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ABSTRACT

An experimental investigation of mean pressure distribution
around two square cylinders in tandem is presented. Also the mean
velocity distribution in- the wake of the two cylinders were

studied.

Pressure and velocity distributions were measured for various
longitudinal spacings of the cylinders. Three different Reynolds
numbers were taken into consideration. Drag and 1ift co-efficients

were calculated by numerical integration.

A.éritical longitudinal spacing equal to four times the side
dimensier: of the square cylinder (L/D = 4) was investigated. Beyond
that critical spacing both the cy'inders were subjected to drag
force. #hen L/D <4 only the éownstream cylinder is subjected to
negative drag (or thrust). Also the shape of the velocity profile
behind wpstream cylinder is different from that of single cylinder.
However beyond L/D = 4 the nature of the velocity profile behind
both the cylinder becomes similar to that of a single cylinder. The

variation of Reynolds number have no appreciable change in C,

distribation for cylinders arranged in tandem.
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Introcducticn =

In £1Uid mechanics the flow around and behind a cylinder is a
very impcrtant problem from fundamental and applied points of view.
Flow past a cylinder is always asscciated with the separaticn of
flow beking fhe cylinder incurring large energy losses. Specizlly
in the case cf flow past rectangular and sguare cylinders the
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separaticn of flow occurs at the corns
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complex wake is creatad behind it. Sc, wind tunnel studies is the

I_
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only means to investigate the flow rhencmena past such cylinders.
Iin this respect study of flo# characteristics around sguare
cylinders arraaged in tandem would reveal the nature of wind luads
which is reguired for %their design . Till now extensive research
work has been carried ocut on isclated bluff bodiez only. Study on
multiple biuff bodies is a very receant endéavour. Even then wvery
little information is availablerconcerning the flow over sguare

cylindars arranged in tandem although this 1s a problem of

considerable practical significants.
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i.1 Mgtivation For The Study

Wiile numerous inveétigation? hava been made on the flow past
single obstacles with various shapes, a few studies have been made
on the detailed flow structures associated with complex
configmaticn consisting of multizle cbstacles. When more than one
pluff Body placad at close proximity in a uniform flicw, the
aercdymmic parameters like drag and 1ift, pressure distributions
and voriax shedding patterns ars c.ompletely different frcom the case
of a single body.

roblem of predicting the flow patterns arcund these

I

t
s

practisel arrangements of bluff bodies can be coced with by
develoring an understanding of the nature of flow on multiple bluff

podies in close proximity by wind tunnel experiments. . With this end
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in view, the present inves

fae

rectanmlar and sguare cylinders arranged in tandem and with

varving spacing ratios was carried cut.

1.2 A cf the Study :
wken more than cne bluff body is placed in a uniform flow, the

surrouxing flow and vortex shedding patterns are different from

the case of a single body, because there is interference in the

flcw kr one bedy con the cther depending on the arrangement or
spacings of the bodies. In the propesed research, Loe candem

arrangmment of two square cylinders wilil be studied experimentally.

/0



The prime cbjectives cf the study were :

1. Te measure the pressure distribution arcund the twc sguare
cylinders arranged in tandem and ckserveg the effect of varying

ths spacings between the cylinders.

Z- Te cbserve the effect of Reynclds number for each set of

specing of the sguare cylinders.

3. Tc measure the drag and 1ift cc-efficlent.
4. To study the mezn velocity distribution in the wake behind the
sgzare cylinders arranged In tandem.

1.3 Scope of the Thesis :

The presant research programme covers conly the experimental
investigation of wmean pressure distributions around sguare
cylinders arranged in tandem and mean velocity profiles in the
wave. Crapter 2 provides with the brief description of the findings
of several researchers in the field of flow over ‘sing'le and
multiple bodies. Notable contributicns were mainly made by P.W.
Bearman [51, B.E. Lee [24], A. Ckajima {36}, B.J. Vickery [501,

=
4

Igarashi, T [20] and Zdrankovich [51]. Besides these, findings o

several other researchers are alsc inciuded in this chapter.



In chaptéx; 3, maiﬁiy an accouﬁt of +he experimental
arrangement and procedure adepted for the investigation are:
presented. It includes the description of the 'w_ind:_tunnel,: the "
constructional details of the test'section anci t_he squa;'e cyiindéfs
used for the study. The experiment was conducted in the wind tunnel
for uniform cross flow keeping the turbulence intensity constant

and for three different Reynolds numbers.

Chapter 4 presents the analysis concerning the results of the
experiment. The results are presented in graphical form. In few
cases the existing experimental results of different researchers

are cocmpared with the present one.

Fimally, the conclusion which are drawn from the present
investigation are given in, the chapter 5. This chapter also

includes and outlines regarding further research in this field.




Chaptex» — I 1T

IL.iterature Review

2 number of experiments were carried out by several
researchers and the effeéts of flow cﬁaracteristics around
rectangular, square and circular cylinders in tandem were
investigated. A pbrief descripticn of scme of the papers related o

the present study is given belcw.

