1.375

with air cross flow was investigated. Surface pressure measure-
ments on a cylinder in the center of the sixth row have been
obtained for a range of flow velocities and static tube displace-
ments. Table 1 details the free stream velocities tested as well as
the associated gap velocities and Reynolds numbers (Reynolds
numbers are based on the gap velocity) while Table 2 outlines
the tube displacements tested.

The pressure distribution around the cylinder was non-
dimensionalised and the results presented in terms of the mean
pressure coefficient. The pressure coefficient, CP, was defined as

CP = 1− Po −Pθ
1
2 ρU2

g
, (1)

where Po refers to the mean pressure at the stagnation point, Pθ
refers to the local mean static pressure at a given angular dis-
tance (also referred to as position angle) and is defined as the
positive clockwise angle starting from the front of the cylinder
(see Fig. 2), Ug is the gap velocity (Ug = U [P/(P− d)]) and ρ
is the fluid density. The pressure coefficient was expressed in
this way as taking the free stream static pressure as the reference

TABLE 1. Free stream velocities (U), gap velocities (Ug) and
Reynolds numbers (Re) tested

U (m/s) Ug (m/s) Re (×104)

2 7.3 1.97

3 11.0 2.95

4 14.7 3.93

5 18.3 4.91

6 22.0 5.90

7 25.7 6.88

8 29.3 7.86

9 33.0 8.84

10 36.7 9.83

TABLE 2. Tube displacements tested

y/d (%) 0 1 3 5 7 10 -5

pressure was not appropriate as the mean static pressure varies
throughout the array. The experimental setup has been validated
previously (Mahon & Meskell (12)) by measuring the mean pres-
sure distribution around an isolated cylinder and comparing the
results with those in the literature. The curve compared well with
data in the literature e.g. Zukauskas (14).

FIGURE 2. Schematic of position angle

Pressure Distribution
Figure 3 shows the mean pressure distribution around a

cylinder in the sixth row of a parallel (rotated) triangular tube ar-
ray with zero static displacement. It is apparent that the pressure
distribution is not symmetric. The asymmetry was significantly
larger than that associated with a rotational offset in the position
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angle. It is possible that the the misalignment in the tubes’ posi-
tion resulted in the asymmetry distribution, but the misalignment
would have to be very large. When the tests were repeated the
pressure distribution changed. This behaviour was also observed
at other flow velocities. Hence, the authors are satisfied that the
asymmetry in the pressure distribution was not as a result of mis-
alignment. Mahon & Meskell (12) observed large asymmetry
in one of the normal triangular arrays investigated and this was
attributed to bistable flow structures. This effect has also been
observed by others for example Zdravkovich & Stonebanks (15)
and Zdravkovich (16).
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FIGURE 3. Mean pressure Distribution, y/d=0% and U=4m/s.

Further investigation reveals that there is bi-stable flow
regime. Figure 4 shows the time resolved pressure signal at
θ = 50o and at a flow velocity of 4m/s. It is clear that there is sig-
nificant variation in the pressure signal. Plotting a histogram of
the signal (Fig. 5) it is apparent that there is a bi-modal flow in-
stability (jet switching). This bi-modal behaviour was observed
at most flow velocities and tube displacements tested with the
exception of the flow velocity at 2 and 3m/s. It is possible that
flow instability was occurring at those velocities but it was not as
pronounced as in the other cases.

The presence of a bi-modal flow instability (jet switching)
complicates the analysis of the data as the pressure distribution
changes from test to test regardless of whether the velocity or
displacement parameters are changed.

As mentioned previously the flow instability (jet switching)
observed was bi-modal. In an attempt to obtain a better behaved
data set, an analysis to minimise the effect of jet switching was
employed and is described below. It was generally found that
only two modes exist. If the time record was sufficiently long
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FIGURE 4. Time resolved pressure at θ=50o 11 y/d=0% and U=5 m/s

the mean pressure distribution would be unbiased. However, as
the jet switching is a random intermittent phenomenon with a
temporal spacing of tens of seconds, the record length would be
prohibitive. Thus, the approach taken to generate the long term
average was to decompose the pressure records into two modes,
and to take the average of these two modes. Note that this does
not remove the effect of jet switching; rather it offers the mean
pressure distribution for the hypothetical case were it is equally
likely that the jet is aligned on one side of the tube as the other.
In order to illustrate this consider Fig. 5 which shows the data
at θ = 50o. Figure 5 shows the histogram of the entire record
for this position. The bimodal distribution is the effect of jet
switching and is clearly visible. The two configurations of the
flow are termed Mode 1 and Mode 2. These are not modes in
a strict sense, as a linear combination is not possible, but rather
refer to the instantaneous configuration of the flow field. Using
the tapping which displays the most pronounced bi-modal char-
acteristics, the time record of each pressure tap was characterised
as either Mode 1 or Mode 2. Using this approach all the pressure
signals can be decomposed into the two modes. Figure 6 shows
the histogram of the pressure data at θ = 270o with the separated
modes. These modes were obtained using the data sets retrieved
via mode separation at θ = 50o.

