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ABSTRACT: An experimental study of the flow past a set of tvavizontal cylinders
is presented. The cylinders are towed in a unifgpradcelerated and decelerated motion in a
visualization tank in order to enhance the vortéfeots. The main cylinder (D=0.04 m;
L/D=16) is placed in the flow past a front one (6.602; L/D=16). They are towed beneath the
free surface and the drag and lift forces are nredsurhe main cylinder wake pattern is
visualized by an embarked CCD camera. The Reymuldiber based on the maximum velocity
is from O to 14000 and the Froude number basedemiain cylinder immersion from 0.2 to
1.2 for an acceleration value of 0.15M.dt is shown that the near wake is made of a
combination of the main cylinder Von Karman voricand those of the front cylinder. The
interference phenomenon and the free surface sfégetstudied by varying the depth parameter
and the two cylinders arrangements.

1 INTRODUCTION

Flow interference has been widely studied in tastpThe interference is responsible for
various changes in the forces when more than ofiadey is placed in a water stream.
Investigations of the flow past a set of two cyéinglcan provide a better understanding of the
vortex dynamics and fluid forces in cases involvimgre complex arrangements (Bearman
1973, Zdravkovich1977, 1988 Rockwell 1998). Furthermore the interaction between a cylinder
and a free surface is relevant for many enginedggnological applications as described in
Malavasi 2007, Oshkai et al. 1999, Rajaona 2007).

This paper presents an experimental study ofritezference between a set of two
rigid cylinders towed beneath a free surface (H8g rear cylinder is equipped with
force transducers. In addition, the cylinders argoumly accelerated then decelerated
in order to enhance the vortex effects renderimgititerference phenomenon easier for
observations (Sulmont 1988, Rajaona 2005). In #s® ©f solitary cylinder it is well
known that for a wide range of subcritical Re nurstde flow is characterized by a
vortex shedding for which the Strouhal numbers fldi{e values near 0.2, where f is
the natural frequency of the shedding vorticess Ehe cylinder diameter and V is the
flow velocity. However, when the cylindrical struce is near a free surface the St
number is increased due to a complex pattern ofamalee (Rajaona 2008). This is a
consequence of the interaction between the frefawayrthe vorticity transfer from the
wake to the FS. The accompanying waves can giedagibreakers as shown by Duncan
1981 for a towed hydrofoil. The Re numbers basedhenmaximum velocity ranges
from O to 14000. The drag evolution is highly degeamt upon the rear cylinder depth.



Our analysis is focused on the effects of the fremiall cylinder. It is based upon
visualization interpretations and drag force measients. The front cylinder wake
“impacts” the main one and therefore the actingydnad lift forces are modified. These
forces are measured by using a force transduceamarambarked CCD camera is able
to give a video sequence of the near wake paftéra FS effects are studied by varying
the depth parameter. The only results dealing wdithy coefficient Cd, recirculation
length L/D, near wake pattern and free surface ilpradre presentedFluctuating
transverse forces and discontinuities phenomenarater investigations.

2 FORMULATION OF THE PROBLEM

A set of two rigid parallel cylinders are towedhkath a free surface. The purpose of the
experimental method is to give the near wake patad to characterize the interaction between
the acting forces, the wave profile and the interiee phenomenon. The acceleration
(respectively deceleration) value is a = 0.150nftespectively a=-0.150 m.s-2). We study the
proximity effects of the small cylinder on to theim one by investigating the wakes interaction
and its consequences to the vortex shedding ommtiia cylinder. Those investigations are
conducted on the basis of visualization analysikfarce measurements.
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Figure 1:The set of the two cylinders arrangement

The geometrical parameters of the problem are é@fas follows see figure 1.:
D: main or rear cylinder diameDe= 2R = 40mm
o: secondary or front cylinder diameger 2mm;
A: thevertical coordinate of the secondary cylinder iRA+
BThe horizontal coordinate is B+R
d: depth of the tandem
The respective values of these parameters are:
A =-0.5D; -0.25D; 0; +0.25D; +0.5D; B = 1D; 2DD3d = 1D; 2D; 3D; 4D; 5D



Thus, for each value of the diamedeof the secondary body, we have five values of A.
For each value of A we have three values of B andly for each value of B we have five
values of d. The experiments cover 75 possiblestaitthe system.