"P.8. Zearman and D. M. Truman [5] investigated the base
(surface) pressure co-efficient, drag cc-efficient and Strouhal
number of rectangular cylinder with cne face normal to the flow
lirectimn. They found that when d/h = 0.62, whers ’d’ is the
section ﬁepth and ‘h’ 1is section width nermal tc the wind
directicn, the drag coc-efficient was maximum abcut 2Z.94. B2y
introducing a splitter plate into the wake regicn they found that
the increased drag effect was completely eliminated. This finding
demonstrated that the high drag was associated with the regular
shedding of vortices. They also showed that the further the
vértices could be persuaded to form away from the body, the higher
the base pressure. They suggested that for higher values of d/h
(>0.6) the vortices were forced to form further downstream because

of the influence of the trailing edge corners.
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Fobetson, Lin and Rutherford [41] carried cut experiments on
circular cylinders, spool shaped bodies, cup shaped bodies, sguare
rc?s and rectangular rods - to observe the effect of turbulence on
the drag of these bodies. For square rods with their axes parallel
to the flow direction it was found the C, decreased approximately

25% when the turbulence intensity increased frcm 1% to 10%. Two

)]

e}

-secticn a

i

rectangular rods were used; one had a sguare Cres

-

other had a length (in the free stream direction) to breath ratio
of twoc. The drag was measured with axes of the rectangular reods
oriented normal to the free stream dirsction. It was noted that cn
the sides of the square rcd, the pressure change with a change in_
turbulence intensity was abcut the same as for the rear face; D
for the rectangular rod, the change in pressure on the side was
large, but small on the rear face. They concluded that bodies which
havé shapes such that reattachment of the flow is no* a factor,
experience an increase in C, with increased turbulence intensity.
Oon the other hand bediez for which Teattachment or near
reattachment of flow occurs with increased turbulence may

experience eithar a decrease or increase in C, with increased

turbulence intensity depending upon the shape of the pody.

B.J. Vickery [50] present in his paper the result of the
measurements of fluctuating 1ift and drag on a iong sguare
cylinder. He attempted to establish a correlation of 1ift along the

cylinder and the distributicn of fluctuating pressure on a Cross-

sction . It was found that the magnitude of the fluctuating 1ift

e e
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the spanwise correlation much stronger. It was also reported that
the presence cﬁ large scale turbulence in the stream had a remark-
able influencé on both the steady and the fluctuating force. At
small angle of attack (less then 16°) turbulence caused a reduction

in base pressurzs and a decrease in fluctuating 1ift of abcut 503.

B.R. Bcstock and W.A. Mair [6] studied the pressure

fcound that for ractangular cvlinders a maximum drag co—efficient,C,
optained for d/h = 0.67. Rezttachments ¢n the sides o the

cylinders cccurred only for h/d less then 0.35.

=.E. Lee [24] made an elaborate study of effect of turbulence

k-

on *he: bhase pressura field <f =a sguare prism. He presented

measurement of the mean and fluctuating @ressure on a sguare
cylinder placed in two dimensional uniform and turbulent flow. It
was cbserved that the addition of turbulence to the flow raised the
base pressure and reduced the drag of the cylinder. He suggested
that this phencmena was attributable to the manner in which the
increased turbulence intensity thickenes the shear layers, which
causes them to be deflected by the downstream corners of the body
and resulted in the downstream movement of the vortex formation
ragion. The strength of the vortex shedding was shown to be reduced

.

as the intensit £ the incidart turbulence was increased.

0



Measurement of drag at variocus =zngis cof attack (87 Lo 48] showed
that with increased in turbulence level the minimum drag occurred
at smaller values of angie of attack.

P.W. Bearman and A.J. Wadcock [7] describes in their paper how
+he flcws around two circular cflinders displaced in a plane normal
to the free stream, interact as the twc hodies are brocught close
together. Surface pressure measurement at a Reynclds number of 2.3
x 10°* showed the presence of mean repulsive feorce between the
cylinders. At gaps between 1/10 diameter and one diaﬁeter a marked
asymmetry in the <flcow was cpserved with +the twe cylinders
experiencing different drags and base pressures. The base pressurs
was fcund to change from cone steady value to another or gimply
fluctuate between the two extremes. They also showed how mutual
inte;ference influence the formation of vortax streets Ifrom the two

cylinders.

H. Sakamoto and M. Arie [43] collected experimental data on
+ne vortex shedding frequency behind a vertical réctangular prism
and vertical circular cylinder attached to a plane wall and
immersed in a turbulent boundary layer. They tried to investigate
the effect of thé aspect ratio (height/width)} of these bodies and
the boundary 1ayerl characteristics on the vortex shedding
frequency. Measurements revealed that two types of vortex were

performed behind the body, depending on the aspect ratio:; they were



the arch type vortex and the Xarman Iygs ¥
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vortex appeared at an aspeét ratio less then 2.0 'and 2.5 for
rectangular and circular cylinders respectively. The Karman type of
vortex appeared for the aspect ratio greater than the abcve values.
The whole experiment was conducted at a turbulence lavel of 0.2%
and free stream velocity of 20 m/sec.The aspect ratio was varied

between 0.5 to 0.8.

A..Ckajima [37] conducted experiments in a wind tunnel and in
= water tank on the vortex shedding freguencies of various
ractangular cylinders. He presencte results that showed how
strouhal number varied with width to height ratic of the cylinders
for Reymolds number between 70 and 2 x 10°. He found that there
 existed a certain range of Reynclds number for the cylinders with
the width to height ratios of two and three where flow pattern
abruptly changed with a sud@en Adiscentinuity in Stircuhal number.
For Reynolds number below this value, the flow separated at tThe
leading edges, reattached on either the upper or lower surfaces of
the cylinder during a period of vortex shedding. Again for Reynolds

number beyond it the flow fully detached itself from the cylinder.

R.%. Davis and E.F.Moore [10] carried out a numerical study of
vertex shedding from rectangular cylinders. They aﬁtempted to
present numerical solution for two dimensional time dependent flow
about rectangles in finite domains. They investigated the
initiation and subsequent develcpment of the vortex shedding

phenomera for Reynolds number varying from 100 to 2800. They found



that the properties of these vortices were strongly dependent on
the Reynolds number. Lift, drag and Strounal number were alsc focund

to be influenced by Reynolds number.

