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Experimental investigation of in-line tube bundles
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1. Introduction

The flow within the tube bundles experiences
complex unsteady behaviour. Random excitation forces
can cause low-amplitude tube motion that will result in-
long-term-fretting-wear or fatigue. All these problems at-
tract the attention of researchers in the whole world.

Pierson [1] and Huge [2] systematically studied
heat transfer and pressure drop both in staggered and in-
line tube bundle arrangements of various configurations in
cross flow of gases. Ishigai et al. [3] investigate the flow
pattern for a wide range of gap ratios. It is reported that for
in-line tube bundle five distinct regions are formed. Howe-
ver, in case of square tube bundles only three distinct flow
patterns are observed. For very narrow gap ratios the free
shear layer of the front of the cylinder attaches to the
downstream cylinder thus stopping the Karman vortices to
develop. For moderate gap ratio the Karman vortices are
shed but are distorted and deflected due to downstream
suppression. For very wide gap ratios regular Karman vor-
tices are shed much like in the case of a single cylinder.
Aiba et al. [4] perform experimental study on square in-
line tube banks for gap ratio of 1.2 and 1.6. It is observed
that the tube response of the downstream cylinders is quite
different from the upstream ones.

The pressure distribution around the cylinder sur-
face shows highly deflected flow with a stagnation point of
45°. The flow behaviour is asymmetric for both these con-
figurations which are owed to the narrow gap ratios. Zu-
kauskas and Ulinskas [5] reported extensive experimental
data for heat transfer and fluid friction during viscous flow
cross in-line and staggered banks of tubes under two ther-
mal boundary conditions. Weaver and Abd-Rabbo [6] had
performed visualisation study of in-line tube bundle with
pitch ratio 1.5. Sayers [7] presents yet another experimen-
tal study for a four cylinder arrangement showing either a
total suppression of vortex shedding or an asymmetrical
pattern for very narrow gap ratios. Traub [8] conducts open
wind tunnel experiments to study the influence of turbu-
lence intensity on pressure drop in in-line and staggered
tube bundles at various Reynolds numbers. It is observed
that the drag coefficient remains more or less the same for
a wide range of Reynolds numbers and only changes
slightly for very high Reynolds numbers. Detailed visuali-
sation investigations of the flow in tube bundle have been
performed by Weaver, Fitzpatrick [9], Beale and Spalding
[10] and Sweeney and Meskell [11]. Konstantinidis et al.
[12] examined experimentally the effect of inlet flow pul-
sation in across flow over a tube array with an external
frequency around twice that the flow pulsation activates

the flow field behind the first cylinder and increases the
turbulence intensities for the first three cylinders. Ben-
hamadouche and Laurence [13] performed LES calcula-
tions for the turbulent flow across the staggered tube bun-
dle using the finite-volume method on a collocated un-
structured grid. Benhamadouche S. [14] Using LES in
Code_Saturne for tube bundles, a database of lift and drag
coefficients for various positions of a displaced tube con-
stituted this to feed into flow induced vibrations
solid/simplified-fluid software. In the case of a densely
packed inline tube array (pitch/diameter = 1.5), an asym-
metric mean flow solution was found, even for a nil dis-
placement of the central tube. The asymmetric pressure
signal is confirmed by experiments and a second LES on a
different grid Afgan [15] had simulated numerically the
problem of in-line tube bundles using RANS models and
LES.

2. Experimental facility

The Wind Tunnel shown in Fig. 1 is of a closed
circuit, horizontal return type. The Closed Circuit Wind
Tunnel is of conventional design and has advantages over a
similar open circuit design. These include; a higher maxi-
mum velocity, lower power consumption and lower noise
level. It is driven by an A.C motor and axial flow fan that
forces air around the circuit and produces a maximum ve-
locity of 60 m/s.

