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Abstract — In the present paper an experimental investigation of drag reduction on in-line tube bundles
with a configuration of seven by seven with a pitch ratio of 1.44 has been performed. Two longitudinal
grooves are placed on the external surface of the circular cylinders as a passive control. The experiment
is carried out using a subsonic wind tunnel. The pressure distributions for various azimuthal angles along
the tubes are measured using a multi-channel differential pressure. Drag forces are also determined using
a combined wire-strain gauge balance. The pressure drops are deduced from the resulting drag forces. The
results obtained show an unexpected reduction in the pressure drop for the tube bundles. A reduction of
36.5% in the pressure drop for a Reynolds number of 1.33 x 10* is found compared to the configuration
without grooves. Some correlations for the pressure drop are proposed.
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1 Introduction

The turbulence provided by coherent vorticity phe-
nomenon may lead to severe vibrations thus causing ex-
tensive damage to tube bundles over a short period of
time. Hence there are many issues that need to be ad-
dressed and resolved properly. One such concern is the
strong fluid-structure coupling which acts as a cyclic load
on tubes inside the heat exchangers.

Most previous experimental studies on the turbulent
flow over tube bundles have focused on measuring the
heat transfer and pressure drop. For example, Pierson [1]
studied heat transfer and pressure drop across the tube
bundle arrangements in various configurations in the cross
flow of gases. Zukauskas and Ulinskas [2] presented some
experimental results on both the characteristics of flow
and heat transfer tubes and tube bundles in cross flow.
They found that the pressure drop across a tube bun-
dle decreases with the Reynolds number. They also re-
ported correlations for pressure drop and heat transfer
coefficients.

The features of the flow change when using two cylin-
ders compared with the flow pattern for isolated cylin-
der. Arie et al. [3] showed that for a tandem arrangement
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Nomenclature
Cp Pressure coefficient =)
Cp, C1,  Drag and lift coefficient )
P Pressure (N.m™2)
d Cylinder diameter (m)
L Length of the cylinder (m)
S Projected area of the cylinder  (m?)
Uo Inlet velocity (m.s™1)
Ug Gap velocity (m.s™h)
Re Reynolds number )
AP Pressure drop (N.m™?)
Greek letters
p Fluid density (Kgm™) |

the fluctuating lift and drag on the downstream cylinder
is strongly dependent upon the gap spacing. It is shown
that as the gap spacing increases, the fluctuating forces
also increase. It is concluded by the authors that the worst
case scenario is at a gap distance of 4.5D, where the fluc-
tuating forces on the downstream cylinder are the max-
imum. The papers of Chen [4] and Pettigrew et al. [5]
contain extensive data for lift and drag forces for var-
ious tube bundle configurations; in-line, triangular and
staggered arrangements. There are some other interest-
ing configurations such that of Wu et al. [6] in which a
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cylinder is placed behind another one but with a little off-
set from the centre line. The upstream cylinder is always
fixed whereas the downstream cylinder is tested at various
positions to see which configuration results in small lift
and drag forces. The idea behind this study is to find an
optimal location for the downstream cylinder to provide
the needs of risers in marine engineering. It is concluded
that the downstream cylinder will always have a non-zero
lift and drag.

When two or more cylinders are placed close to each
other the interference between them can be of three types.
Proximity interference, this type of interference is ob-
served for cases where the cylinders are placed very close
to each other especially in tandem or in-line arrange-
ments. Wake interference is observed when the cylinders
are placed widely apart from each other. In such a case
the first cylinder behaves as a single cylinder whereas the
downstream cylinder flow behavior is dependent upon the
wake of the upstream cylinder. The third case is of mixed
effect of proximity and wake, in which the cylinders are
placed at a moderate distance from cach other, Afgan [7].