T. Igarashi [19] reported on the characteristics of flqw
arcund two circular cylinders of different diameters arranged Iin
tandem. The Reynolds number defined by the diameter cf the first
cylinder was varied in the range of 1.2 x 10* to 5.8 X 10* and the
longitudinal spacing between the axes of the cylinders in the
interval of 0.5 diameter to 4.C diameters. He discussed differencs
in the flow separaticn, jump phencmena and the bistable flow at the
critical region for the cases of cylinders with egual anc unegual

diameters.

M.¥. zZdravkovich [51} made an sxperimental inﬁestiqation with
a smoke visualization technigue the laminar wake belind a group of
three cylinders. The main characteristics of the" interaction
between the three cylinders was the appearance of strong sinuocus
cscillations some distance downstream in the wake, which led to the
formation of a new single vortex street. The mechanism of the
fo?mation process of this vortex street and the part played in it
by the sinuous oscillations 1s demonstrated by series of
photographs. In an interaction between three fully developed vortex
streets, some of the rows of vortices crossed and there was an
extramely complicated rearrangement of qorticity in the wake. They
also found wakes were scme-times which were laminar on one side and

turbulent on the other.

10



T. Tgarashi and K. Suzuki [21] conducted experimental
investigation on the characteristics of the fiow arocund three
circular cylinders arranged in line. There were three cases
concerned with the behavior of the shear layers separated from the
first cylinders on the down stream cnes, the first was a case
without.feattachment, the seccnd was one with reattachment and the

third was one rolling up in the front regicn of the down strean

cylinder.

T. Igarashi’s [20] experimental investigation was carried out
on the characteristics cof the flow around four circular ¢cylinders
arranged in line. Concerning the behavior of the snear lavers
separated from the first cylinder to the downstream cnes, the fliow
patterns were classified according tc the longitudinal spacing
. petween the axes of the cylinders and Reynolds numbers. Tlow
characteristics of these patterns were elucidated. The Reynclds
numbers correspending to the reattachments of the shear layers into
the second cylinder were obtained. The flow characteristics around
the dowr stream cylinders changed drastically in this transition
regicn. Thereby, a bistable flow and a hysterisis phenomenon

emerged.

H. Masanori and A. Sakurai [27] explain in their paper the
wake characteristics of group of normal flat plates, consisting of
two, three or four plates placed by side with slits in between to
she norsal flow direction. They found that when the ratic of the

slit width to the plate width (slit ratio) of a row of flat plate

11



iows through the gaps were biased either upward or

=

1)

iz iess the

downward in a stable way, leading to multiple, stable flow pattern
f?r single slit ratio value.The plates on the biased side showed
high.drag and regular vortex shedding, while these on the unbiased
cide shewed the opposite. They suggested that the origin of biasing

is stromngly related to the vortex shedding of each plate of a row.

S.C. Luc and T.C. Teng [52] reports on the measurements of
aerodynamic forces on a sgquare cylinder which was downstream to an
identical cylinder. They considerad bcth tandem _and staggeread
“ arrangemsents of the cylinders. They showed that when the two
cylinders were‘iﬁ randem fermation a critical spacing egual te
about four times the side length D of the sguare cvlinder existed.
Also they found that when the twe cvlinders were in staggered
formation, the 1ift force that act on the down stream cylinder can

e either positive or negative.

The literature survey reveals that numerous papers have been
published. in the area Vof flow past one or more circular and
rectangular cylinders. While fairly extensive iﬁvestigation had
peen carried ocut in the area of flow past a single square cylinder,
much less has been done in the field of flow past two or more. The
present investigation is devoted tc the study of flow past two

square cylinders arranged in tandem.

12



Chaopter — I TE

EXPERIMENTAY SET—UP AND PROCEDURE

The investigaticn of flow characteristics around sguare
cylinders arranged in tandem wag carried out in a subsonic wind
tunnel. Mean pressure distributicn arcund the rectangular cylinders

placed normal to the approaching unifcrm fiow was measured with the

3

help of a digital manometer. The following secticn describe in

detail the experimental set-up and technique adepted for the

investigation.
3.1 The Wind Tunnel :

The experiment was carried cut in an open circuit subscnic
wind tumnel which was 16.15 m (53 ft) long with a test section of
G.46 m {1.5 ft) x 0.4é m (1.5 ft) cross-section. Fig ... shows the

wind tumel and its different sections.

The wind tunnel contains successive secticn such as a filter-—
cum settling chamber a bell mecuth enfry, an eddy breaker, a flow
straightener, a uniform perspex upstream section, test section,
diverging section, twe counter rotary axial flow -fans, flow
controlling valve and a sileﬁcer. The set up of the wind tunnel was
situated at a constant height from the fleoor with its central

lcngitudinal axis. The filter-cum settling chamber was made of a



rectangular wocden frame measuring 2540 mm X 1524 mm x 2134 mm
covered Qith 25.4 mm thick foam sheets. The outer surface of the
settling chamber was covered with a‘cloth in order to keep the foam
clean and to prevent external dust. This chamber immunized the flow
inside the *tunnel against all out;side disturbance and maintain

uniform flow into the duct free from foreign particles.