Fig. 7 shows the pressure distribution at the two modes. It
is clear that the two flow field configurations associated with the
two modes yield are antisymmetric. The pressure distributions
from the two dominant jet switching modes were averaged. The
pressure distribution with the bias of jet switching removed in
this way is shown in Fig. 8. The pressure distribution is symmet-
ric and is a significant improvement on the using a simple mean
pressure distribution. In some instances the pressure distribution
was still slightly asymmetric, however, in these cases there was
still a significant improvement in symmetry of the pressure dis-
tribution when compared to the mean pressure distribution.

Examining the pressure distribution in greater detail at
θ=30-40o and 320-330o the pressure is a maximum due to the
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FIGURE 5. Histogram of pressure at θ=50o, y/d=0% and U=5 m/s
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FIGURE 6. Histogram of pressure at θ = 270o, y/d=0% and U=5 m/s.
Red - Mode 1, Green - Mode 2, Blue - Combination of both modes

flow from the upstream tubes impinging on to the tube (reattach-
ment of the shear layers separated from the upstream tubes). The
pressure decreases upon moving away from this region in both
the upstream and downstream directions. Surprisingly, the pres-
sure reaches a minimum at θ=90o and 270o, even though the
minimum gap between adjacent cylinders is at ±60o and ±120o,
suggesting that viscous losses play a role in the pressure distri-
bution even before the large scale separation. After θ = ±130o

the flow separates, and results in the relatively constant pressure
distribution at the rear of the cylinder.

space
Figure 9 plots the pressure distribution around the tube at

y/d=0% for a range of Reynolds numbers. It is observed that
the pressure distribution changes with Reynolds number. At
Re≈ 7×104 (U=7-8m/s) the locations of minimum and maxi-
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FIGURE 7. Mode 1 and Mode 2 of the pressure distribution, y/d=0%
and U=4m/s
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FIGURE 8. Mode average pressure distribution, y/d=0% and U=4m/s

mum pressure change suggesting a change in the flow pattern.
Furthermore, at the rear of the cylinder the point of separation
moves closer to the rear of the cylinder.

Tube displacement
Static tube displacements of 1%, 3%, 5%, 7% and 10% of

tube diameter were examined. Figures 10, 11 and 12 show mode
average pressure distribution around a cylinder in the sixth row
for the range of static tube displacements at flow velocities of 4, 6
and 8m/s respectively. The effect of tube displacement is appar-
ent. The region θ=30-40o shows a decrease in pressure whereas
the region θ=320-330o on the opposite side of the cylinder shows
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an increase in pressure. These effects get more pronounced as
the tube displacement increases. The reason for the change in
pressure is due to the reattachment of the shear layers separated
from the upstream tubes. The region θ=320-330o is shifted into
the shear layer path from the upstream cylinder while the region
θ=30-40o on the opposite side moves away from the shear layer
from the upstream cylinder.

At the top and bottom of the cylinder there is a significant
change in the distribution with the pressure in the region θ=90o

reducing and the opposite occurring on the other side of the cylin-
der at θ=270o. At the rear of the cylinder the pressure distribu-
tion becomes slightly skewed. This is due to the deflection of the
separated region. However, this is a minor effect.

Fluid Forces
As the current study only measured pressure, the contribu-

tion of skin friction can not be assessed. However, in the cur-
rent study, the lowest Reynolds number tested was greater than
2 ×104. At these Reynolds numbers, it is reasonable to assume
that skin friction forces are small and can be neglected. Hence,
the lift and drag forces are given by:

FD =
∫ 2π

0
Pdl cos(θ)dθ , (2)

FL =
∫ 2π

0
Pdl sin(θ)dθ , (3)
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FIGURE 9. CP at various Reynolds numbers, y/d=0%
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FIGURE 10. Mode average pressure distribution, U=4m/s.
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FIGURE 11. Mode average pressure distribution, U=6m/s.

Before examining the mean lift and drag forces on the cylin-
der for a range of flow velocities and tube displacements, it is
interesting to consider the effect of the jet switching on the fluid
forces. Figure 13(a) presents the time resolved lift force where it
was observed that the lift force varied significantly over time.
Furthermore, Fig. 13(b) shows that the lift force fluctuations
were both positive and negative. As can be seen in Figs. 14(a)
and (b), the effect of jet switching on the drag force was weak
as demonstrated by the random fluctuations about a mean drag
force and nearly Gaussian distribution.