According to Mittal and Kumar [8] the behavior of
flow past two stationary cylinders is still not very clear
and it is impossible to predict the response of oscillating
cylinders. Wolfe and Zaida [9] used two tandem cylin-
ders to study a feedback control on vortex shedding. It is
concluded that when a cylinder is placed in the wake of
another cylinder then its unsteady loading is not only de-
pendent upon the flow behavior in its own wake but also
on the flow pattern in the wake of the upstream cylinder.
Lam and Lo [10] have conducted a visualization study
for P/D ranging from 1.28 to 5.96, L/D = 21.3 and
Re = 2.1 x 103. The flow characteristics are described
by three flow patterns: (i) the downstream cylinder is
shielded by the shear layers of the upstream cylinder, (ii)
the free shear layers from the upstream cylinder are reat-
tached onto the downstream cylinder and (iii) the down-
stream cylinder is impinged by the vortices shed from the
upstream cylinder.

Some experimental studies on the flow around four
cylinders in an in-line square configuration have been the
focus of many researchers. Sayers [11] has measured the
lift and drag coefficients on a single cylinder in a group
of four equally spaced cylinders in an open-jet wind tun-
nel for P/D ranging from 1.1 to 5.0 and Re = 3.0 x 10%.
A comparison with flow interference of a group of three
cylinders shows that there exists similarly obtained data
to form a basic code of design. Later, Sayers [12] fur-
ther determined the Strouhal number of each cylinder in
the same open-jet wind tunnel. The study indicated that
at P/D > 4.0, St is equal to those for flow around a
single isolated cylinder, while at P/D < 4.0, St varies
across the wake. Lam and Fang [13] have studied exper-
imentally the effects of flow interference of four-cylinder
array on the mean pressure distribution and force coeffi-
cients of the cylinders, various P/D are investigated for
Re = 12.8 x 10%. Lam et al. [14] measured the mean and
fluctuating lift and drag coefficients on the four cylin-
ders at P/D from 1.69 to 3.83 and Re = 41.0 x 103

giving additional insight on the flow-induced forces. Fur-
ther experimental investigations (Lam et al. [15-17]) us-
ing a DPIV (digital particle imaging velocimetry) method
and an LIF (laser induced fluorescence) flow visualization
technique confirmed the characteristics of the flow pattern
observed around the four cylinders in an in-line square
configuration. Based on these studies, it is possible to
understand the flow physics and the relationship between
flow pattern transformation and P/ D, the mean and fluc-
tuating force and pressure characteristics on the cylinder.
Furthermore, these experimental results were limited to
fairly high Re; little is known of the phenomena at low Re.
One of the reasons could be due to measurement difficul-
ties at low Re. Another reason is that most engineering
applications occur at high Re. Contrary to experimental
studies, numerical simulation has obvious advantages in
low-Re flow investigations. It can quickly provide flow in-
formation, such as the instantaneous full-field information
of the velocity field, the vorticity field and the pressure
field, which are very difficult to obtain experimentally.

Pressure drop across the tube bank has been investi-
gated by Grimison [18] and Zukauskas [19]. Results have
shown that increasing Reynolds number and decreasing
transverse tube spacing cause an increase in the pressure
drop. The longitudinal spacing is found to have no ef-
fect on the tube array pressure drop. The largest pressure
drop is observed across a bank with closely spaced tubes.
Yahiaoui et al. [20] have performed an experimental study
about the turbulent flow around an in-line tube bundle
with a P/D = 1.44 for a Reynolds number Re = 27400
(based on the speed between the tubes). They found that
the flow through the tube bundle is asymmetrical, the
stagnation point is located at 45 degrees and that the
drag forces are higher in the first row.

A comparison of drag coefficients for various Reynolds
numbers (based on diameter and free stream velocity)
and an aspect ratio L/D = 11.5 between smooth cylinder
and the cylinder fitted with two longitudinal grooves is
investigated experimentally by Ladjedel et al. [21]. They
found that for a Reynolds number Re = 8.6 x 10* the
cylinder fitted with two grooves reduces the drag force
about 17.51%.

The purpose of the present study is to investigate
experimentally the pressure drop reduction on in-line
tube bundle using flow control by adding grooves to
the tubes and compare the obtained result with that of
Yahiaoui [22].