The bell mouth entry nozzle, made of 18 SWG black sheets was
1180 mm long with a contracticn ratio of 16:3. Wire net with 2
nclas/ca was fitted at the entrance of the nezzle to act as the
primary eddy breaker. A honay cémb was made by a stack of 25.4 mm
diameter and 150 mm leng p.v.c. pipes. It was situated after the
nozzlie. For produce stazble and more uniform flow, both ends of the
honey comp sacticn was guarded by wira net with 2 hcles/cnm.

The diverging sectioﬁ of the wind tunnel, made ... 15 SWG black
sheet, was 3962 mm long. The angle of divergence is 6° which was
done with a view to minimize expansion loss and -reduce the
possibility of the separation. A foam made isclater was placed

between the fan unit and the diverging section of the wind tunnel

to prevent transmission of vibration towards the main test section.

The flecw was produced by a two stage contra rotating axial

flow fans {Wocds of Clcchester Ltd England type 38 JTE) of capacity

14
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14.2 w*/s (30,000 cfm) at a head of 1352 mm of water and at 1475
rpm. The butterfly valve was used to contrel the flcw.. A screw

3

+hread mechanism was used tc actuate the valve.

Finally the silencer 2743 mm long and 3735 mm diameter was

fitted at the end of the tunnel to reduce the ncise of the system.
3.2 The Test Section :

The test secticn was made by the combinétion of wced, plywocd
and perspex sheet. The coretructicnal views of this secticn are
shown in figs. 3.2 and 3.3. The length of the test section was
1522 mm, breath and height 457 mm x 457 mm and it was adjacent to
the 762 mm upstream perspex section. The top snd bottom of the test
cection was made of plywood. As shown in the figure cne side wall
was made  in such a wav as to fulfil the requir.ients aof the
experimental preocedure. A 22 mm wide and 483 mm long slot was made
at the mid plane of tiie test secticn so as to enable longitudinal
movement of the centrally mounted cylinders. Alsc a sgquare hole of
dimensien 127 mm ¥ 127 mm was provided at the end of the slot so
that the sguare cylinders could be mounted in the test section
through this hole. A similar slot was provided on the opposite side
wall which was made of 9 mm perspex sheet and grooves 16 mm X
483 mm. The perspex wall was provided for ohservation of the probes

and for setting the cylinders properly during the experimenc.

15
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7.3 The Cylinders :

The two square cylinders 457 mm long were made of perspex
sheet. The dimension of each cylinder was 50 mm x 50 mm, 4 mm thick
perspex sheet was used tc make the cylinders. One end was closed by
inserting a soiid wocden‘block and the other end by inserting
another wooden hcllow bBlock with (22.C mm) through hole. On either
side of the cvlinders there wers 28 mm long projected circular
perticn in order tc meunt the cylinder as shown in fig. 3.4. The
extreme end of the 15 mm diameter prciected portion of the cylinder
was .given a sguare shape and allcwad to pass through the identical

nezded to maintzin for tandem
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orientation of the cylinders. Each sguare cylinder was tapped cn
four sides to measure pressure distribution. Nine pressure tappings

were mafe on each side of the cylinder.

As shown in fig. 3.5 the taprings were placed in an inclined
sectionzl plane for making easy wzonnections. It was assumed that
for +two dimensicnal fliow, such placement cf tapping would not

effect the results.

To make the pressure tappings 1. mm hcles were made on each
surfacé of the cylinder plates. Then 10mm long copper tube were
press fitted to the tapping holes and sealed with "Arreldide™ gum.
The exposad end of the copper tubes were connected with the
flexible plastic tubes of 1.6mm diameter which were used to connect

the tappings to the limbs of a digital manometer.

16



3.4 Experi:ﬁentai Procedure -

The test was conducted in two phases. In the first phase
pressure distribution on a single cylinder was made. In the second
phase pressure distribution around two square cylinder for various
interspacing was measured. Three sets of measurements were taken
for Reynblds number such as 2.5x10%,4.7x10* and 6.5 x 10* for
differernt L/D ratio ranging frem 1.5 te 3.75 for each set. The mean
flow velccity in the test section for these three sets were 7.56
m/sec, 13.94 m/sec and 18.95 m/sec respectively. The turbulence

intensity of the tunnel was approximately 0.17% [53].

Before measuring the pressure distribution the mean velocity
was measured in a vertical plane'so cm upstream from the cylinders
by means of a pitot static tube connected Lo a digital manometer.
The measured velocity distribution was uniform which can be seen
from the fig. 3.6. One may alsc observe from the figure that there

is a velocity gradient withir 40 mm from the tunnel surfaces.
3.4.1 Single Cylinder :

The square cylinder was mounted centfally in horizontal plane
at a distance of 1.45 m (57 inch) from the end of the throat of the
entry nozzle. The 50 mm face of the cylinder was oriented normal to
the flow direction. The mean pressure distribution on the bedy was

recorded bv means of a digital manometer. A pitot static tube for

17




v the free stream velocity and pressure was placed

centrally and 60 cm ahead from the centre of the cylinder.
3.4.2 Cylinders in Tandem :

‘Twe sqﬁare cylinders were placed in the tandem position.
Initially the cylinders were mounted in such a way that the centre
to centre distance was L/D = 1.5. For Reyneclds number 2.5 x 10°
pressure distribution around the cylinders were measured for seven
set of interspacings. Alsc mean velccity in the wake of both the
upstreas and downstream cylinders were measurad for each set cof

interspecing. Similar experiment was also done for Reynolds number

of 4.7 ¥ 10* and 6.5 x 10°.