Sellling Lenglh

Fig. 1 Wind tunnel used fitted with the new working sec-
tion

Fig. 2 shows the new working section of the tube
bundle model used. The bundle consists of seven rows of
PVC tubes of outer diameter of 40 mm arranged in an
online array. As shown in the figure, each row has seven
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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.
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Fig. 2 New working section and the geometrical features of
the tube bundle

3. Results and discussions

The experimental tests were performed for the fol-
lowing physical parameters:

- reynolds number = 35500 (based on diameter and
gap bulk velocity);
-free stream and Gap bulk velocity:
U, = 3.1321 m/s, U, = 10.2505 m/s (U, Mean flow
velocity, U, Gap bulk velocity);
- sampling time = 1 second;
- pitch ratio, P/D=1.44 (P = T= 57.6 mm, D =

=40 mm).
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Fig. 3 Pitch ratios of tube bundles

The geometrical characteristics of the tube bundle
are presented in Fig. 3

The pressure measurements were carried out for
the nine tubes as shown in Fig. 2, b. The pressure tapping
locations (p;, pi, ..., p1s) and the length of the tube
(450 mm) are shown in Fig. 4, a.

The pressure measurements were performed using
a TE44 DPS differential pressure scanner (Fig. 4, b). The
latter pressure scanning box allowed sequential selection of
up to 20 pressure tapings. The display unit links to a com-
puter, loaded with DATASLIM software for data analysis
and logging of result. The uncertainty of the pressure
measurement was 0.05 mm H,O.

Pressure taping locations
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Fig. 4 Pressure taping locations and TE44 DPS

For finite cylinders the mean pressure on the cyl-
inder surface is also a direct result of free end interference.
Park and Lee [16] reported that the mean pressure on the
windward surface increases as we move to the fixed end.
This is due to the fact that the vortices shed from two sides
of the cylinder become dominant. On the leeward side
however near the free end the mean pressure is greatly
reduced.

For the cylinders with both ends fixed, it had been
shown that the surface pressure distribution oscillates at
the vortex shedding period and that pressure variations are
consistent with periodic changes of the circulation around
the cylinder body. The coefficient of pressure is defined as
[13]
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where, Pi is the surface pressure, P, the static pressure and

0.5pU g2 the dynamic pressure.
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where U, is the gap velocity, U, is the free stream or the
inlet velocity, T as defined earlier is the vertical distance
between tubes centre lines and D is the tube diameter.
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Fig. 5 Mean pressure distribution around the centre tube,
comparison between the 3D URANS models and
LES

Fig. 5 shows the evolution of normalized pressure
coefficient around the central tube for gap ratio of 1.44
defined on Eq. (1).
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Fig. 6 Mean pressure field (the pressure drop is removed) 4
tubes cell - LES deferred n-o.c. In-line tube bundle
[13]

The effect of flow deflection is observed in term
of stagnation pressure region located somewhere around 45
degrees from the flow direction and in is good agreement
with the present experimental results and RMS, K-wSST,
DES (SST-LES), SST-Cas, K-epsilon and LES results ob-
tained from previous study conducted by Afgan [15]. The
minimum pressure is located at around 90° because of a
separation of a shear layer and a recirculation region.

Fig. 6 exhibits the mean numerical value of the
pressure for this figure. The alternating mode of the stagna-
tion pressure is obtained again. These observations have
been confirmed by the code STAR CCM which uses an
explicit deferred correction algorithm in the Poisson.
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Fig. 7 Mean pressure coefficient distribution for different
tube positions: a - line 2, b - line 3 and ¢ - cologne 5

Fig. 7 presents the mean pressure distribution
around the different tube positions. The effect of flow de-
flection observed in the numerical study is confirmed by
the experimental findings.

Fig. 8 shows the mean velocity vector field. Two
recirculation bubbles coexist, a big one downstream the
tube in the bottom due to the acceleration of the fluid and a
small one on the top. The shear stress in the bottom of the
tube is then higher than in the top.



Fig. 8 The mean velocity field P/D = 1.44 - Re =70 000 -
LES implicit n-o.c. with Code Saturne. In-line tube
bundle [13]
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The position of the stagnation pressure region is
located somewhere around 45°. The pressure distribution
for different positions on tube is illustrated in Fig. 9 for the
tubes 2.3, and 2.4. The curves show that the stagnation
point location does not change and stayed around 45°.
However, the value of the peak changes with the position
of the tube. It has to be noted that for the column 3, two
stagnation points exist, one situated at 45° and the other at
315°. For the tubes 2.5, and 2.6 two stagnation peaks (30°
and 330°) are present and this is probably caused by the
two contra-rotated vortices on the tube extremities as de-
scribed by Aiba et al. [4]. A torsion couple is the result of
the location and direction differences between the two vor-
tices.
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Fig. 9 Pressure coefficient distributions along the tube for different tube positions: a — tube 2-3; b - tube2-4; c- tube2-5;

d - tube2-6 (Fig. 6)