3 EXPERIMENTAL SETTINGS

The experimental device consists in a 2m x 1m xdmi filled with water. The Plexiglas
tank sides allow the wakes observation. The hot&dandem spanned the tank and is towed by
a 3 axis mechanism for which the only horizontagrde of freedom is used. The motion is
obtained by a motor piloted by a numerical commsysiem driven by a PC in such a way that
an accelerated/decelerated displacement coversga i Reynolds numbers — based upon the
maximum velocity — from 0 to 14000. The rear cyénds equipped with a 3D KISTLER force
transducer suitable for drag and lift force measemts during the displacement. The camera is
used to record the near wake evolution past theadider including the free surface profile
when the cylinder is towed. The water is seedeth RKELSAN particles and a light sheet is
obtained from a light spot that illuminates a \&timedian plane in the medium. It is assumed
that the flow is bidimensional since the 3D effeate assumed to be minimized because of the
unsteadiness of the motion. The experiment durasds that is to say 3s for the accelerated
motion where a = 0.150 m/s2 and 3s for the dedel@rane where a = -0.150 m/s2. The whole
system is detailed in Rajaona 2005.

4 RECIRCULATION LENGTH

The recirculation length for the main cylinder efided by the distance from its basis to
the saddle point related to the two contra rotatingex zone in the near wake. The results
reported in figure 2 deal with the values A=+0.29%1D and A=-0.25D, B=1D when the
paramete®d/D is 0.05. For this experiment, the immersion paater takes values from 1D to
5D. The FS proximity gives rise to a precocioustewishedding since the instant at which we
can measure L/D is lowered; however the curveseslogre not significantly modified.
Furthermore the effect of the small cylinder is@amted when it is near the FS, A=0.25. That is
why the curves slopes are different from a configon to another. In fact we have observed
that a jet like flow is generated when a cylindeves very closely to the FS (Rajaona 2007)
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Figure 2. Recirculation length vs time: a) A=+0.28>1D and b) A=-0.25D, B=1D when the parameter
o/D is 0.05 wher@ is the front cylinder diameter. ¢) & d): Recirciiben length vs. Reynolds numbers for
a solitary cylinder past a grid screen. The grigésn is fixed at B=1D and B=2D in front of the main
cylinder



We have compared the actual results with thosar@atavhen a grid screen is placed in
front of the cylinder. This means that the fronlirger has been replaced by the screen. This
latter is made of rectangular grid for which theenhas circular section and a diameter of 1
millimetre. The results shown on fig. 2c&2d illuste the fact that the flow past the grid is
“homogeneous” contrarily to the case where a foytinder is used. The curves slopes are very
weakly modified by the FS effect when a grid scrisensed. As shown for the case B=2D, the
curves are gathered and give rise to a behaviaapendent to the depth parameter. For the
case of B=1D, the FS effects are more significartt the curve corresponding to d =1D is
clearly shifted from the others. We see that th@rculation length evolutions for the two
experiments are quite similar. In addition, the maylinder recirculation length is lowered by
the front one and a precocious vortex sheddindh$eived; this result has also been observed
when the screen grid has been used in place aitladl cylinder.
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Figure 3. Recirculation length vs time t from vaiscauthors for a solitary cylinder without FS effec
Re=1785 is from Rajaona et al; Re= 3000 is fromaduet al 1981; the delta symbol deals with the
present work for a solitary cylinder at d/D=5.

A comparison with results obtained by Rajaonalef@03 and Bouard et al. 1981 is
reported on the figure 3. The slope curve relatedur work is higher. These discrepancies are
mainly due to the range of Reynolds numbers. Intimahg Bouard experiments were conducted
with very weak turbulence rate. The experimentfRhjaona et al. were conducted far from the
FS and with a higher turbulence rate.

5 DRAG FORCES MEASUREMENTS

The drag force acting on the rear cylinder is miedigby a Morison equation:

Fx—l,oﬂD2
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whereCmis the added mass coefficient addis the drag coefficient. When the “tandem”
is uniformly accelerated we can have the horizontisplacement by:
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where a is the acceleration value. By inserting thaiue ofin equation (1), we have

2
szipﬂD LLALC, +£,0|ZI_[DIICd [2 UalIx
2 4 2
In a non dimensional form we have:
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A similar derivation can be applied to the decgien motion. The equation (2) shows
that the drag force is linear with the non dimenalalisplacement/D.
The Cd values are discussed in this work and furtiheestigations are needed for the added
mass measurements. The reason is that the Cmwakiéoo low compared with the cylinders
mechanical inertia inducing significant error. Tgresent results correspond to:

- 0=2mm, A= +0.5D B =1D, 2D, 3D and the depth patmd/D =1, 2, 3,4, 5

The depth parameter effect is illustrated in figlt is shown that Cd is increased when
the FS parameter d/D is equal to 1 dor 2 mm. Cd takes values about 1.2 as for a sudadrit
flow regime. We have observed that the FS effedejsendant upon the diameter of the front
cylinder. For a higher diameter a “mask effect’agvise to a decrease of the Cd despite of the
low values of the depth parameter.
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Figure 4. Cd values against A/D values for B=13, 2lmm. CD values are increased for A/D=0.3-0.6.