3.4.3 Pressure and velocity measurements :

a. Digital manocmeter :

The digital Micromanometer used was manufactured by furness
contfols limited, Bexhill England. Psressure reading uptc 0.CO01 mm
H° could be taken by the micromencmeter. The instrument was
calibrated against a U-tube manometer with was as the manometer

ligquid. The calibrated curve is shown in figure 3.7.
b. Traversing Mechanism :

The pitot static tube was traversed in the air stream by

Mitutoye co-ordinate Measuring Machine (type CX 652 code 198402)

18
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with ranges X cc-ordinatas &0 natz 500 mm and Z co-
ordinate 400 mm. The mechanism was actuated by a wheel through a
rack and pinion arrangemenﬁ and by the help of it a position was

fixed up to an accuracy of 0.01 mm.

In order to prevent unéue vibration of the sensing probe, the
pitot-static tube was suppofted by an Aluminium rod of diameter 10
mm. The :od was rigidly fixed to the hoider which was again fixed
with the traversing gear.'The sensing point was kept 15.24 cm
bevond the end ¢f the rod toc ensure that‘no major disturbances
occured mean the sensing point of the pitot tube by the presence oIl

the rcd.
3.4.4 Uncertainty in the Measurements :

Error are introduced during meazurement due to atmospheric
changes, measuring instrurents, probe setting etc. An uncertainty
analysis is made for different measured parameters which is
1llustrated. It is found that the uncertainty in snarface static
pressure measurements is 0.00098% for Re = 6.5 x 10°. For different
Reynclds number the uncertainties in veiocity measurements are
different. It was found that for Reynolds number 5.04 x 10°

uncertainty in velocity measurements were 2.82%.
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Chaptrex»r — LV

Results and DiscusSsion

This chapter is devoted to the analysis éf the results
sbtained from the investigation of flow on sguare cylinders
arranged in tandem. The axperiment was conducted for three
different Reynclds number such as 2.5 x 10%, 4.?'x 10* and 6.5 X
10*. Effect of interspacing between the cylinders was cbserved by
-changing the ;atio L/D. In addition comparative study of the
existing research works and the present investigation are

rresented.
4.1 Simgle Cylinder :

The distrivution of mezn pressure co-efficient for the sguarsa
‘cylinder has been presentecd in fig. 4.1. For this case the Renolds

o,

number was 6.03 xrlo“ and turbulence intensity was ¢.17% [53].

The result of the present experiment is compared with that of
Lee (24), A.C. Mandal (28} and Pocha [24] as shown in the figure.
These experiments were dcone at differen ‘turbuleﬁce intensity. This
parameter has a great influence on the surface pressura
distribution as may be seen from the figure, except at the front

face. The C, distribution at the front face shows that it is nearly



independent of turbulence intensity and a stagnation point is
established at the middle of the face. At other faces the C
distribution for smaller turbulence intensity cases {for T.I <5%)
has more or less same nature and they are within 7% of deviation.

But for 12.5% turbulence intensity case the variation is guite

significant.

1=

mable 4.1 shows the co-efficient of drag &, of present and

other cases at various Reynolds numbers with different turbulence
intensity. It is seen that the value of the drag co-efficient is

highest for the present case. However, it can pe noted that the

‘drag cc-efficient becomes smaller with the incrszse 1n turbulence

o
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tensiiy as it is mentiocned by Rorersc

2ot
']

Dimensicnless velocity distribution 1n a two dimensicnal wake

th

behind a sguare cylinder is shown in fig.4.2 to examine sel
areservaticn of flow. Here measured valuss have besn compared with
the thecretical curve shown in figure. It is ssen that there 1is
good agreement between them. Fig. 4.3 shows the mean valocity
distribution in wake behind a éingle sqguare cylinder. It is seen
that the spread of the wake increases as distance from the bedy is
increased and the difference between the velocity in the wake and
that outside become smaller. Such a spread of a wake 1s logical
from the view point of energy transfer to the wake from the

surrounding.
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4.2 Cylinders in Tandem :

Fig. 4.4 shows the variation of drag co-efficient with
interspacing of the sguare cylinder arranged in tandem and also
comparison is made with similar curve is obtained by Yujichya et al
{55] anéd Luc and Teng [52]. Tt is seen that for the downscream
cylinder negati%e drag exists for L/D<4. However when L/D>4
poesitive drag cccurs. The explanaticn to the above observation is
that when L/D <4 the pcundary layers that separate from the
upstréam'cylinder reattach on to the downsztrsam cylinder and a
ragion of slow meving fluid is formed which is bounded by the shear
layers and the two cylinders. The pounded regicn 1s at a pressura
tnat is lower than the wake prassure of the downstraam cvlinder and
hence the latter is subjscted TS a negative drag force or thrust.
This fact is supported by pressurs distributions as shown 1in figure
4.8, 4.9 and 4.10. In this case only the downstream cylinder is

shedding vertices [521. For L,/D » 4, both cylinders ars shedding

[

vortices [S2]. the pressure distribution at the regzr side of the
downstream cylinder is lower than the £front pressure and thus

subjected to a positive drag.

Fig. 4.5 shows the variation of drag force and l1ift force on
the surface of two tandem sguare cylinders due o change in
interspacing at Reynclds number 2.5 x 10*. It can be seen from the

figure that the 1ift force on the top and bottem surfaces of the

22



cylinders 1s same, hence no net 1ift force act on the cylinder.
Similar occurrence ié observed in figs. 4.6 and 4.7 for Re = 4.7 X
10° and 5.5 x 10%.

Fig. 4.8 to 4.10 show the mean pressure distributicon around
t+wo tandem sguare cylinders at Reynolds number 2.5 x 10° for
differeE% interspacing. On the upstream cylinder stagnaticn point

exist at the mid point of the front surface. For “he downstream

it

cylinder nc such stagnaticn pecint is observed cn the front surface.