Fig. 10 taken from Aiba et al. [4] shows the pres-
sure coefficient distribution of a 7 by 7 square cylinder
cluster with a gap ratio of 1.6 at Reynolds number 41000.
It can be seen from figure 10 that the stagnation point is
located at around 45 degrees rather than at a zero angle. It
is also shown by Aiba et al. [4] that the net pressure distri-
bution over a single cylinder inside a square cylinder array
subjected to cross flow has an asymmetric distribution in
both in-line and staggered cylinders.

The drag and lift forces also depend strongly on

the aspect ratio of finite cylinders. Wieselsberger [20]
showed that the drag forces on the cylinder decrease as the
aspect ratio of the finite cylinder becomes small. In fact
most of the research in flows around cylinders revolves
around lift and drag calculations since primary interest is to
reduce the drag on cylinders and hence reduce the cylinder
vibrations. There are two types of flow control techniques
for the reduction of drag on bluff bodies; these are Active
flow control techniques and Passive flow control tech-
niques. In active techniques the flow is controlled by sup-



plying external energy such as acoustic excitation or jet
blowing or some other means, but this technique over time
has proved to be an expensive solution to the problem of
drag reduction. The passive technique on the other hand is
the one in which the flow is controlled by modifying the
original shape of the geometry or by the insertion of addi-
tional control rods. This has proved to be an easier and
cheaper method for the drag reduction. A recent study by
Lee, et al [18] is an excellent example of this process in
which a small control rod has been used to minimize the
total drag force on the cylinder.
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Fig. 10 Cp profile for a square array 1.6 x 1.6 at Re =
=41000 [4]

The experimental results of Nagata [19] compare
very well with that of preliminary study of Kawamura et
al. [20]. For a smooth cylinder at Reynolds number 1200
Kawamura et al. [20] state that previous experiments have
revealed a value for a critical Reynolds number and
boundary layer thickness. This is reported to be Re, =
=30000 with a boundary layer thickness of 0.5% of the
radius of the cylinder at 90° from the stagnation point. This
paper also provides good data on lift and drag (instantane-
ous and RMS) and pressure distributions along the cylinder
surface for a wide range of Reynolds number.

The drag coefficients are presented for different
pressure tapping locations on the tube in Fig. 11 for the
tubes 2-3, 2-4, 2-5 and 2-6. It is clearly seen that the drag
coefficient of the first tube is higher than the drag of all the
other tubes. This finding is valid for all the Reynolds num-
ber investigated.

Fig. 11 gives a typical example in which form
drag coefficient Cp for 1.44 x 1.44. Cp of the first cylinder
is remarkably high but that of the second and downstream
cylinders is nearly equal to 0.20 at the second tube (tube 2-
3).

Table
Drag coefficients for P/D = 1.44 and Re = 35500. In-line
tube bundle
Case Cp
Exp.tube 2-3 0.200
Code Saturne With L;= D 0.339
Code Saturne With L;=2 D 0.35

The mean value of the drag coefficient for the
pressure forces is summarized in Table. The Cpis calcu-

41

d
Fig. 11 Drag and lift coefficients for P/D = 1.44 and Re =
=35500. In-line tube bundle: a — tube 2-3;
b — tube 2-4; ¢ — tube 2-5; d — tube 2-6



lated by integral SIPSON methods, of the pressure coeffi-
cient (Cp). This result is compared with the numerical
simulation of Benhamadouche et al [13]. The results show
a good agreement between the experimental and the LES
simulation.
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Fig. 12 Average CP tube 3-3

Fig. 12 shows the value of the root mean square
RMS of the pressure coefficient values on the tube 3-3.

4. Conclusions

The following conclusions have to be drawn from
the present work:

1. Pressure coefficient:

- The flow across in-line tube bundles is found to be
asymmetric and transient.

- A satisfactory comparison of the different models
used is found with the present experimental results.
- Stagnation point is located somewhere around 45
degrees. It agrees with LES of (Afgan2007 [15]).

- For the column 3, two stagnation points exist, one
situated at 45° and the other at 315°.