2 Apparatus and experimental procedure
2.1 Wind tunnel and the bundle rig

The experiments are carried out in closed circuit wind
tunnel. The test section is of square cross-section 0.46 m x
0.46 m and 1.2 m long. The closed circuit wind tunnel is
of conventional design in which the velocity could reach
60 m.s~! and the turbulence intensity is less than 1%.

The test section is composed of seven rows of rigid
PVC tubes of an identical external diameter of 40 mm
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Fig. 1. Working section and geometrical features of the tube bundle.

Fig. 2. Pitch ratios of tube bundles.

and 460 mm length. Cylinders are in in-line equispaced
arrangement. As shown in Figure 1, each row has seven
full tubes. Half tubes were also mounted along the bottom
and top walls of the test model alternately to simulate
an infinite tube bundle and minimize the wall boundary
layer. The spacing ratio is defined as the centre-to-centre
distance of adjacent cylinders divided by the cylinder di-
ameter. A schematic diagram of the arrangement is shown
in Figure 2.

The experiment setup is shown in Figure 3. One Pilot
cylinder is equipped with 22 pressure tapings on its cir-
cumference at mid-span and two other planes at the both
ends. The diameter of the tapings is 0.5 mm. The shape
and dimensions of the groove are shown in Figure 3c. The
pressure measurements are carried out for the 49 tubes for
an azimuthal angle from 0° to 360°. Drag forces for all
the tubes and the tube bundle are determined using the
TES81 balance and the pressure distributions on the cylin-
der are measured using a TE44DPS differential pressure
with a multi-channel scanner. The latter pressure scan-
ning box allows sequential selection of up to 20 pressure
tapings. The display unit links to a computer, loaded with
DATASLIM software for data analysis.

To measure the total drag force of the tube bundle, an
implemented device is designed and is shown in Figure 4.
The testing rig is installed on a carriage which assures
the free translation of the tube bundle with a minimal
friction force. The junction between the input of the test
rig and the exit of the wind tunnel convergent is ensured
by using a flexible membrane; initially this junction allows
the passage of the air from the wind tunnel to the tube
bundle as well as the free movement of the testing rig. The
balance is fixed on the table which supports the carriage.
The stem of the balance is fixed in the tube bundle.

The pressure difference between the inlet and the out-
let of the tube bundle creates the movement of the car-
riage, from where the force of the translation is transmit-
ted directly to the balance.

3 Result and discussion

The experiments are performed for the following pa-
rameters:

— pitch ratio, P/D = 1.44 (P =T = 57.6 mm, D =
40 mm);

— Free stream and gap bulk velocity: Uy = 3.1321 m.s~ !,
Uy = 10.2505 m.s~! (Uy mean flow velocity, Uy gap
bulk velocity);

— Reynolds number = 27400 (based on diameter and
gap bulk velocity).

3.1 Pressure, drag and lift coefficients

The coefficient of pressure is defined as:

D Pref
Cr = 0.5 x (pU2) M)
Uy
Uy = —r 2
-2 )

Measurement starts from the frontal point facing the
mainstream flow and ends at the same point after a com-
plete revolution. The average value is then calculated
when the Pilot cylinder changes position in the matrix.
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Fig. 3. Experimental set-up.
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Fig. 4. Tube bundle drag measurement set-up.

In Figure 5, mean pressure distributions around the
different tubes for the 49 positions at the mid-span are
presented. The pressure distribution on cylinder 4-1 is
almost a symmetry mapping resulting in a low lift force.
In the pressure recovery region behind the cylinders the
profile becomes flat. Similar behavior is also found by
Lam and Fang [13]. The same trend is observed for the
other cylinders of the first row. However for the remaining
rows, unsymmetrical distributions are obtained. In the
next section, only the distributions for the cylinder four
for all the rows are discussed.