-

Instead vervy high negative pressure is observed cn the front

surface. However with increasing interspacing the C, values on the

M

front smrface of the downstresam cylinder beccme less nagative. Th
sressursz distribution on +me bottom and top surfaces of the sguare
cylinders are more or less unifeorm for all spacings. Also the
pressurs distribution on the back surfacaes reveal a similar trend.

rig., 4.11 to 4.13 shows the affect of L/D on C, distributicn
around gpstream cyliader. It can pe observed that on the top and
pottom surface the pressure distribution is uniform for all
gpacings but beyond L/D = 4, the C; values pecome more negative. A

similar occurrence is observed for the back surface also.

Fig. 4.14 to 4.16 sﬁows the effect of L/D on the C,
distribution around the downstream cylinders. In both f;gures it is
observed that for L/D<4 the pressure con the front surface 1s much
lower than the wake pressure of the down stream cyvlinder. However

ront surface pressure is higher than that of

™

beyond L/D = & the

s
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the back surface pressure. It is noticed that when L/D <4 the

pressure on the rear face of the downstream cylinder increases

-

(become less neggative) with an increasad L/D.

o

Fig. 4.16(a) shows the comparision of G distribution around
downstream cylinder with present research Revnelds number 6.5 X

10",

-4

&4

+ is cobserved comparision 1ls made with similar curve is

ohtained.

in +he case of a sharp edged body like a sguare cylinder the
separation'péints are fiwxed at the leading edges (corners of the
Front face) and thus the shear laysrs sriginating at the front
chrmer curve outward and these appear the fermaticn cf familiar
vortex éheddihg in the wake region behind the bedy. This is
illustrated in fig. 4.16 (b). The free shear layers are nasically
unstable and roil up to form discrete vortices. The growing
&orLicés draw in fiuid from the base region and it is suggested
that it is this continual entrainment process that sustain the low
negative pressure. In fact the magnitude of the negative pressure
is determined almost solely by the manner in which the shear iayers
leave the bedy and reoll up to form discrete vortices. Thus a low
base pressure is associated with vortex formation close to the body
while a high base (less negative value) is caused by vortex
formation further away. In the present case for L/D<4 the presence
of the downstream ;ylinder close tc the upstream cylinder causes

tne separated boundary layers of the upstream cylinder to be

deflected further downstream cylinder anc as a result the vortices
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are formed further away from +he rear face of the downstream
cylinder. This results in an increase in pressayss on the rear faoe
of both in the upstream and downstream cylinder as shown in figs.

4.111 and 4.13.

Fig. 4.17 toc 4.21 show the mean velocity distribution in the
wakes behind up and down stream cylinders:arranged in tandem for
different spacings. It can be seen from the figures that for
spacing up to L/D = 4 the velocity profiles in the wake of the
upstreaa cylinder are similar. It can be seen that the velocity

defect is considerablv large behind the upstream cylinder for

~ /7 } :

L/D <4. Alzo there is not much change in the half width. Hcowever

[

for 1L/D >4 the velccity defect rnehind the upstream Cy!
cmaller and gradually decreasss with increase 1in longitudinal
distance. In fact the shape of the profile becomes mcre OF less

similar to That of single cylinder. For the downstraam cylinder

nowever the nature of the velccity profile is more OF less gsimilar

to tha*® of a single cylinder for all longitudinal spacings-

Fig. 4.22 shows the mean velociﬁy.distribution benind upstream
cylinder for longiiu inal spacings L/D = 2.5 to 4.0. It can be seen
fhat the width of the velocity profile does not change through out
the length cf the velocity defect and it assumes a rectangular

shape rather than a triangular shape.

Fig. 4.27 shows the velccity distripution hehind upstream

=

cvlinder for lengitudinal spacing L/D >4 and fig. 4.24 shows the

i9]
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same behind downstream cylinder for longitudinal spacing L/D = 3.5
to 4.5. It is observed from both the figures that the shape of the

velocity profile is similar to that of a single cylinder.

4.3 Effect of Reynolds Number :

rests carried over a wide range of Reynclds number that The flow
pattern around sharp edged bedy is relatively insensitive tc
Reynolds number. This is because the position of the flow
separation ars fixed by the sharp edges. R.W. Davis [10] showed
that for Reynclds number less then 1000 the flow around rectangular
cyvlinders was strongly dependent ©n ReyNCics numoer. In case of

extremely low Reynclds number I[lcw rea +achment occurs immediately
after sesparation from the front corner and finally it separates at
the +railing edges. With an increase of Reynolds number flow
séparatiCn coccurs at the leading edges and nence forth flow pattarn
becomes independent of Reyneolds number. However, in case of
reattachment apgearing for the change of tandem positicn of sguare
cylinder, the effect of Reynolds number may not be ignored. The
nature of pressure distribution around the square cylinder for twc

different Reynolds numbers shown in fig. 4.16 (a) demonstrates that

flow pattern is not effectad by Reynolds number.
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4.4 Blockage Correction :

The presence of a bedy in th

o
m

the flow area and thereby increases tha velocity of air as it fiows
around the bocy . This increase of veloéity due to the presence of
the beody is called solid bleccking. The wake behind a bcdy has a
mean veiocity iower then the free stream._According ts the law of
continuity, the velocity cutside the wzke must be highest than free

through the

Fl
[o
=1
o
Ue]
Gl
"
w

étream so that a constant volume of flu
tunnel test secticn. ccording tco Eernoulli’s principle this
increase in speed 1s balanced by a decrease in static pressure of
the main stream. Consequently. Since the static pressure within the
wakz is governed by that of the steady airstream immediately
adidceni to the boundary of the wake, tne static pressures at back
surface of the bedy ends to be less than it would be if the air
stream were unconfined. Due to shis wake blcocking and solid

bl

¢

king, blcckage correction are reguired to cbtain accurate
vaiues of nondimensicnaléco—efficients. Investigstion cf this
effect has shown that sufficient accuracy in results are obtained
for meodels occcupying less than 10% of the tunnel working sections

area {[56].