2. Drag coefficient:

- The drag coefficient for the first tube is remarka-
bly higher than the drag for all the other tubes.

- A decrease in the drag coefficient for tube 3 and 6
for all Reynolds number is noticed.

The experimental results showed a good agree-
ment with the prediction computing. Nevertheless, the va-
lues of drag measured for some tubes are very different
from that given by the forecast calculation. This affects the
calculation of losses pressure in the beam tube.
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T. Yahiaoui, L. Adjlout, O. Imine

KORIDORINIO VAMZDZIU PLUOSTO
EKSPERIMENTINIS TYRIMAS

Reziumé

Siame straipsnyje aprasomas eksperimentinis ko-
ridorinio vamzdziy pluosto tyrimas naudojant ikigarsinj
oro srauto tuneli, kurio fiziniai parametrai tokie:

Reinoldso skaicius lygus 3550 (priklausomai nuo
skersmens ir vidutinio greiCio siauriausioje vieto-
je);

laisvo tekéjimo ir vidutinis greitis siauriausioje
vietoje: U, =3.1321 m/s, U, =10.2505 m/s;
eksperimento laikas — 1 s;

zingsnio koeficientas, P/D=1.44(P=T=57.6 mm,
D =40 mm).

Slégio pasiskirstymas isilgai 7 vamzdziy (15 slé-
gio matavimo tasky) buvo nustatytas keiCiant azimuto
kampa nuo 0 iki 360°.

Nustatyta, kad stabdymo ir kélimo jégos yra dvi
zadinimo jégos komponentés esant skersiniam tekéjimui.

Sie rezultatai gerai sutapo su skaitinio tyrimo re-
zultatais, gautais tiriant vamzdziy pluosta, kurio centrinio
vamzdzio zingsnio koeficientas yra 1.5. Tekéjimo nukry-
pimo efektas buvo pastebétas slégio stagnacijos zonoje
apie 45° nuo srauto krypties. Sio stagnacijos tasko nukry-
pima buvo taip pat yra pastebéje¢ Afgano ir Benhamadou-
che.

T. Yahiaoui, L. Adjlout, O. Imine

EXPERIMENTAL INVESTIGATION OF IN-LINE
TUBE BUNDLES

Summary

In the present paper, an experimental
investigation of in—line tube bundles is carried out using a
subsonic wind tunnel for the following physical
parameters:

Reynolds number = 35500 (based on diameter and
gap bulk velocity);

free stream and Gap bulk velocity: U,=
=3.1321 m/s, Uy = 10.2505 m/s;

sampling time = 1 second;

pitch ratio, P/D =1.44 (P =T = 57.6 mm, D =
=40 mm).
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The pressure distributions along the seven tubes
(15 pressure tapings) were determined for a variation of the
azimuthal angle from 0 to 360°.

The drag and lift forces are the two excitations
forces components in a cross flow.

A comparison of the present results with some
numerical simulations performed on a tube bundle with an
aspect ratio of 1.5 for the central tube has given a fairly
good agreement. The effect of flow deflection is observed
in term of stagnation pressure region located somewhere
around 45° from the flow direction. This shift of stagnation
point location is also validated from LES of Afgan and
Benhamadouche.

T. Naxuaoywm, JI. Agronoyt, O. Umune

OKCIIEPUMEHTAJIBHOE NCCJIEJOBAHUE
KOPUIOPHOMU CBA3KU TPYDB

Pes3ome

B naHHOI cTaThe 3KCIEPUMEHTAJIbHOE HCCIEN0-
BaHHE KOPHUJIOPHOW CBSI3KM TPYO NMPOBENEHO TPH HCIOJb-
30BaHMU JIO3BYKOBOTO IIOTOKAa BO3yXa CO CIIEIYIOUIMMHU
(hu3MUECKUMU MTapaMeTpamMHu:
grcno PeitHonpaca — 3550 (B 3aBHCHMOCTH OT
JIMaMeTpa U CpeJHel CKOPOCTH B 3a30Pax);
CKOPOCTb CBOOOIHOTO TEYEHHUS M CPEHHS CKO-
pocte B 3asopax: U,=3.1321wm/c, U,=
=10.2505 m/c;

BpeMsi DKCIiepuMenTa — 1 ¢;

kodpdunuent mara P/D = 1.44(P =T=57.6 MM,
D =40 mm).