Figure 5a shows the pressure distributions for the
tubes on the first row. The obtained distributions seem

to be similar to that of an isolated cylinder. It is noticed
that the stagnation point is located at an angle of 0° de-
gree which corresponds to the maximum pressure. The
interaction of the other rows on the first row appears to
be negligible.

The maximum of the pressure for the second row shifts
from the frontal point to the inner side about (6 = 315°).
This is due to the reattachment of the shear layer from the
upstream tube. From this point, the pressure decreases
leading to flow acceleration. Then, an increase in the pres-
sure gradient appears causing the separation of the reat-
tached shear layer. The latter creates a narrow wake.

However, for the remaining rows the stagnation point
is almost located at the same position (6 = 40°). In the
range 90°—100° the pressure coefficient has a minimum
value; this interval represents the region of shear layer
separation. It has to be noticed that the pressure coeffi-
cient distribution for row seven tends to be symmetrical.
The non-symmetrical pressure distributions for rows two
to seven lead to a non-zero lift force. This is probably
due to the deviation of the jet flow between the tubes of
the previous rows. This phenomenon has been discussed
by many authors Le Gal et al. [23], Ishigai et al. [24] and
Auger et al. [25]. When the distance between the cylinders
is less than two diameters as is for the present study, the
Coanda effect seems to be the cause of the jet deviation
between tubes, Masanori et al. [26]. A very different be-
havior for the pressure distribution is observed for tubes
1-5 and 7-5. This is probably due to the fact that these
cylinders are positioned near the wall.

In the wake region, a pressure measurement scatter-
ing is observed for the first row due probably to high
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Table 1. Different drag coefficients for line 4.

Tube CD Balance CD Integral CD Interference Balance
4-1 0.96567 0.95302 0.14833

4-2 0.217 0.23784 0.923

4-3 0.42223 0.2116 0.69177

4-4 0.34368 0.37122 0.77032

4-5 0.22358 0.34352 0.89042

4-6 0.51622 0.30712 0.59778

4-7 0.38057 0.22613 0.73343

turbulence intensity of the flow. This remark is valid for
the remaining rows.

In the present case, for the Reynolds number investi-
gated the drag pressure is dominant relative to the friction
drag. Therefore the pressure distribution is enough to de-
termine of the drag and lift forces. For the first row, a
high drag force is noted.

By integrating the pressure distributions over the sur-
face of each cylinder, the drag and lift coefficients are
given as follows:

1 2

- Cp (0) cos (0) do (3)
2 Jo

1 2
3 C, (0)sin (0) dé (4)
0
Figure 6 shows the distributions of the drag and lift co-
efficients for the 49 tubes for different planes where the
Planes 1, 2 and 3 are respectively situated at L/D =
2.875; 5.75 and 8.625 for Re = 27400. It is clearly seen
that there is a non-homogeneous distribution of forces on
the surface along the tubes. A high fluctuation of pressure
in the center of the tube is observed compared with those
measured at the two ends. The forces at the ends of the
tubes are almost similar.

Table 1 shows only the drag coefficients obtained by
the balance and by the pressure coeflicients integration at
the mid- span of the tubes for line 4. It has to be noted
that the balance measures the drag force for the whole
cylinder; however the pressure coeflicient integration is
performed at plane 2. The differences between the two
obtained Cp is due to a non-uniform drag distribution
along the tube.

The values of the Cp interference are also presented in
the above table. The interference drag coefficient defined
by Zdravkovich [27] as the difference between the drag
coefficient measured on the cylinder in the configuration
and the drag coefficient of a single cylinder at the same
Reynolds number is adopted in the present study. The
drag coeflicient for a grooved single cylinder is taken from
reference [18], Cp = 1.14.

The variations of the drag interference coefficients re-
veal how the interaction of cylinders is affected by the
position of each cylinder in the tube bundle as confirmed
by Figure 7 which shows the drag coefficient distributions
for all tubes obtained by balance and by pressure integra-
tion.

Figures 8 show the drag coefficient evolutions for each
cylinder with a variation of Reynolds number.