Compared with results obtained previously by Suiimet al. 1988 at high Re for a
solitary cylinder, the actual results show, as etgu that the turbulent onset flow leads to



decreasing of the Cd values whatever the way usembtain such flow either by the front
cylinder or the grid screen. For a depth parameigiier than 5 the Cd values are about 0.6.
These results are similar to Sarpkaya results feolisgary cylinder. From the point of view of
the turbulence effect, the Cd value is lowered whem turbulence rate is increased. This
phenomenon is classically known. It is attribute@ tdisplacement of the separation point to the
basis of the cylinder. If the A+R parameter is @drifrom positive to negative values a
symmetric variation of the Cd values is observethwespect to the vertical axis (see fig. 4).
This observation is available as far as the depthrpeter remains higher than 2. This behaviour
is observable for a front cylinder of 2 mm diameded to a lesser extent for a diameter of 8
mm. A comparison of our results to those by Prigé6land Wu 2002 (see fig. 4b) shows that
the behaviours of the drag forces are similar bet@d values are very dependant upon the size
of cylinders, since in their experiments the cyirslhad the same diameter and A=-R. Cd
values are increased in both experiments from 0.8.Dto 1.2. But four our experiments the
jump in Cd is noticed in the gap parameter fromo00.5 for d/D = 3. and for Wu and Price
from 0. to 2D without a free surface.

6 NEAR WAKE PATTERN AND FREE SURFACE PROFILE

The near wake pattern has been analyzed by ustngdbo sequence recorded by
the embarked camera. This sequence has been trapdfonto separated frames for
each time step with a rate of 25 pictures per sge@ml a FS profile is extracted from
each imageOnce the frames are obtained, each of them isditéen such a way that a black
and white color is retained. A threshold levelhgrt chosen in order to lead to a streamline
figure. This process is illustrated on figure 5 véhe@ complex near wake is detailed. Four
vortices can be clearly seen: two shed from thetfeglinder quoted 1 and 2 and two “massive”
vortices quoted 3 and 4 shed from the rear cylinles possible to follow the trajectory of
these four vortices as far as they remain in tmeeca field. In addition, the FS profile can be
observed and measured from each picture and antewobf the FS profile is derived.

Figure 5. Photography of the near wake pattern @/B#5, t= 1.20 s, and t=1.32s, A=0.5D, B=2D,
Four vortices are observed: two small vortices fthmfront cylinder 1&2 and two others from the
rear cylinder 3 and 4. The vortex 1 has left thendgr and is attracted by 3, while 2 migrates & F

It is well known that the vortex shedding frequenitepends upon the diameter of the
cylinder via the Strouhal number. Specifically thisquency is higher for the smaller cylinder
at same flow regime in such a way that the shedlsonganized vortices reach the main
cylinder before this one begins to shed its ownti®es. We have observed that the small
vortices impacting the main cylinder have someuiafice on the boundary layer on the upper



side of the main cylinder and provoke a displacanwdnthe separation point on the main
cylinder. Furthermore it has an anticipating effentthe vortex shedding of the rear cylinder.
These secondary vortices are fully developed befiréing with the recirculation zone of the
rear cylinder. This mixing phenomenon modifies@sirculation length (see fig.2). The relative
spatial frequency of these secondary vortif@ssalues range from 0.425 to 0.625.
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Figure 6. Photography of the free surface profi@=d.375, A =0.5D, B=2D, t=1.80-2.08 s.
The FS profile has been deduced from the photografiiree photos a, b, ¢ are shown for times
t=1.88s for a), t=1.88s for b), t=2.04s for c).jeAlike pattern is shown on the upper side of the
main cylinder as for the case of a solitary cylinde

Eight FS profiles are shown for time values in thage from 1.80s to 2.08s. These
profiles are interesting since a spilling breakepears during this part of motion, similar to
those described by Duncan 1981. Specifically, @reabserve the evolution of the FS profile in
photos a), b), ¢) see figure 6. It is also obsdeviat a large coherent vortex migrates from the
near wake to the FS once the FS breaker disappgdrss 2s. The wave front includes a
turbulent zone shown by the dotted line at t = 1.86.