The +otal solid and blcckage corrections are summed to get the
total blockage corrections. According to Pope and Harper [3%] the
total blockage correcticns tec C would be approximately of the

?

order of half times the blockage percentage. In the present study
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maximum blockage percentags was arcun

L‘ll

11% for ths single cylinder.,
No blockage corrections were made because the ccrrections needed

are small and also any corrections would make the co-efficient

less conservative (i.e. the value of C, would be more positive}.
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Chaptex» — V

Conclusions and Racommeinidaa it 1.<ins

This chapter summaries the achievements of the present
experimental investigation and suggests the scope of extension and .
development of the present study. The tandem parameters usad in the
present study is comparatively large from that used by the previcus
researchers. The effect of flow characteristics arcund square
cylinders in tandem, pressure co~-efficient, drag co-efficient and

4

cther parameters are analysed.

5.1 Conclusions =

i. /0 - 4 is the critical spacing which effects the pressue

distribution and aerodynamic forces on both cylinder.

2. The presence of the downstream cylinder increases {becomes
less negative) the magnitude of C, on the top, bhack and bottom

i

surfaces of the upstream cylinder for L/D <4. : Fﬁij

L

3. The change of Reynolds number have nc appreciable change in

the C,-distribution for the cylinders arranged in tandem.



For L/D <4 the pressure on the front surface of the downstream

cylinder. Beyend L/D = 4 the front surface pressure rises

above that of the back surface pressure.

When L/D <4 the down stream cylinder a subjected to negative

drag. and at L/D >4 positive drag occurs.

The width of the velocity profile dees not change throughout
the length of the velocity defect and it assumes a ractangular
shape rather than a triangular shape when L/D < 4.

Half width increases with increases of axial distance.
Recommendations :

The same experiment can be done with flow visualizaticn
technigue to get a better understanding about the formaticn cf

wakes and vortex shedding .pattern.

Experiments can be carried out with variocus turbulence

intensities.

Further investigation can be carried out around the critical

spacing L/D = 4 for sguare cylinders arrranged in tandem.

The study of flow around tandem square cylinders at different

angles of attack may be done.
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Similar experiment can be carried out on rectangular

cylinders.

The effect of Reynolds number on cylinders arranged in tandem

with varing side ratios may be investigated.

3
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APPENDIX —
Determinaticon of Lift and Drag Co
of the cvlinder shown

The section
-~

divided horizontally and vertic
polnt at the wmidpcin

o}

shwon with a tappin

Now Drag force on the front fac

Fp. = Y [Py0x,+P,0x,+. . ...

=
I

9
= v,0) p;ox;]
=1

XS
Fp = v,[3 Pdx;] (Fo
L =9

in the above

ally intoc nine strips of width are

-q-l--v-ip_

t of each str

.o+ Pyox,l

r rear face)

Similarly vertical. force on the top surface.
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th = YWZ: PlaXi

....... e e mee - {'__; Lt\
— 6
Fy =Y,y Pox; (For bottom face)
=28
" Drag co-efficient
o - (Fp-Fp )
b 1 2
?EPAL%

{EPBX -ZPBX}

Lsrf

_“PALE

Z h8x;-)  h0x;
< 44(h -h )

Similarly lift co-efficient

Z h8x~z h0x;

=% A(h,-h,)

Pressure co—-efficient

c. = (P-P,) /%pUﬁ
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APPENDIX — B

Uncertainty Analysis

Errors are introduced during measurements, due to atmpspheric
changes, measuring instruments, probe setting etc. Uncertainties
thus may have crept into +he measurements of pressure and it is

ahalysed in the way suggested by Kline and Mcclintcck (54).

Uncertainty for pressure Measurement :

—
(Bl
St

If u = £lO;, 0y, ey L0 )
Then the mean pu = (&, Gy «veo- @) (2)

and the variance au?=}y. Sgdyz g, (3)
O,

in terms of cbijective co-efficient of variance

au—

, ' n i
u?_y aaaau‘ﬁ)z( 0el) =y = du E2)E dei (4)

pu’
where &u 1s the co-efficient of variance and Sai is the co-
efficient of variance of free variables «ai.
It may be noted that co-efficient of varience is often used as

measure of uncertainties.

Ly
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The wall static pressure measured from the surface tapping
were the gage pressure belcw atmospheric pressure. It P be the
absclute static pressure and Pa be the atmospheric pressure, then

the recorded?pressure be

Pr = Pa - P (5)

and the absolute static pressure

~~
[*))
S

P =Pa - Pr
The recorded pressure is nothing but vy, h,
S50 that

P = Pa - ywhw = Pa - yw hw/1000 (7)

where hw 1s in mm of water.

Since the change of density of water 1is negligible. So the

uncertainty is surface static pressure measurement.