Pacnpenencuue nasnenus Buosib 7 Tpy6 (15 Te-
YeK H3MEpEeHHUs] CIyCKOB JIABJICHUS) OBUIO OIPEJeNIeHO
u3MeHsis yroiu azumyta ot 0 o 360°.

OmnperneneHo, YTo CHIIBI TOPMOXKEHHS U MOAbeMa
SIBIISIETCSI KOMITOHEHTaMH BO30Y’KAaloIIed CHIIBI IIpU TO-
MIEPEYHOM TCUCHUH.

ComnocTaBiieHHE TTOTYICHHBIX aHATHTUIECKAX pe-
3yJNBTAaTOB C Pe3yJbTaTaMH YHCICHHOTO PEIICHHUS IPOBE-
JICHHBIX UIA CBS3KH TPYO C IIEHTpaJIbHOM TpyOOii, MMero-
e 1.5 k03 uIenT mara mokasanso XOpOIIoe COOTBET-
crBre. DPHEeKT OTKIOHEHHs TeUCHHs HaOIIOAANCS B 30HE
CTarHauyu JaBjieHus 45° OT HampaBlIeHUS TMOTOKA. JTO
OTKJIOHCHHEC TOYKH CTAarHalluu TAaKXE OTMCUYCHO A(l)FaHOM
u benxamanoycxe.
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	Pierson [1] and Huge [2] systematically studied heat transfer and pressure drop both in staggered and in-line tube bundle arrangements of various configurations in cross flow of gases. Ishigai et al. [3] investigate the flow pattern for a wide range of gap ratios. It is reported that for in-line tube bundle five distinct regions are formed. Howe ver, in case of square tube bundles only three distinct flow patterns are observed. For very narrow gap ratios the free shear layer of the front of the cylinder attaches to the downstream cylinder thus stopping the Karman vortices to develop. For moderate gap ratio the Karman vortices are shed but are distorted and deflected due to downstream suppression. For very wide gap ratios regular Karman vortices are shed much like in the case of a single cylinder. Aiba et al. [4] perform experimental study on square in-line tube banks for gap ratio of 1.2 and 1.6. It is observed that the tube response of the downstream cylinders is quite different from the upstream ones.  
	The pressure distribution around the cylinder surface shows highly deflected flow with a stagnation point of 45(. The flow behaviour is asymmetric for both these configurations which are owed to the narrow gap ratios. Zukauskas and Ulinskas [5] reported extensive experimental data for heat transfer and fluid friction during viscous flow cross in-line and staggered banks of tubes under two thermal boundary conditions. Weaver and Abd-Rabbo [6] had performed visualisation study of in-line tube bundle with pitch ratio 1.5. Sayers [7] presents yet another experimental study for a four cylinder arrangement showing either a total suppression of vortex shedding or an asymmetrical pattern for very narrow gap ratios. Traub [8] conducts open wind tunnel experiments to study the influence of turbulence intensity on pressure drop in in-line and staggered tube bundles at various Reynolds numbers. It is observed that the drag coefficient remains more or less the same for a wide range of Reynolds numbers and only changes slightly for very high Reynolds numbers. Detailed visualisation investigations of the flow in tube bundle have been performed by Weaver, Fitzpatrick [9], Beale and Spalding [10] and Sweeney and Meskell [11]. Konstantinidis et al. [12] examined experimentally the effect of inlet flow pulsation in across flow over a tube array with an external frequency around twice that the flow pulsation activates the flow field behind the first cylinder and increases the turbulence intensities for the first three cylinders. Benhamadouche and Laurence [13] performed LES calculations for the turbulent flow across the staggered tube bundle using the finite-volume method on a collocated unstructured grid. Benhamadouche S. [14] Using LES in Code_Saturne for tube bundles, a database of lift and drag coefficients for various positions of a displaced tube constituted this to feed into flow induced vibrations solid/simplified-fluid software. In the case of a densely packed inline tube array (pitch/diameter = 1.5), an asymmetric mean flow solution was found, even for a nil displacement of the central tube. The asymmetric pressure signal is confirmed by experiments and a second LES on a different grid Afgan [15] had simulated numerically the problem of in-line tube bundles using RANS models and LES. 
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