7 CONCLUSIONS

An experimental investigation of the near waketpasset of two parallel staggered
cylinders towed beneath a free surface is preseriied experiments are conducted in a
visualization tank. An accelerated/decelerated onots used in order to enhance the vortex
dynamics rendering easier their observations. Atlgheet is used to visualize the near wake
past the rear cylinder and a video sequence isdeddy an embarked camera. Some features
of the vortex dynamics in the near wake are desdrifhe measurements of the recirculation
length L/D past the rear cylinder show that thetiges shed from the front cylinder provoke an
anticipated vortex shedding. The CD takes valuesr rie2 as expected when the depth
parameter d/D is higher than 1. CD values are aszé when d/D is lower than 1. FS profile
shows the inception of a breaker at each vorteddihg and a vorticity transfer to the FS. The
wave profiles are similar to those related to agdviaydrofoil except that the phenomenon is
only observable at each vortex shedding due tortiseeadiness of the cylinders motion.



8 AKNOWLEDGEMENTS

The authors aknowledge La Région Haute NormandidaBirection Générale de I’Armement
Bassin d’Essais des Carenes du Val de Reuil fanfifal support of a part of these works.

9 REFERENCES

Bearman, P.W. & Wadcock, A.J. 1973. The interacbetween a pair of circular cylinders normal to a
stream, Journal of Fluid Mechanics 61, pages 499-51

Bouard, R. & Coutanceau, M. 1981. The early stdggewelopment of the wake behind an impulsively
started cylinder for 40<Re<4Qournal of Fluid Mechanics, Volume 101, pages-683

Duncan, J.H. 1981. An experimental investigationbodaking waves produced by a towed hydrofoil,
Proceedings R. Soc. London, Volume 126, pages:3381-

Lei, C., Cheng, L. & Kavanagh, K. 1999. Re-exaniorabf the effect of a plane boundary on force and
vortex shedding of a circular cylinder, , Journ\Wind Engineering and Industrial Aerodynamics,
Volume 80, Issues Pages 263-286.

Malavasi, S. & Guadagnini A. 2007. Interactionsvi@n a rectangular cylinder and a free-surface, flow
Journal of Fluids and Structures, Volume 23, pdde¥y-1148

Oshkai, P. & Rockwell, D. 1999, Free surface waweraction with a horizontal cylinder, Journal of
Fluids and Structure, Volume 13, pages: 935-954

Price, S.J. 1976. The origin and nature of the fbfice on leeward of two bluff bodies, Journal of
Aeronautics Quarterly

Rajaona, R.D. & Rakotondrajaona, L. 2005. Etudeéarmentale du déferlement derriere un cylindre en
mouvement accéléré/décéléré en dessous d'une aurfice. 10emes Journées de
I'Hydrodynamique, Nantes, pages: 203-216.

Rajaona, R.D., Rakotondrajaona, L. & Rasolomanana0B8. On the lift forces acting on a cylinder
accelerating and decelerating beneath a free syrRroceedings, IUTAM Symposium on Fluid-
Structure Interaction in Ocean Engineering, Hambuhgversity of Technology, Hamburg:
Springer Verlagto appear

Rajaona, R.D., Rakotondrajaona, L., Rasolomanar0&/. Sillages en interaction derriére un tandem
de deux cylindres en mouvement instationnaire sans surface libre, “6° Rencontre
d’'Hydrodynamique Marine, Casablanca Université Be8ik, Maroc, 22-23 Novembre 2007, 13
Pages

Rockwell, D. 1998. Vortex-body interactions. Anniéview of Fluid Mechanics, Volume 30, pages:
199-229

Sarpkaya, T. 1979. Vortex-induced oscillations -sdlective review, Journal of Applied Mechanics,
Trans ASME Volume 46, pages: 241-258

Sulmont, P., Rajaona, R.D. 1988. Measurementseflthg forces on a inclined circular cylinder in a
uniformly accelerated or decelerated motion , Bahavof Offshore Structure, Trondheim, pages:
489-504, 1988

Wu, W., Huang, S. & Govardhan R. 2002. Currentabdity of two circular cylinders. Applied Ocean
Research, Vol 24, pages: 114-122

Zdravkovich, M.M. & Pridden, D.L. 1977. Interfermm between two circular cylinders; Series of
unexpected discontinuities, Journal of Wind Engimggand Industrial Aerodynamics, Volume 2,
Pages 255-270

Zdravkovich, M.M. 1988. Review of Interference-irgd oscillations in flow past two parallel circular
cylinders in various arrangements, Journal of Wimjineering and Industrial Aerodynamics,
Volume 28, Issues 1-3, Pages 183-199.