3 .8

0ot Lig 2 o (g0 17/2 (8)
Now
82 4
8
ap
=-yw x 1/1000
61‘:!w

45




0, =[0,: + ¥4(1/100)%.a,,:11/2 (%)

. +y3(1/1000)2.0,,.]%/2
p P,-hw vy, x 1/1000

But for a short interval ¢ ,, = O

g {1/1000)0
Hence —£ = Y1/ ) O b
P P,-hw vy, x1/1000

101325 N/m*

Now P
yw = 1000 Xg/m’
Aw = 6.52 mm £ 0.61 mm of H.O

o, /P = 4.85%6 x 107°

Uncertainty in Meaw velocity Measur&ment :

When air was flowing with a velocity of U cm/sec and pitot

static tube was placed parallel to the flow, the velocity was found

from the dynamic head hu cm of water recorded by the inclined

mancmeter from the relation.

u = yZghu v,/v, (10)

L1

0



where y, and 'y, are the specific weights of water and air
. respectively. If the sensing point of the pitot static tube had a
misaligmment of © from the direction of flow due to adjustment

error then the measured velocity would be

u = J{2ghu ¥, / ¥, secd - (11)

using P = y, RT, where P,R and T are pressure, gas constant and

akbsclute temperature of air respectively, then velocity u becomes

u = y(2ghu v, x RT/P)Sec 0

= J{2gRy,) x y(huT/P)Sec 6

{12}
= ¢/Thu T/P)Sec 9

Here, u =f ( T, P, hu, @)

So the uncertaintv in velocity measurement can be axpressed as

3, 5 8
oy = (Fhoanelgtat (5

6”.09)2 (13)

19t (g

Where og 0z, Om and o0@ are uncertainties associated with pressure,
temperature, digital manometer regading and alignment of the proble

with the flow directicn.

L7




To get the uncertainties involved in the different variables

a4

the respective-partial derivatives are now found cut. Again writing

equation (12) in the form

u= C yT{hu T/P)Sec 8

The partial derivatives of U are feund to be

o )
4 - ¢ JEE.T.Sec 8(-1/2P2/% = -= vRUT co- B (14)
3, 2 p3
3
By _ o VU gon 9. Lo1/z = c/2 YBEL sec © (15)
& P 2 T

-—?—”= C«\E.Sec 0. Lau-/e {16)
¢, r Z

(37)

.SecHb. tanb

Putting these equations to equation (13) We get

(- C T 2,(C VBU o sl_z 2
[( 2¢”’ 3 .Sech.a )%+ ( 2Sec.ﬂ s .oT)+(2 Lﬁl.Secﬁ.oh)+

D
(C\.%EESecﬂ.taneoe)zllfz
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2 2 l 2 .
= £ BT (gecpy 0% L2, 2Y (5ecB)?.oT2+ £, L Sechot,+
4 E 4 ''TP a2 " P,

D 2
e Tho | 5@9.4&4179.6‘91:] Vo
P

C huT, 2 hu, 2 Ty 2 huT
= =CosO[ Yoo+ ( —Jg'p+ ( g5, +4 ( g02.tan?011/2 (1is
2 OB oe (gl (g Joma (7 /208

Now dividing equation (18) by equation (12) the uncertainty in
velgcity measurement takes the form.

o _2 2 g
p2 + 0; + h““‘f +406%. tan%*0] /2
D u-

Bu_ 1
u 2

The direction is taken for objective uncertainties. There is

S0 the final

tn

(5

alsc subjective uncertainties which is considered ,

uncertainties becomes

2
o} a 2 g -
2= /2 [ £+ GI’-+-h”2+4002.tan28+6“}‘/2
u p2 T2 hud

Now during an experimental ryun, th2 following conditions were

observed.
P = 76.2 cm + C.10 cm H.0
T = 82° + 2°F
hu = 2.61 cm H,O + 0.0254 cm of H,0
e = 0° + 2°

The corresponding uncertainty in velocity measurement beccmes

o, /a4 = 2.82%
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FIGURES




1. Settling chamber 2. Converging mouth

3. Honey comb section 4L Perspex section
,. 5. Test section 7 6. Wood section
' 7. Wood section - 8. Diverging section
L: 9. Fan 1 : : 10 Fan 2
; 1. Butterfly valve 12. Silencer
e
e
it
i

- i
. n ———————
1 2 3 I." 5 6 7 9 10 1 12
o u

" L;._.

Fig. 3.1 : Schematic diagram of the wind tunnel.
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Velocity distribution in a two dimensional wake behind a square



Fig. 4.3 : Mean velocity distribution in wake behind square cylinder.
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for different Reyitolds number.
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Fig. 4.9 : iYean pressure distribution around two square cylinders

for L/D = 4.0 at Reynolds number of 2.5 x 109,
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Mean velocity distribution behind downstream cylinder
for longitudinal spacing L/D = 3.5 to 4.5.
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Tabhle —

authors Cylinder size Turbulent | Reynolds C,
Intencity | number

Present 50 mm ¥ SO mm 0.17% 6£.05 x 10° 2.33
Measurement
A.C. Mandal 30 mm x 20 mm 0.4% 5.46 x 10¢ 2.10
(1975)
B.E. Lee 165 mm x 165 mm 4.4% 1.76 x 10%® [ 1.99
{197%)
B.E. Lee 165 mm x 165 mm 12.5% 1.76 % 10%® | 1.53
(1975)
Pocha (1971) 165 mm x 165 mm - i 2.06

4.1 ;

Reynolds numbers with different turbulence intensity.
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Variation of drag co-efficient of present and other cases at various
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; Squaré cylinder with tappings.
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3.2 : Co-ordinate measuring machine and pressure transducer,
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.3 : Square cylinders arranged in tandem in test section.
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