Cp

Cr,

The curves show nearly the same trend for all the
cylinder positions in the tube bundle.

For a given Reynolds number, very high values of the
drag force are observed for the first row of tube bun-
dle. While for the second row the drag force decreases
sharply where it takes a minimum value for all positions
of the cylinder due to the wake area of the first row. The
drag force then seems to stabilize for the remaining rows.

3.2 Pressure drop

The driving power in hydraulic system is directly re-
lated to the pressure drop. Using the momentum theorem,
the pressure drop through the in line tube bundle is cal-
culated as follows:

Ap = 7 (5)

where: Dr is total drag [N] and A is the area of the inlet
section [m?].

Several Reynolds numbers are investigated to deter-
mine the pressure drop evolution and a comparison with
the results obtained by Yahiaoui [22] is made. In the lat-
ter work, high values for drag force were obtained in row
1 and 5. In the present investigation, two tests were per-
formed. The first case consists in replacing the cylinders
of row 1 and 5 by grooved tubes while the second case
concerns the tube bundle with all grooved cylinders.

Figure 9 shows a comparison of the pressure drop
variation in tube bundle with smooth cylinders and the
present study. It is clearly seen an increase in the pressure
drop with an increase in the Reynolds number. The pres-
sure drops for both cases are lower compared with the
curve of reference [22]. The tendencies for both cases seem
to be quadratic. However the curve obtained by refer-
ence [22] for smooth cylinder appears to be linear. Mehra-
bian [28] confirms a linear trend between the velocity head
upstream of the tube bank and the pressure drop.

Table 2 shows the pressure drop reduction for vari-
ous Reynolds numbers compared with smooth cylinder
tube bundle. Significant reductions in pressure drop are
noticed. The table also shows that the reduction rate de-
creases with increasing Reynolds number for both tests.
It should be noted that the use of the grooved cylinder
across the tube bundle (case 2) shows highest reduction in
pressure drop. A reduction of 36.5% in the pressure drop
for a Reynolds number of 1.33 x 10* is found compared
to the configuration without grooves.
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Fig. 8. Drag coefficient evolutions for each cylinder with a variation of Reynolds number.
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Table 2. Reduction of the pressure drop.

Re x 10*

1.13 133 16 1.87 213

Rate of the pressure drop reduction [%]

Case 1 229 294 9.1 146 5.8

Case 2 33.8 36.5

257 221 117
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Fig. 9. Comparison of pressure drop for different Reynolds
numbers.

From the above obtained results, two correlations with
the best fitting represented by second order polynomial
are suggested for the pressure drop across the tube bundle
with the Reynolds number. For the first case the following
equation is found:

Apcase 1 = 123.82—(0.0142 x Re) +(2.46 x 1076 x (Re)?)

(6)
Otherwise the second case correlation is expressed as
follows:

Apcase 2 = 517.013 — (0.071 x Re) + (4.17x 10~ % x (Re)?)
(7)

4 Conclusion

An experimental investigation of the turbulent flow
around an in-line tube bundle for a pitch ratio of
P/D = 1.44 and a configuration of seven by seven tubes is
performed. A passive flow control is used with longitudi-
nal grooved cylinders. The results obtained are compared
with the same smooth cylinder configuration and the fol-
lowing conclusions are drawn:

— Unsymmetrical pressure coefficients distributions at
mid-span are obtained for all the rows except for row
one. The shift of the stagnation point for the differ-
ent rows results in flow direction changes in the tube
bundle. Hence, the latter behaviour affects the aero-
dynamic forces on the different tubes.

— The force distributions along the tubes are non-
uniform characterizing the 3D of the flow in the tube
bundle.

— The complex interaction between the tubes in the bun-
dle is exhibited by the drag interference distributions.

— The results found for the total drag allow some corre-
lations to be obtained for the pressure drop function
of Reynolds numbers.

— The use of the grooves gives a benefit effect for the
total drag. The latter benefit of the grooves should be
tested for the heat transfer and mechanical resistance.
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