It is interesting to note that Mahon et al. (17) have recently
completed a preliminary investigation of the spanwise coherence
in pressure in normal triangular arrays. There results strongly
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FIGURE 12. Mode average pressure distribution, U=8m/s.

suggest that variation in lift force due to the jet switching phe-
nomenon will be correlated along the tube length. Hence, jet
switching may be a significant issue for designers when estimat-
ing the fatigue life of a heat exchanger unit (i.e. when consider-
ing the wear rate due to turbulent buffeting).

Drag force
The drag force for the range of tube displacements collapses

well as seen in Fig. 15. It was shown previously that there were
substantial changes in the pressure distribution as a result of dis-
placing the tube. These changes also occurred at position angles
where there is a large contribution to the drag force. However,
the net contribution to the drag force did not change significantly
because the pressure increases occur on one side of the cylinder
and the opposite occurs on the other side resulting in a flow re-
distribution rather than an overall change in the drag force. The
drag force is reasonably well behaved increasing in magnitude
with increasing velocity but no simple parameterisation in terms
of velocity was found. At Re≈ 7× 104 there is a change in the
drag force behaviour, as observed in the pressure coefficient data
presented above.

The drag force data is also presented in terms of the non-
dimensioned drag coefficient,

CD =
FD

1
2 ρdlU2

g
. (4)

The average drag coefficient (for all tube displacements) is
presented in Fig. 16 as function of Reynolds number. The change
in trend around Re≈ 7×104 is still apparent.
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FIGURE 13. (a) Time resolved lift force y/d=0% and u=4 m/s (b)
Histogram of the lift force y/d=0% and u=4 m/s

Lift force

The lift force around the cylinder in an array appears to be
reasonably well behaved. When y/d=0% the lift force fluctuated
around zero. When the tube was displaced, a net lift force in the
direction opposite to the tube displacement results. The magni-
tude of the force generally increased with tube displacement and
flow velocity. However, at Re≈ 7× 104 this trend changes with
the magnitude of the lift coefficient decreasing (Fig. 17) with in-
creasing Reynolds number and at the highest Reynolds number
observed the effect of displacement is minimal.

When the lift force and coefficient are split into the various
modes Fig. 18 it becomes clear as to why the rate of the lift co-
efficient changes at the higher Reynolds number ranges. At the
lower Reynolds numbers the slope of the lift coefficients for the
two modes are similar. However, at the higher Reynolds num-
bers the slopes of the lift coefficient data set are not similar and
the slopes differ. Furthermore, at the highest Reynolds number
tested the slope of one mode is negative whilst the slope of the
other mode is positive.
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Fluid force gradients
The onset of fluidelastic instability is determined primarily

by the gradients of the fluid force. This can be seen most clearly
in the quasi-steady and quasi-unsteady models of FEI, but is an
implicit feature of the other models as well. Figures 19 & 20
show the variation of the force coefficient gradients at zero dis-
placement with gap velocity.

It can be seen that dCD/dy∗ did not change significantly with
gap velocity and is approximately zero, indicating that the drag
coefficient is not sensitive to displacement, as previously noted.
The magnitude of the lift curve slope, dCL/dy∗, increases with
gap velocity. However at the higher velocities the trend changes
with the magnitude of dCL/dy∗ reducing. This change in trend
occurred at Re=≈ 7× 104 and coincides with the change in flow
behaviour observed previously. This may imply that the fluide-
lastic behaviour of an array (i.e. the threshold velocity) will
change as Reynolds number is increased, but further work is re-
quired to investigate this.

5 10 15 20 25 30 35 40
0

0.5

1

1.5

2

2.5

3

3.5

4

Gap Velocity (m/s)

D
ra

g 
F

or
ce

 (
N

)
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FIGURE 17. Lift Coefficient (CL) variation with tube displacement
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CONCLUSIONS
A parametric study of the surface pressure on a tube in a par-

allel triangular array P/d=1.375 has been conducted. The pres-
sures often exhibit bi-modal, and this has been attributed to jet
switching in the flow. The asymmetric effect of the jet switch-
ing has been controlled to provide an equivalent long term av-
erage pressure distribution around the cylinder for a range of
flow velocities and displacements. It has been found that the
behaviour of the fluid forces changes dramatically at a Reynolds
of approximately 7×104. The database obtained provides a use-
ful reference for validating both numerical simulations and semi-
empirical models of flow induced vibration in tube arrays.
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